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First, I would like to extend heartfelt welcome to all participants
of this workshop.
It is great pleasure for me, particularly,
to welcome participants
who have traveled a long
way to join us. Some invited speakers have traveled more than 10 hours, from Europe or
America, and I hope they have overcome the jet lag already. We do appreciate all of you for
sparing the time to join in this workshop.
I would like to acknowledge
and thank the Agriculture,
Forestry and Fisheries
Research Council, our sister institutes
and committee members who have helped to make
this workshop possible.
Conservation of genetic resources of animal should be a global concerned and seen
as a way to improve the global food supply. This is needed for the basic security of all
people and a most urgent tasks facing humanity. All countries are interdependent
when it
comes to conserving, evaluating
and using genetic resources. Many issues related to
bio-diversity
are becoming international
issues involving government level meetings but
these issues have implications
for science and scientists. Fostering international
cooperation
and interaction
is one of the results which I hope will emerge from the next few days you
all have together in Tsukuba.
Animal genetic resources conservation is the particular
focus of your discussions
of
this workshop. The papers to be presented in this meeting cover a very wide range from
genetics to economics. Each field has its own particular interest. However, over the next few
days I hope all participants
will discuss and exchange their views and be stimulated by the
various reports presented. I hope you will find differences
among research which will be of
interest in the research you are engaged in. Please, seek commonness which will make the
broad management of conserving animal genetic resources more efficient.
I would like to introduce the National Institute of Agrobiological
Resources (NIAR).
NIAR has 5 main research sections:

Genetic

Resources,

Molecular Genetics,
Plant Physiology,
Biotechnology,
Radiation
Breeding.
I would like to explain the connection between these sections by saying that each
aims to provide a foundation for improving agriculture.
Conservation
of genetic resources
as well as, basic research on molecular biology is essential
to improve agricultural
science
and production.
We are trying to use fully the advances in biotechnology
and information
sciences to make scientific
progress.
One of the most important facilities
is the genebank project for plant, animal,
microorganism and DNA genetic resources. For animals, we have more than 700 species
or breeds conserved.
However, an institute does not stand alone. All our research depends on partnership
both within Japan and abroad. The collaborative
linkages we are hopefully
strengthen
by
joint research are an important component of our institutes activity. We are looking forward
to enhanced collaboration
in Japan and, particularly,
with colleagues from overseas in the
future.
I sincerely
hope that those participating
in this workshop from various countries will
have something to offer regarding our study for animal genetic resources and will contribute
to their future development.
Thank you very much.
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Abstract
Effective

population

size is one of the most important

parameters

in the definition

of selection

programmes, because the magnitude of this parameter determines the effect of both random genetic drift
and inbreeding.
In this paper, the basic principle
and several extensions of prediction theory of effective
population
size under selection are presented.
breeding schemes with BLUP selection.

The theory is applied

to the evaluation

of long-term

Introduction
The effective population
size is one of the most important parameters in the
definition
of selection programmes, because the magnitude of this parameter determines
the effects of both random genetic drift and inbreeding
(Falconer,
1989; Caballero,
1994). In the absence of selection,
all the individuals
of a population
have the same
expected number of offspring,
and differences
in family size are due to only random
sampling of individuals
among families.
However, in populations
under selection,
families do not have equal probabilities
of contribution
to the next generation because
of inherited or noninherited
causes. This leads to a reduction in effective population
size. Thus, selection inflates the rate of inbreeding
and the amount of random genetic
drift.
In this paper, the basic principle
and several extensions of prediction
theory of
effective population
size under selection are presented. The theory is applied to the
evaluation of long-term breeding schemes with BLUP selection.
Basic formula
Wright (1939) derived a formula for the effective
of variance of family size (S2k),
4
N
Ne
2

+S2k

population

size (Ne) in terms

[1]

•¢p

where N is the number of parents. This formula can be applied when selection is acting
on a noninherited
trait. When selection
acts on an inherited
trait, the effective size
cannot be predicted
solely from the variance of the family size at a given generation,
because selection affects on the variance of the family size not only in the parental
generation but also in more ascended generations (Wray et al., 1990). Thus, selection
has a cumulative effect on the effective population
size.
The cumulative effect can be understood from the following consideration:
Under
selection on an inherited trait, more offspring are likely to be selected from a genetically
superior parent than from a genetically
inferior parent. Thus, the effective
size is
reduced by an increase in variance of family size (S2k in [1]).
However, more
grandoffspring
are also likely to be selected from a genetically
superior grandparent for
two reasons. Firstly,
the grandparent
was genetically
superior as a parent and has
already contributed more offspring, and therefore has more grandoffspring
available for
selection.
Secondly,
the grandoffspring
has inherited
superior
genes from the
grandparent,
and so are more likely to be selected than their contemporaries.
Following Santiago and Caballero (1995), we formulate the cumulative effect of
selection by considering
the change in frequency of a neutral allele. A population in
which the same number of male and female parents are pair mated to create N/2
families each generation is supposed. We consider an autosomal neutral allele unlinked
to the selected genes with the initial frequency po. Effective population size is computed
from the variance of change in gene frequency of this allele among infinite replicates
of
the population.
We first consider effective size after one generation of selection. Later,
the asymptotic
prediction
under continued selection
is addressed.
First generation:
Changes in gene frequency arise from three independent process, (a)
Random association
between the neutral allele and families with a selective advantage
or disadvantage:
For example, if a family with a high selective
advantage has the
neutral allele with a high frequency, the gene frequency in the next generation
is
expected to increase, and vice versa, (b) Random sampling of individuals
among
families:
Actual variation in contribution
of the family to the next generation is caused
not only by the differences
of selective advantage among families but also random or
noninherited
causes, (c) Mendelian sampling of the neutral allele in the families in
which one or both parents are heterozygotes.
Changes in gene frequency due to these
three causes after one generation of selection are denoted by S1,D1 and H1, respectively.
Thus, the total change in gene frequency is
=p1 -p0 =S1 + D1 + H1, and the

variance of the change among infinite replicates is expressed as
V(•¢P)= E(s12)+ E(D12 )+ E(H12),
[2]
where E denotes expectation. According to Santiago and Caballero (1995), the three
expectations are approximated by
E(s12)= p0(1-lP0•jC2
•@•@•@ 2N
E(D12)_ Po(l-Po)S2‚‹
•@•@•@•@2N 4
and

respectively, where C2 is the variance of selective advantage among families.
Substituting the above expressions into [2] and equating the variance of change in gene
frequency in an ideal population p0 (1- p0) / 2Ne, we get the effective size in the first
generation
N = 4N
2+S2
k+4C2
[3]
Without selection (C2 =0), [3] reduces to [1], as expected. Under phenotypic selection,
the variance of selective advantage is approximated by
C2 = i2p
[4]
(Robertson, 1961; Burrows, 1984), where i is the selection intensity and p is the
intraclass correlation of full-sibs.
Asymptotic prediction: Although the term C2 in [3] reflects the effect of selection in
offspring on change in gene frequency, this change partially persists in descendants. All
of the persisted changes are ascribed to the random association between the neutral
allele and families with a selective advantage or disadvantage, existed in generation O.
Thus, we should incorporate the persisted changes into [3]. This problem was first
addressed by Robertson (1961). He showed that the cumulative effect of selection on
the change in gene frequency increases up to a limiting value of Q times the initial
effect. This means that to obtain the asymptotic prediction, the term arising from
selection ( C2 in [3]) should be multiplied by Q2. Thus, the prediction equation for the
asymptotic effective size is
Ne = 4N
2+S2k+4Q2C2
[5]
Since the average selective advantage (and, therefore, the changes of gene frequency of

the neutral allele) is expected to be reduced by one-half each generation in descendants
by segregation and recombination, Robertson (1961)
expressed Q by a geometric series
Q = 1 + 1/2 +1/4 + 1/8 + •E•E•E
= 2. This expression overpredicts
the cumulative effect of
selection,
because the reduction of genetic variance due to selection (Bulmer effect;
Bulmer, 1980) is not accounted for. Santiago and Caballero (1995)
derived a more
precise expression

where G is the remaining proportion of genetic variance in the selected individuals,
and
r is the correlation
between the expected selective
advantages of male and female
parents. Under truncation selection on a normally distributed
trait controlled
by an
infinitesimal
model of gene effects (Bulmer, 1980), G - 1 - kh2, where k = i (i - x),x
is the truncation
point of the standardized
normal distribution,
and h2 is the
heritability.
The above derivation has been based on the variance of change in gene frequency
(variance effective size). Using the rate of inbreeding (inbreeding
effective size), Wray
and Thompson (1990a) developed a method to approximate the effective size of selected
populations,
as a function of the mean and variance of the contributions
of ancestors
in the first generation,
to descendants
in the limit. Their method, however, requires
complex recurrence computations. To overcome this problem, Woolliams et al. (1993)
derived equations to predict the mean and variance of the contributions
of ancestors to
descendants. Although the prediction
equation derived by Woolliams et al. (1993) is
slightly different from [5], simulation studies have shown that both equations give good
predictions
(Woolliams
and Thompson, 1994; Santiago and Caballero,
1995).
Several extensions
Nonrandom mating and different
numbers of male and female parents: Suppose
a population in which Nmmales are mated with Nf females (Nm <Nf). The number of
females mated with one male is an integer number of Nf/Nm. The prediction
equation
for the effective size derived by Santiago and Caballero (1995),
but including
some
terms arising from selection
and nonrandom mating (Wang, 1996, 1998; Nomura,

1997a),

is

where ƒÊsu ( = NU /Ns ) and S2su are the mean and variance of offspring number of sex
u ( = m or f) from parents of sex s ( = m or f), respectively, Ssm,sf is the covariance
between the numbers of male and female offspring from parents of sex s, ƒ¿0 is the
correlation between genes of mated parents, ƒ¿I.s is the deviation from Hardy-Weinberg
proportions inparents of sexs, and C2
s is the variance of selective advantage of parents
of sexs.
Overlapping generations: In most domestic animals, the generations are not discrete
but are overlapping. Nomura (1996) formulated the cumulative effect of selection in
populations with overlapping generations by applying the gene-flow technique
(transition matrix approach), that was originally proposed by Hill (1974) to describe
the dissemination of genetic gain achieved in a given year. Under random mating, the
prediction equation for the effective size per generation is

where Ns,1is the number of parents of sex s entering the population
each year and L is
the generation
interval. The variance and covariance terms in [7] is same as [6] but
should be computed based on the lifetime progeny numbers of parents. In comparing
[7] and the corresponding
equation for discrete generations
(equation
[6]), it is found
that the effective size of a selected population with overlapping
generations is the same
as that for a discrete-generation
population
having the same number (Ns,1 L) of
individuals
entering the population
each generation, which is in accordance with the
corresponding
result from nonselected populations
(Hill, 1979).
Hierarchical
structure: Animal breeding programmes frequently show a hierarchical
structure,
in which genetic improvement is made in a nucleus herd, and the
improvement is transferred
by migration to base or commercial. Extending the
transition
matrix approach, Nomura (1997b)
derived a prediction
equation for the
effective size of populations
with hierarchical
structure.
Sex-linked locus: With a sex-linked gene, the effect of selection is accumulated through
more complex process, because the heterogametic
sex has only one copy of the sexlinked gene. Nomura (1997c) described the cumulative effect of selection on the change
in frequency of a sex-linked neutral gene, by applying the transition
matrix method. For
species in which males are heterogametic, the coefficients
accounting for the cumulative
change in gene frequency from parents of sexs to offspring of sex u, Qsu, are expressed
as

where Gs is the remaining proportion of the additive genetic
individuals
of sex s. Using these coefficients,
the effective
random mating is predicted
by

variance after selection of
size of population
under

where C2suthe variance

of parents

of the relative

selective

advantage

of sex s in their

contribution
to offspring
of sex u. The equation extended to nonrandom mating
populations
is given by Wang (1998).
Index selection:
In animal breeding practice, selection
on an index including
family
information is often carried out. To consider the effect of index selection on the effective
size, we suppose that selection is based on an index of an individual's
phenotype (P) and
the mean of its full sib family (PD , including
the individual):
The optimal

(Falconer,
••ƒÐ2c/ƒÐ2p phenotypic
ƒÐ2c
ƒÐ2p

index weights

are given by

1989), where r is the genetic correlation
intraclass
correlation
among full-sibs

commonenvironmental

variance;

of full-sibs
expressed

The intraclass

per family.
as

among full-sibs
(t = h2/2 +

= the phenotypic
correlation

variance)

of full-sibs

( r = 1/2 ), t is the
:
the
and n is the number

for the index value is

where ƒÐAw is the genetic variance within family, ƒÐ 2Ab is the genetic variance between
family, ƒÐ2E is the environmental variance, and ƒÐ2
I is the variance of index. With this
correlation, the variance of selective advantage C2 is computed from [4]. Thus, the
effective size after one generation of selection is predicted from [3].
Under phenotypic selection (ƒÀ1 =ƒÀ2=h2) in the absence of common environmental
variance(ƒÐ2c = 0),[8]reduces to p = ƒÐ2
Ab/ƒÐ2
pfrom
= h2/2
that parises
only Since the cumulative effect of selection on effective
the ,meaning
breeding values
of parents.
size is caused by the transmission of breeding values of parents to their descendants,
full portion of the differences of selective advantages among families ( ƒÐ 2
Ab ) have the
cumulative effect on the effective size. Thus, as already seen, the asymptotic effect is
predicted by Q2C2 = Q2i2p.
Under index selection, [8] is rewritten as

where PA is the component of p due to the breeding values of parents (which has the
cumulative effect on Ne), and PE is the component of p due to within-family
variance
and commonenvironmental variance (which has no cumulative effects on Ne). Thus, the
asymptotic prediction
of the cumulative effect is written as
(Wray
prediction

et al.,

1994;

equation

Caballero

et al.,

for the effective

1996).

Replacing

Q2C2

by [9],

we get a

size

Evaluation
of long-term breeding schemes with BLUP selection
The theory of selection
index has been developed to enable simultaneous
prediction
of an individual's
breeding value and fixed effects, such as year and season,
using information from all the available relatives. This is known as best linear unbiased
prediction
(BLUP) of breeding values with an animal model (Henderson, 1984). BLUP
selection maximizes the response after one generation. However, through the increase
in the probability
of coselection
of close relatives, BLUP selection reduces the effective
size and, then, inflates the rate of inbreeding.
As long-term selection response is highly
dependent on the effective size (Robertson,
1960), BLUP selection applied to long-term
breeding schemes may be less efficient
than simple phenotypic
selection.
Wray and Hill (1989)
have developed a method for predicting
asymptotic rate
of response to BLUP selection using an index (pseudo-BLUP)
of an individual's
record,
the mean of the records of its full- and half-sibs
and the estimated
breeding values
(EBVs) of its sire, its dam and all the mates of its sire. In this section, this method is
used to predict cumulative selection response and inbreeding
under BLUP selection.
Model and assumptions:
The trait under selection is assumed to be determined by an
infinite number of additive loci, each with infinitesimal
effect (the infinitesimal
model;
Bulmer, 1980). Apopulation
with discrete generations
is supposed, in which Nmmales

=

are randomly mated with Nf females. The number of females mated with one male is
an integer number of d =Nf/Nm. Subscript s (= m or f) is used to specify sex. Each
female produces n progeny consisting of nf progeny of each sex ( n= 2 nf). Each male
has nm=dnf progeny of each sex. Among the progeny, the best Nmmales and the best
Nf females are selected on the basis of their EBVs from BLUP with an animal model.
The proportion
of selected
for sex s is Ps = 1/ns and the selection
intensity
is
is

zs/Ps

selection

, where zs is the normal ordinate
(xs). The variance reduction

factor

corresponding

the truncation

point of

due to the Bulmer effect (Bulmer,

1980)

is ks =is(is-xs).

EBVs from BLUP are approximated
by the pseudo-BLUP
The selection index assumed in the pseudo-BLUP is

1989).

where P is the individual's
individual)
full-sib records,
records,

(Wray

and Hill,

record, PD is the mean of records of n (including
the
PH is the mean of nd (including
the n full-sibs)
half-sib

Am and Af are EBVs of the sire and dam, respectively,

and Af is the mean

of EBVs of all dams mated to the sire. The selection index weights are updated and
optimized each generation using the equations given in Appendix 1.
Prediction
of effective size and inbreeding:
The asymptotic genetic parameters, which
are required for the prediction
of asymptotic
effective size and rate of inbreeding,
are
obtained in the following way. The total phenotypic
variance at generation t is

ƒÐ2A(t)

where

is the additive

ƒÐ2E

environment

of full-sibs,

ƒÐAm

variance

ƒÐAf
ƒÐAw

(

is further

genetic
and

decomposed

) and within-full-sib

family

These components are obtained

variance,

oc is the variance

is the environmental
into between-sire
(

from

) components:

family

due to the common

variance. The additive
(

), between-dam

genetic
family

ƒÐI(t)/ƒÐA(t)
ƒÐI(t)

where r(t-1) is the accuracy
computed as r(t) =
genetic

parameters

of selection
, where

are computed

in generation
t-1. The accuracy of selection is
is the standard deviation of the index. The

each generation

by using recurrently

equations

[12].

Preliminary
analysis showed that all the genetic parameters reach essentially
steady
values after several generations.
Thus, the values after 10 generations
are used as the
asymptotic
values (asterisks
will denote asymptotic
values).
The asymptotic effective size of sex s is predicted
by the equation combined [6]
and[10]

where p*s is the asymptotic

intraclass

is component of p*s due to the breeding
unweighted
correlations

correlation

of families

values of the parents,

from parents of sexs, p*As
and i [= (im + if)/2]

is the

mean of selection intensities
for the two sexes. The expressions of the
ps and p*Asare given in Appendix 2. The effective size of the population

and the asymptotic

rate of inbreeding

are obtained

by

and

Prediction
of selection
response:
In the calculation
of the selection response, the
reduction of the additive genetic variance due to the inbreeding is taken into account by
using the equation suggested by Wray and Thompson (1990) and Wray and Goddard
(1994),

The inbreeding

coefficient

at generation

t is predicted

by

(Wright,
1931), where Neis the asymptotic
effective size computed from [13] and [14].
The response to selection in generation
t is computed from R(t) = ir(t)ƒÐA(t). Then the
cumulative

response

over t generations

is obtained

by

Simulation:
Stochastic
simulation was carried out to check the prediction
equations.
Breeding values of parents in generation 0 were randomly chosen from an N(0, 1)
distribution.
inifinitesimal
individual

ƒÓi

Thus, the initial additive geneticvariance,
model of gene effect (Bulmer, 1980),
in the following
generation was generated

oA^0) was 1. On the basis of the
the breeding
value (Ai) of an
as

where Amand Af are the breeding values of the sire and dam, respectively,
Fmand Ff are
the inbreeding
coefficients
of the sire and dam, respectively,
and is a random number
taken from an N(0, 1) distribution.
Assuming that there are no commonenvironmental
factors (ƒÐc2 = 0 ), the phenotypic
value (Pi) was obtained as

ƒÕi

where

is a random number taken from an N(0, 1) distribution.

••

Nm 10,Nf= 60 and nf•• 3 was simulated.

The initial

heritabilities

The population

with

(h20 ) were assumed

to be 0.1, 0.2, 0.4, 0.6 or 0.8. The number of simulated generations
were 8 and the
number of replicated
runs were 50. Selection
was based on BLUP with an animal
model. The rate of inbreeding
between 5 and 8 generations

For comparison,

was obtained

simple phenotypic

selection

from the average inbreeding

was also simulated.

coefficients

The predictions

for

ƒÀl(t)
ƒÀ2(t)
ƒÀ3(t)
ƒÀ4(t)

phenotypic

selection

were made by putting

=

=

=

= h2t.

The inbreeding
coefficients
observed in simulation
are shown in Figure 1. As
seen from this figure, the rate of inbreeding
under BLUP selection is much higher than
under phenotypic
selection, especially
when the selected trait has a low heritability.
As
the heritability
becomes low, the rate of inbreeding
under BLUP selection tends to
increase. This is because for a trait with low heritability,
BLUP places larger weights
on family information
and, then, the probability
of coselection
of close relatives
increases.
Table 1 gives the rate of inbreeding
and effective
size observed (sim) in
simulation and predicted
(pre) from equations [13]-[15].
On the whole, the equations
give a good predictor,
though it slightly
over-predicts
the rate of inbreeding
and underpredicts the effective
size.
Figure 2 shows the inbreeding coefficients
observed in simulation and predicted
from [17]. Although the prediction
was made with the asymptotic effective size, it gave
a good predictor of initial inbreeding
under phenotypic selection. For BLUP selection,
the presented method over-predicts
the initial inbreeding.
The presented method may
give a conservative prediction
of the effective size and rate of inbreeding
under BLUP
selection.
The cumulative selection responses observed in simulation and predicted from
equations [16] and [18] are compared in Figure 3. In all the cases studied, there was a
good agreement between the observed and predicted
values.

Figure 1. Observed inbreeding
different
initial heritabilities.

coefficients

under phenotypic

and BLUP selection

with

Table 1. Observed (sim) and predicted
(pre) effective
population
size and rate of
inbreeding
under phenotypic
and BLUP selection with different
initial heritabilities.
R a t e o f in b r e e d i n e
P h e n o t y p ic
h 20

S im

p re

0 .1

0 .0 1 6 6

0 .0 1 7 1

0 .2

0 .0 1 6 7

0 .0 1 9 0

0 .4

0 .0 1 9 5

0 .6
0 .8

E f f e c t iv e p o p u l a t io n s iz e

B U L P
s im

P h e n o ty p ic

p re

s im

0 .0 5 5 8

0 .0 5 7 2

3 0 .0 7

0 .0 4 3 8

0 .0 5 2 3

2 9 .9 0

0 .0 2 0 7

0 .0 3 4 7

0 .0 4 1 2

0 .0 2 0 4

0 .0 2 0 7

0 .0 2 5 7

0 .0 1 9 2

0 .0 1 9 5

0 .0 2 1 1

p re

B U L P
s im

p re

2 9 .1 7

8 .9 6

8 .7 4

2 6 .9 2

1 1 .4 2

9 .5 6

2 5 .5 9

2 4 .2 0

1 4 .4 2

1 2 .1 4

0 .0 3 1 5

2 4 .4 6

2 4 .1 8

1 9 .4 2

1 5 .8 5

0 .0 2 3 5

2 6 .0 5

2 5 .6 2

2 3 .6 4

2 1 .3 1

Figure 2. Observed and predicted inbreeding
selection
with different initial
heritabilities.

coefficients

under phenotypic

and BLUP

Figure 3. Observed and predicted
cumulative
selection with different initial heritabilities.

responses

under phenotypic

and BLUP

Application: Quinton et al. (1992) suggested that it is important to compare selection
programmes for response at the same level of inbreeding. This can be done graphically,
relating the cumulative selection response with the level of inbreeding for a range in the
number of sire used. As an application of the presented method, breeding programmes
with BLUP and phenotypic selection are compared at the same level of inbreeding. A
population with h2
0 = 0.3 ,Nf= 120 and nf= 3 was supposed. The number of sires was
either Nm =5, 10, 15, 20, 30, 40 or60.
Figure 4 shows the cumulative responses over 10 and 20 generations of selection
relative to the cumulated inbreeding. Except the case of Nm = 5 and 20 generations of
selection, where the effect of selection and inbreeding on the cumulative response is
most severe, BLUP selection always gives a higher response than phenotypic selection,
for a given number of sires selected. However, for lower levels of inbreeding (e.g.
F10 < 10% and F20 < 20%), the cumulative response at the same inbreeding is greater
with phenotypic selection. This suggests that BLUP selection may not be always
optimal, especially when inbreeding is a limiting factor in the choice of selection
programmes.

Figure 4. Cumulative
response and inbreeding
from 10 (a) or 20 (b) generations
of
phenotypic
and BLUP selection.
The number of sires: 5, 10, 15, 20, 30, 40 or 60 (the marked
points on the graphs). The number of dams: 120

Final

remark
This paper has investigated
the prediction
theories of effective population
size
and inbreeding
under selection. All the theories are based on the infinitesimal
model of
gene effects, in which traits are assumed to be determined by an unlinked system of
additive loci. This model is, however, inappropriate
to make predictions
of the effect
of marker-assisted
selection
(MAS) on effective size, because quantitative
trait loci
(QTLs) and selected markers are linked and, therefore, they tend to be passed together
over generations.
Due to the hitchhiking
effect, the drift process of genes linked with
markers is expected to be larger than that predicted by the infinitesimal
model (Santiago
and Caballero,
1998). The prediction
theory for effective size and inbreeding
under
MAS should be developed in future studies.
Appendix 1. Index weights in the pseudo-BLUP
Optimum weights for the pseudo-BLUP (equation

where V(Am) and V(Af) are the variance
respectively.
These variances are

of estimated

breeding

[11])

are obtained

by:

values of sires and dams,

and

Appendix 2. Asymptotic intraclass
correlation
of families for the value of pseudoBLUP
Let p*Dand p*Hbe the asymptotic intraclass correlations
of full- and half-sibs,

respectively.

These are expressed

as

and

where asterisks denote the asymptotic values. With these correlations,
correlation
of families from parents of sex s is obtained by

The asymptotic
values of parents

and

intraclass

correlations

(pA,D and pA,H, respectively)

of full- and half-sibs
are expressed

the intraclass

due to the breeding
as

With these correlations,
obtained

the component

of p*s to the breeding

values of parents

is

by
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Abstract
Genetic progress that has accompanied
by examining the rate of genetic change in protein
population
size (Ne) were studied by examining

the globalization
of Holstein cattle was investigated
yield in several countries. Current trends in effective
the number of sires of sons used each year and the

percentage in common use across several countries using Interbull
test results. The influence of rates
of inbreeding
in several Holstein populations
and the genetic correlation
(rg) among countries on Ne was
examined. The results were compared with those for the Jersey breed with a less globalized
breeding
programme. Substantial
rates of genetic progress of about 2% per year in milk traits have been observed
in most Holstein Friesian populations
in the last 5 years. This however has been accompanied by a
decreasing trend in effective
population
size. The number of bull sires used is decreasing
with time
while the percentage in common usage is increasing.
The average relationship
among bulls, rates of
inbreeding
and percentage of inbred cows all show an increase with years. International
evaluations by
the Interbull
Centre account for rg among countries and therefore offers opportunities
to select from a
wide range of top bulls. This, in addition
to national selection
objectives
which include other traits
related to profit in addition to milk traits, should ensure different
countries sample different bulls for
progeny testing and hence increase Ne. The use of selection using indices with restrictions
on family
information which substantially
reduce levels of inbreeding
while maintaining
present rate of genetic
gain should be exploited.
The current rates of inbreeding
could increase substantially
due to advances
in reproductive
technology. The adoption of special breeding schemes such as factorial mating designs,
equalizing
family sizes and deliberate
choice of less closely related animals would become necessary
to reduce the rate of inbreeding

to conserve available

genetic

diversity.

Introduction
Selection
based on progeny testing remains the major tool for genetic
improvement in dairy cattle. Traditionally
improvement has resulted from selection
applied on the usual four pathways: bulls to breed bulls (BB), bulls to breed cows (BC),
cows to breed bulls (CB) and cows to breed cows (CC).
Prior to 1970, this was mainly within the several strains of Holstein and

Friesian (black and white) dairy cattle existing in different countries around the world.
Comparisons of the various strains of the black and white (B&W) cattle carried out in
the mid-seventies
indicated
the superiority
of the North American Holstein for milk
production
(Jasiorowski
et al., 1988). This stimulated
large scale importation
of
Holsteins by many countries resulting in the replacement of most strains of European
Friesian
dairy cattle by the North American Holsteins.
In the 1980's,
due to
improvements in reproductive
technology,
this process was accelerated.
This resulted
in bulls with similar parentage being progeny tested simultaneously
in several countries
and began the creation of a single global population
for B&W dairy cattle. This
globalization
process was accompanied by substantial
rates of genetic progress due to
the genetic lift in importing countries from the between strain selection, opportunities
for higher intensity
of selection provided by a large global population
and a certain
amount of heterosis from crossing the North American Holstein with the local Friesian
genotypes.
The major disadvantage
of the emergence of the global breeding structure of
B&Wdairy cattle has been a reduction in Ne resulting in the loss of genetic diversity.
In addition,
as a result of several changes in breeding practices in the last decade such
as the availability
of more accurate genetic evaluations
through improved statistical
procedures, an even higher intensity
of selection
is possible
especially
in the BB
pathway. This could result in the use of fewer top sires world wide thereby increasing
the rate of inbreeding
and further reducing Ne. Further globalization
of dairy cattle
breeding programmes is intensifying
due to international
progeny testing and across
border mergers of major companies involved in progeny testing bulls. It is therefore
important that current trends in rates of inbreeding
and Ne are examined in the B&W
dairy cattle population
and the implications
in terms of conserving genetic diversity
assessed. Where appropriate,
results are compared with those from the Jersey breed
which is a numerically
smaller population
and with a less globalized
breeding
programme.
Initially,
this paper examines the rates of genetic progress in several countries
that have accompanied the globalization
of the B&W and Jersey breeds. Subsequently,
the consequences of genetic improvement in terms of rates of inbreeding
and Ne and the
implications
in terms of conservation of genetic diversity
are discussed.
Genetic

Improvement

Scheme in dairy

cattle

ƒÐG

Currently genetic improvement in dairy cattle in most developed countries is
based on progeny testing (PT), see Figure 1. While initially
it was thought that nucleus
breeding schemes utilizing
Multiple Ovulation and Embryo Transfer (MOET) with
selection
based on parent and sib information
(Nicholas
and Smith, 1983) would
replace progeny testing schemes, this has not been so in practice. The potential
advantages of the nucleus schemes in terms of higher rate of genetic gain were greatly
reduced after the reduction in genetic variance due to the Bulmer effect and levels of
inbreeding
were taken into account (Dekkers,
1992). Generally these schemes have
operated in conjunction with conventional PT in countries where they exist rather than
replace it. In a national breeding programme based on PT and selection in the four
traditional
pathways, the rate of response per year (•¢G) based on the expression of
Rendel and Robertson, (1950) is:

Where the Ljk is the mean generation
index for the ikth pathway is:

interval

for the pathway

jk and Ijk, the selection

With rGGbeing the correlation
between the predicted
and true genetic value (the
accuracy of selection),
i is the standardized
selection differential
and
is the genetic
standard deviation.
These are the major factors that determine the rate of genetic
progress.
Schmidt and Van Vleck (1974) indicated
that the proportions
of genetic gain
from the four pathways are approximately:
Icc 2%, IBC 27%, ICB 32% and IBB 39%.
These values indicate that most of the genetic improvement (about 71%, (BB + CB))
would be due to matings to produce young bulls for testing in the next generation. This
proportion
is likely to be higher with the availability
of more accurate estimates of
breeding values (EBV) from Best Linear Unbiased Prediction
(BLUP) as the tendency
in most PT schemes is to use sires with the highest EBV to breed bulls (BB) in the next
generation. In addition selection of cows on the basis of EBV would result in most dams
(CB) selected to breed young bulls being daughters and granddaughters
of the elite bulls
(BB) of the previous generation. Consequently
as Goddard and Smith (1990) indicated,
the bull breeding part of the population
is like a dispersed
nucleus herd with the same

bulls used in the BB and CB paths in the nucleus section. The system therefore
effectively
reduces to a two-path system rather than the conventional four path system.
While this could result in substantial
rates of genetic progress, it could also markedly
increase the rate of inbreeding
and hence reduce Ne.

Figure 1. Structure of conventional
progeny-testing
shcemes, identifing
the four
paths of selection:
sires of bulls (BB), sires of cows (BC), dams of bulls (CB) and
dams of cows (CC).

Current

Rates of Genetic improvement
Theoretically
PT schemes can result in rates of genetic

improvement

of 2% to

3% per year (Van Vleck, 1981). Presented in Tables 1 and 2 are current rates of genetic
progress for protein yield for Holstein bulls and cows in some countries. These rates
have been expressed where possible as a percentage of the mean protein yield of cows
born in 1990.
Table 1. Genetic trends for Holstein Friesian bulls for protein yield in several countries
L ast 10 year

K g /

C o u n tr y

p e rio d

y ea r

C an ada

1 9 8 2 ‑9 2

3 .9

H o l la n d

1 9 8 0 ‑9 2

U K

%

of

L ast 5 year

K g /

P e rio d

y e ar

m ean

1 .4

1 9 8 8 ‑9 2

4 .8

1 .7

3 .6

1 .6

1 9 8 8 ‑9 2

4 .5

2 .0

1 9 8 1 ‑9 0

2 .7

1 .5

1 9 8 6 ‑9 0

3 .4

1 .9

F ra n c e

1 9 8 1‑ 9 1

4 .4

1 .5

1 9 8 6 ‑9 1

4 .8

1 .8

I ta l y

1 9 8 3 ‑9 2

5 .1

1 .9

1 9 8 8 ‑9 2

5 .1

1 .9

*Mean of protein

Table 2.

yield

m

e a n*

%

o f

of cows born in 1990.

Genetic

trends for Holstein

Friesian

in several

countries

L ast 10 year

K g /

L a st 5 y e ar

K g /

p e rio d

year

m ean *

P e ri o d

year

m ean

C an ada

1 9 8 4 ‑9 4

3 .8

1 .3

1 9 8 9 ‑9 4

4 .3

1 .5

U S A

1 9 8 6 ‑9 5

3 .8

1 .3

1 9 9 1 ‑9 5

3 .7

13

H o l la n d

1 9 8 4 ‑9 4

4 .1

1 .9

1 9 9 0 ‑9 4

4 .1

1 .9

U K

1 9 8 4 ‑9 4

2 .3

1 .3

1 9 9 0 ‑9 4

3 .8

2 .1

F ra n c e

1 9 8 8 ‑9 3

3 .6

1 .3

1 9 8 8 ‑9 3

4 .8

1 .8

I ta l y

1 9 8 6 ‑9 5

5 .0 2

1 .9

1 9 9 1 ‑9 5

5 .2

1 .9

yield

of cows born in 1990.

of

yield

C o u n tr y

*Mean of protein

%

cows for protein

%

o f

In percentage
terms the rate of genetic progress is similar across countries
ranging from 1.5% to 2.5% for bulls and 1.3% to 2.0% for cows over the last 10 year
period. The similarity
in the rate of change is further confirmed by Figure 2, which
indicates
the genetic trends for bulls for several countries
relative
to the United
Kingdom (UK) base from Interbull results in February, 1998. In the Jersey breed, the
rate of genetic gain for protein yield varies from 0.7% to 1.5%/year for cows in the last
10 years and about 1.8% per year in Canada and the UK in the last 5 years. In most
countries studied, the rates of change over the last 5 years are higher than for the last
10 year period in both the B&W and Jersey populations.
This is indicative
of a higher
intensity
of selection in recent years and the increasing influence of animals of higher
genetic merit from North America in countries such as the UK with a high rate of
importation.
These results indicate that the annual change in genetic progress in milk traits
in the global Holstein population
and Jersey populations
are going up at an increasing
rate. What then are the implications
of such change in terms of effective population size
or rates of inbreeding?
These are examined subsequently
in this paper.

Figure 2. The genetic
on UK base

trend for protein

yield

for some countries

from Interbull

evaluations

•¢F

The consequence of selection
on effective
population
size
One of the consequences of directional
selection
is a reduction in the genetic
variance and increase in the rate of inbreeding
as families superior for the selected trait
contribute more offspring to the next generation. Any increase in the rate of inbreeding
implies a reduction in Ne, as both are inversely related;
= 1/(2Ne). In the past few
decades, most dairy cattle populations
have been subjected
to intensive
selection for
yields of milk, fat and protein. However, in the past decade or so, as a result of several
changes such as the availability
of more accurate genetic evaluations,
global sire
rankings, increasing
international
trade in semen and embryos and the use of new
reproductive
techniques,
even higher intensities
of selection,
especially
in the BB and
CB pathways, have become possible. These factors are expected to increase the rate of
inbreeding
and hence reduce Ne. For instance, the use of BLUP animal model
evaluations to select sires and bull dams increases the probability
of co-selection
of
close relations (Belonsky
and Kennedy 1988) and hence and increase in inbreeding.
Increased international
trade in stock, semen and embryos may imply the use of fewer
top sires world wide. In a world wide study Leitch (1994)
showed that the 10 most
popular sires and sons for Holstein Friesians
represented
62% of the young bulls
sampled in each country, and the 10 most popular maternal grandsons represented 63%
of sampled sons. Moreover, the use of reproductive
techniques
such as artificial
insemination and embryo transfer, imply that superior individuals
can be exploited more
intensively
in the breeding programme
In this section, current trends in effective population size and genetic variance
in various dairy cattle populations
are examined and the implications
discussed.
Trends in effective population
size and the influence of various factors
In a theoretical
study, over a wide range of numbers of bulls tested, Goddard
(1992)
reported an optimum number of about 6 bulls to be selected to maximize net
present value (future genetic gains discounted
to an equivalent present value) in the
Holstein global population.
To understand current trends in effective population
size
in the Holstein population,
the number of sires of sons used each year in several
countries was examined based on Interbull results. Figure 3 shows the percentage of
bulls with progeny test results in various countries which are sons of the 5 most used
sires over the period 1981 to 1991. In general, this percentage is increasing
in a number
of countries implying
that the number of sires of sons used each year is decreasing.

Considering
the same trend in 18 countries, Wickham and Banos (1998) indicated
that
the 5 most heavily used sires accounted for 50% of all bulls born in 1990 which have
been progeny tested compared with 14% in 1970.
The percentage of bulls by the 5 sires with most sons each year, summed over
five countries (Canada, Denmark, USA, New Zealand and Australia)
for the Jersey
breed is shown in Figure 4. A similar trend for the Holstein summed over the seven
countries represented
in Figure 3 is included for comparison. While the percentage is
increasing slightly with time, the rate of increase is lower in the Jersey breed than in the
Holstein, over the same time period.

Figure 3. The percentage of bulls with progeny
the 5 most used sires in some countries

test results

which are sons of

Figure

4.

Percentage

of bulls

with progeny

test which are sons of the 5 top bulls

with most sons

Not only has the percentage of progeny tested sons of the top 5 sires increased
with time, the percentage of these top 5 sires in commonuse across several countries
has also increased. Tables 3 and 4 show the percentages of the top 5 most used sires
commonamong several countries over two five year time periods (1981-1985
and
1988-1992).
The percentages for the top 10 most used sires are also given in these
Tables. The results indicate a higher proportion of the same bulls are being used in the
bull breeding section of the progeny testing programmes of several countries between
1988 - 1992 when compared with 1981 - 1985. For instance of the top 5 bulls with
most sons between 1988 -1992, three of the bulls were the same in France and Holland
and 2 were the same in the USA, Germany, the UK and Canada. Considering
the top
10 sires over the 2 time periods indicates
an even higher number of bulls were in
common
use in several countries. A similar analysis for the Jersey population based on
5 countries in Figure 4, also indicated
an increase in the proportion of bulls in common
use. However, these proportions
were not as high as in the Holstein, with at most 2
bulls in commonuse between any two of these countries when the top 5 sires with most
sons were considered. Again the proportion of bulls in commonuse were higher when
the top 10 sires with most sons were considered, with Canada, USA and Australia using
the same 5 sires.

Table 3. Percentage of the 5 bulls
among several countries
CAN AD A

with

GERM AN Y

most sons in the period
FR A N C E

IT A L Y

1981-1985

which

H O LL A N D

are common
U SA

CANA D A

100

GERM AN Y

20
(1 0 )

100

FR A N C E

0
(0 )

0
(0 )

10 0

IT A L Y

40
(3 0 )

20
(1 0 )

20
(3 0 )

100

0
(0 )

0
(0 )

20
(2 0 )

0
(10)

100

20
(3 0 )

20
(1 0 )

0
(0 )

40
(2 0 )

0
(1 0 )

100

0
(0 )

20
(1 0 )

0
(0 )

0
(0 )

0
(0 )

0
(0 )

H O L LA N D

U SA

U K

Percentages

in brackets

are those when the 10 bulls

with the most sons are considered.

U K

100

Table 4. The percentage
among several countries
CA N A D A

of the 5 bulls
G ER M A N Y

with most sons in the period
FRA N CE

1988-1992

which are common

H O L LA N D

IT A L Y

U SA

CA NA D A

1 00

G ER M A N Y

0
(2 0 )

100

FR A N C E

40
(3 0 )

0
(10)

100

IT A L Y

0
(3 0 )

0
(10)

20
(5 0 )

10 0

H O L LA N D

20
(3 0 )

0
(0 )

60
(5 0 )

20
(5 0 )

100

U SA

20
(3 0 )

40
(2 0 )

20

0
(30 )

20
(3 0 )

100

B R IT A IN

40
(5 0 )

20
(2 0 )

40
(4 0 )

40
(4 0 )

40
(4 0 )

40
(3 0 )

Percentages

in brackets

are those when the 10 bulls

Figure 5.
Trends in genetic
relationship
populations
(Wickham and Banos, 1998)

with the most sons are considered.

among sires

for

18

Holstein

Friesian

UK

100

These results attest to a declining Ne of both the world wide
populations.
Wickham and Banos (1998) examined the actual trend
additive genetic relationship
among bulls in 1 8 countries in the Interbull
their results are presented in Figure 5. The effective population size
was calculated as a function (harmonic mean) of the number of sires
of sons. Similar results for UK B&Wdata only is given in Figure

Figure

6.

Trends in genetic

relationship

among sires for UK Holstein

B&W and Jersey
in Ne and average
evaluations and
of bulls each year
of sons and dams
6.

Friesians

Considering
bulls born in 1990 over the 18 countries (Figure 5), Ne was only
22% of the actual population
size compared with 100% for bulls born in 1970. At the
same time the average genetic relationship
of sires of sons born in 1990 was six times
that of sons born in 1970. The results from the UK data followed the same trend with
the average relationship
of bulls in 1990, three time those born in 1974. A similar result
was obtained for the Jersey breed in the UK. These results confirm a decreasing trend
in Ne with time in both the B&W and Jersey populations.

Estimate

of total sires to breed bulls
Considering
the top 5 or 10 sires with the most sons in the seven countries
represented
in Figure 2, the total number of different bulls used to breed bulls in the
B&Wbreed across these countries is given in Table 5. Similar results for the Jersey
breed are also represented
in the table. The 10 bulls with most sons in these countries
accounted for 65% to 93% of all bulls with progeny test results in the Interbull
test
analysis, and therefore gives a good approximation
of the total of different bulls used
to breed sons in these countries. In general the total number of bulls decreased with time
in both breeds with 28 sires used to breed bulls in 1991 in each breed in these countries.
This number is substantially
higher than the optimum recommended by Goddard (1992)
and Goddard and Smith (1990)
for the B&W population.
Thus while total Ne is
generally
decreasing
with time, it seems the current level is higher than the
recommended optimum. However, this ignores the average relationship
and therefore
levels of inbreeding
associated
with the sires used in the several countries.

Table 5. Total number of Holstein Friesian
the top 5 or 10 sires with the most sons

sires used to breed bulls

in seven countries*

based on

T o ta l n u m b e r o f sire s u s e d to b re e d b u lls
H o lste in F rie sia n B re e d
B to
a sep d 5 obn u lls
th e
B oa pse 1d 0 o bnu th
llse t

Je rs e y B re e d
B as
to ep d 5 ob nu th
llse
Btoa ps e1d0 obn u lls
th e

Y ear
19 81

22

41

27

45

198 3

19

37

22

43

1985

22

42

21

39

198 7

15

36

23

42

198 9

12

31

23

37

199 1

10

28

16

28

1 992

15

29

18

26

*Countries included
were Canada, Germany, France, Italy, Holland,
USA and UK for the Holstein
Friesian breed and Canada, Denmark, USA, New Zealand and Australia for the Jersey breed.

Influence

of genetic correlations
between countries on effective
population
size
The genetic correlation between countries arising from differences
in selection
objectives
and genotype by environment interaction
(GxE) for individual
milk traits
determine the extent to which they select the same sires of sons and hence affect global
Ne. In a simulation study Goddard (1992) examined the influence of rg on a number of
bulls selected if2000 bulls were tested in more than two countries under two situations:
In the first situation,
there were differences
in the selection objectives
of the countries
with a correlation
of0.9 between each pair of countries and each country was assumed
to have selected the best two bulls in terms of their selection objective
as bull sires. In
this situation,
the total number of bulls selected continued to increase as the number of
countries increased to at least 10, with a total of about 8 bulls selected. In the second
situation,
selection objectives
were the same but there was GxE in individual
traits and
again with each country selecting the best two local bulls as bull sires. The total number
of bulls selected increased as the number of countries increased but the number of bulls
selected reached a maximum of 5.
In general accounting for rg (rg < 1) due to GxE and/or differences
in selection
objectives
between countries increased the total number of bulls to be selected and
hence increased global Ne. In practice, with respect to the first situation,
Leitch (1994)
carried out a comparison of selection
indices for dairy cattle in ten countries. The
largest differences
observed between countries were in terms of the relative emphasis
on production and type and relative emphasis on milk yield (positive
or negative). Also
5 of the 10 countries included non-productive
traits such as mastitis resistance, somatic
cell count, milking speed and temperament in their indices. Leitch also reported rank
correlations
of0.90 - 0.92 between Canadian LPI and ILQM (Italy),
ISU (France) and
PIN II (now ITEM, UK) and 1.00 with US TPL However, considering
only the
production component of LPI, she observed rank correlations
of 0.88 to 0.92 with the
production index in the UK, Netherlands,
Italy and France, but a correlation
of unity
with several countries: USA, New Zealand, Germany and Israel. In spite of these high
correlations
between the various selection criteria she observed a substantial
variation
in the sires and maternal grandsires of sons progeny tested in 1993 in the countries she
studied. Thus while it seems that the present indices ensure variation in bulls sampled
by different
countries, differences
between selection indices in different
countries will
become more obvious as countries include other traits relating
to profitability
in their
indices rather than concentrate on milk traits. Meuwissen (1998) indicated
that genetic

correlations
of below 0.7 - 0.8 between different selection
objectives
are needed, if
these objectives
are to give rise to breeding schemes that are substantially
different.
Considering the second situation of Goddard (1992), Interbull
Centre estimates
genetic correlations
among countries using sire proofs, which are then utilized by the
Centre in multi-trait
across country evaluation
(MACE). These correlations
are a
reflection
of GxE among countries as well as differences
in methods for national
evaluations. Presented in Table 6 are the genetic correlations
among seven countries
from protein yield from Interbull results.

Table

6.

Interbull

C A N A D A

Genetic

Correlations*

G E R M A N Y

FR A N C E

among countries
IT A L Y

for protein
H O L L A N D

yield
U SA

C A N A D A

1 .0 0

G E R M A N Y

0 .9 1

1 .0 0

F R A N C E

0 .9 5

0 .9 2

1 .0 0

IT A L Y

0 .9 3

0 .9 0

0 .9 5

1 .0 0

H O L LA N D

0 .9 3

0 .9 3

0 .9 3

0 .9 1

1 .0 0

U SA

0 .9 6

0 .8 9

0 .9 5

0 .9 5

0 .9 3

1 .0 0

U K

0 .9 3

0 .9 0

0 .9 3

0 .9 1

0 .9 3

0 .9 1

*From Interbull

run in February

1998

U K

1 .0 0

These correlations
vary from 0.89 between USA and Germany to 0.96 between
USA and Canada. These less than unity correlations
imply bull rankings in each
country are different
and should increase the total number of bulls available
for
selection and hence increase Ne. The effect of these correlations
on the total number of
bulls available
for selection and the percentage average relationship
among these bulls
considering
the top bulls on protein yield in each of the seven countries in the previous
section, is presented in Table 7. Thus if selection for global protein yield is based on the
top 5 bulls on protein yield in all seven countries, a total of 11 bulls will be available
for selection, that is, 120% more than selecting only from the top 5 of the national list
of an exporter. If the top 50 bulls are considered,
93 bulls will be available
for
selection,
86% more than selecting from the top 50 of any national list. Considering
18
countries in the Interbull
evaluation,
Wickham and Banos (1998)
reported
that,
selection for protein yield based on a "top 50" list of all these countries would lead to
a total of 128 bulls being available for selection, which is 150% more than selection
based on the top 50 of any national list.

Table 7. Total number of bulls available for selection
5 bulls for protein yield in seven countries*
N o . o ffo rb us elllse ac tv iao il
n a b le

based on the top

％

A r ev la
e rtaiog ne sgh eipn e t ic

N o . o f T o p B u lls

*Countries

5

11

3 .3

10

2 4

3 .4

20

4 6

4 .4

30

63

4 .4

40

82

4 .5

5 0

9 3

4 .9

included

were Canada, Germany, France,

Italy,

Holland,

USA and UK

Although the percentage average relationship
among the available
bulls for
selection increases as more top bulls are considered (Table 7), in all cases it was less
than 6.25%, the additive genetic relationship
between a sire and his progeny in the
fourth generation.
It seems that international
evaluation
by accounting for genetic
correlations
among countries results in more bulls being available for selection on a
global scale. This should slow down the rate of decrease in global diversity.
Influence

of inbreeding
depression
In a simulation study Goddard (1992) concluded that inbreeding
depression (D)
largely determines
the optimal Ne for the global Holstein population.
Inbreeding
depression
results in a reduction of milk production.
Table 8 presents estimates of
inbreeding
depression
for milk traits in some dairy breeds in the UK (Mrode and
Swanson, 1998), USA (Wiggans et al., 1995) and Canada (Miglior et al., 1992). The
estimates for the Holstein breed for milk yield vary from -13.1kg in the UK to -29.6kg
in the USA per 1% of inbreeding.
Expressed as a percentage of the mean, these
represent a reduction of 0.25% to 0.31% of the mean milk production of cows born in
1990. The estimates for the Jersey breed are similar to the Holstein when expressed in
percentage terms.

Table 8. Estimates of inbreeding
Friesians and Jerseys

depression

for milk traits

H o lste in F ri es ia n

by per 1% inbreeding

in Holstein

J e rs e y

T ra it

U K

U SA

U K

U S A

C A N A D A

M ilk (k g )

‑ 1 3 .1

‑2 9 .6

‑6 .9

‑2 1 .3

‑9 .8

F a t (k g )

‑0 .5 4

‑1 .0 8

‑0 .6 4

‑ 1 .0 3

‑0 .5 5

P ro te in (k g )

‑0 .4 2

‑0 .9 7

‑0 .2 8

‑0 .8

However, inbreeding
depression
not only reduces milk production,
it also
greatly affects fertility,
survival and general hardiness. Studies evaluating the influence
of D on Ne have mostly accounted for its effect through reduction of production
and
may therefore have under-estimated
its effects. Over a wide range of bulls tested (50-

1000) Goddard and Smith (1990)
observed that the optimum number of bulls to
maximize net response (•¢G - D•¢F) was about 4-7 bulls assuming 0.25% depression
in economic merit per % inbreeding.
With 10 sires used per generation (5 years), they
estimated the level of inbreeding
to give the optimum response to be 0.25% per year.
In general they concluded that 8-12 bulls per generation gave more than 95% of the
maximumresponse except in extreme cases where very low numbers of bulls were
tested.
Howdo current estimates of inbreeding
compare with the levels for the
optimum scheme of Goddard and Smith (1990)?
Table 9 shows current rates of
inbreeding
for several Holstein Friesian populations.

Table

9.

Estimates

of rates of inbreeding

in some Holstein

Friesian

populations

R a te (o%f In
/y eb arer)e d in g
C o u n tr y

R ef e ren c e

C an ad a

0 .2 1 (b u lls o n ly )

M ig lio r a n d B u rn s id e (1 9 9 5 )

U SA

0 .2 0

W ig g a n s e t a l (1 9 9 5 )

F ra n c e

0 .2 0 *

M a ig n e l e t a l ( 1 9 9 6 )

N e th e rlan d s

0 .1 0

T e B r aa k e e t a l (1 9 9 4 )

Ita ly

0 .1 0 (b u lls o n ly )

M ig lio r (p e rso n a l c o m m u n ic a tio n )

U K

0 .0 2

M ro d e a n d S w a n s o n (1 9 9 8 )

*Assuming a generation

interval

of 5.5 years

Most of the estimates are between 0.1% to 0.2% per year and are within the
levels for the maximum response considering
10 bulls per generation. However, these
studies are retrospective
and future rates of inbreeding
are expected to increase. For
instance, considering
all the dairy breeds in the USA, Wiggans et al (1995)
observed
that the rate of change in annual increase in inbreeding
was the greatest in the Holstein
in spite of the large population
size. In the UK, the proportion of bulls and cows with
inbreeding
levels greater than zero increased from 45% and 66% respectively
for
animals born in the period 1971 to 1975 to 81% and 90% for animals born in the period

1986-1990.
Similarly in the Netherlands the percentage of cows which were inbred rose
from 33% for cows born in 1980 to 98% for cows born in 1996 (Gerben DeJong,
personal communication).
These imply that most subsequent matings are likely to
increase the rate of inbreeding.
This current increasing
trend in the percentage
of
animals which are inbred is partly due to selection of sires and bull dams on the basis
of estimated breeding value. Thus the same bulls are being used in the BB and CB
pathways as explained earlier.
The rates of inbreeding
observed in the less numerical breeds such as Jerseys
and Ayrshires tend to be slightly
higher than those for the Holstein
Friesian breed
(Wiggans et al., 1995, Mrode and Swanson, 1998). In the UK data (Mrode and
Swanson, 1998) higher levels of inbreeding
in these breeds was due mainly to an
increase in the proportion of animals with higher levels of inbreeding rather than a rapid
increase in total number of animals inbred. The increase in the proportion
of animals
with higher levels of inbreeding
is due to small population
size and fewer numbers of
bulls tested each year in these breeds.
In addition, further increases in annual rates of inbreeding
are expected in the
near future as a result of advances in reproductive
physiology.
Cloning and in vitro
embryo production (IVEP) could result in breeding programmes with intense female
selection and shorter generation intervals. For instance, with IVEP it could be possible
that large numbers of embryos could be sold into the commercial population,
creating
a large dispersed
nucleus in which both adult and juvenile
MOET schemes can be
exploited.
In this situation,
Goddard (1992) indicated that breeding programmes based
on maximizing net genetic gain would lead to annual rates of inbreeding of 1% per year,
with a resultant drastic reduction in Ne.
Trend in genetic variance
One of the major consequences of selection is a reduction in genetic variance.
In spite of the rapid rate of genetic progress in milk traits observed in the Holstein
Friesian population,
most recent estimates of heritabilities
have risen to 0.40 in the last
decade from the traditional
values of 0.25 to 0.30 in several populations
(Visscher
and
Thompson, 1992). In European countries such an increase in genetic variance could
partly be attributed
to the substantial
immigration of Holsteins.
However, heritability
estimates in the USA Holsteins have either not changed or show a slight increase (Van
Vleck et al., 1988; Dimov et al., 1995) but definitely
not a decline in genetic variance

(Va). Thus the increases in estimates of Va have not been
as a result of selection
and reduced population
size. This
to better management, improved recording, better statistical
and the effects of mutation.
NewVa attributable
to mutation (Vm) increases
times the environmental
variance (Ve) per generation
(Falconer and Mackay, 1996). As Hill (1989),
indicated,
realistic,
then mutation can provide
populations,
provided a proportion

consistent with expectation
could possibly
be attributed
methods for data analysis
at a rate of the order of 10-3
in a variety of characters
if values of Vm =10-3Ve are

useful variation in long term directionally
of mutants increase the trait.

selected

Discussion
The results reveal a decreasing trend in Ne in the global Holstein population
and also in the less numerical breeds such as the Jersey. Not only is the number of bull
sires used decreasing with time, the percentage in commonuse amongseveral countries
is on the increase. Indications
are that the current downward trend in Ne will continue
given the very high percentage of inbred cows in many Holstein populations.
The
consequence of this is obviously a continual decline in genetic diversity in the Holstein
population,
therefore ways of arresting this decline in Ne and hence conserving the
available
genetic diversity
must be examined.
Firstly,
as Wickham and Banos (1998)
remarked, the very high usage of
popular sires of sons in several countries, identifies
an opportunity
for co-operation
between bull studs to test sons from a wider range of sires and hence maintain a large
effective
population
size to protect long term genetic gain.
Selection
on the basis of pedigree
information
and BLUP has become the
standard practice in most countries. This will inevitably
push up the rate of inbreeding
and hence reduce Ne as it increases the probability
of co-selection
of close relatives.
Several simulation studies have examined the use of selection indices constructed from
BLUP evaluations
in which the emphasis given to ancestral information
is reduced
(Verrier et al., 1993; Grundy et al., 1998). One of the simple indices studied by Grundy
et al (1998)
involved the use of artificially
inflated heritability
by a factor of 2 or 3 in
BLUP evaluations
to restrict
family information.
They reported
that after 25
generations of selection, cumulative response was about 3% less than standard BLUP
but the final level of inbreeding
was 23% to 35% lower than from BLUP. In general,
they observed that the magnitude in reduction in the rate of inbreeding
compared to

BLUP selection was inversely
proportional
to the amount of family information
included in the modified selection indices. The possibility
of utilizing
such modified
indices as national selection indices should be examined in practise in order to conserve
the available
genetic diversity.
The substantial
influence of pedigree information on
International
proofs by the Interbull
Centre, especially
in countries where foreign bulls
have little or no information, has been demonstrated by Mrode and Swanson (1997).
The adoption of indices with restrictions
on family information would therefore also
be beneficial
even with international
evaluations.
One of the factors that influences Ne is the genetic correlation among countries,
resulting
from differences
in selection objectives
and GxE. This determines to what
extent different countries select the same sires of sons. To ensure different bulls are
sampled by different countries, selection objectives
should be defined to include other
traits that relate to profit such as health and reproduction
rather than concentrate on
milk traits. More comprehensive indices may result in lower genetic correlations
among
the selection objectives
of different countries than the present estimates of 0.88 - 0.92.
Genetic correlations
of lower than 0.7 - 0.8 are needed if these different
selection
objectives
are to result in breeding schemes that are substantially
different (Meuwissen,
1998). Also the inclusion of more functional traits in selection objectives
should ensure
genetic variability
in any one trait is not significantly
reduced.
In addition, the results have demonstrated the substantial
increase in the number
of bulls available
for selection following the inclusion of genetic correlations
among
countries in International
evaluations by the Interbull
Centre. For the less numerical
breeds with few bulls tested each year, the effects of international
evaluations are even
more pronounced, offering greater opportunities
to select from a wider range of bulls
and also increase selection differential.
This should avoid polarized
usage of a few
"trendy" bulls and hence conserve global genetic diversity.
The effect of this will be
maximized as all countries adopt Interbull evaluations
and more appropriate
data and
methodology
are utilized
to improve on the current estimate of these genetic
correlations.
Improvements in current advances in reproductive
technology are probable with
the implication
of higher intensity
of selection
in females and shorter generation
interval. With IVEP, the application
of MOET type schemes could be quite pronounced
in the commercial populations.
Under such a situation rates of inbreeding,
as Goddard
(1992)
indicated,
could be as high as 1% per year and the adoption of appropriate

breeding schemes such as the factorial
mating design (Woolliams,
1989), equalizing
family sizes, constraining
the rate of inbreeding
(Meuwissen, 1998) and deliberately
choosing less closely related animals, would become necessary to substantially
reduce
the rate of inbreeding
with little effect on genetic gain.
Conclusion
The results have indicated
substantial
rates of progress of about 2% in milk
traits in most B&W populations
in the last 5 years. This however has been
accompanied by a decreasing trend in Ne. The number of bull sires used is decreasing
with time while the percentage in commonusage is increasing. The average relationship
among bulls, rates of inbreeding
and percentage of inbred cows all show an increase
with years.
Firstly,
the very high usage of popular sires of sons in several countries
identifies
the opportunity
for co-operation between bull studs to test sons from a wider
range of sires and hence maintain a large Ne. International
evaluations by the Interbull
Centre account for GxE and therefore offers opportunities
to select from a wide range
of top bulls. This, in addition to comprehensive national selection objectives
which
include other traits which relate to profit in addition
to milk traits, should ensure
different countries sample different bulls when progeny testing and hence increase Ne.
The effectiveness
of selection using indices with restrictions
on family information in
maintaining the present rate of genetic gain while reducing the level of inbreeding have
been demonstrated.
The possibility
of utilizing
such modified indices in national
selection
schemes should be exploited.
Current rates of inbreeding
could increase
substantially
due to advances in reproductive
technology.
Special breeding schemes
such as factorial mating designs and equalizing family sizes may have to be adopted to
reduce rates of inbreeding
to conserve available genetic diversity.
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Abstract
The effects of inbreeding
(ABF) were estimated

thickness
regression

coefficient

for D105

of D105 or ABF on the inbreeding

and ABF of 3,403

Akachi

Genetics,

effects

of birth-year-month

(BYM),

regression

genetic

effect

parents,

the Fs of the 3,403

(breeding

F was 3,302,

value)

sex of the pig, parity

of pigs within
pigs

Slightly

litter.

were calculated.
approximately

(F) of the pigs. Performance

1985 and June 1987,

model used for the analysis
of the dam (gilt

were litter

within

After forming

included

at

the fixed

vs. sow, MAT) and a partial

BYM and MAT and the additive
the relationship

matrix of the 376
0.033

with the

The number of pigs having

less than

97% of the total pigs. The estimates

in F were + 1.47 d for D105

data

were collected

The average F value was 0.013

more than 71% were not inbred.

which represented

per 10% increase

coefficient

born between July

on F of the pig. Random effects

range of zero and 0.250.
of inbreeding

Duroc pigs,

Inc., Gunma, Japan. A mixed animal

linear

0.100

on age in days at 105 kg (D105) of body weight and average back fat
using a single trait animal model which included
a partial
linear

of the effects

and - 0.17 mmfor ABF.

Introduction
Genetic improvement can be accomplished
only if genetically
superior
individuals
are selected and then mated to reproduce the next generation. However, the
true genetic merit of individuals
are never known but can be estimated from the
available
data. A mixed animal model (Henderson, 1984) is the model preferred by
animal breeders to obtain estimated breeding values. The estimators and predictors have
desirable properties
and the model is general, so that any known effects peculiar to the
data set can be accounted for.
Most swine breeders today, either consciously or unconsciously, practice some
types of inbreeding.
As Lush (1933) noted, linebreeding,
though mild, is a form of
inbreeding.
Inbreeding
can also be used to fix a desirable type. Progeny produced by
crossing two inbred parents of different lines can be expected to be more uniform. This
increased uniformity in phenotype can be considered desirable for the mass production
systems typical of many commercial pork production enterprises.
Swine breeders are now attempting to limit the introduction
of new genetic

ƒÐ2a
ƒÐ2a.

components as live pigs, because of the higher risk of introducing
new disease
organisms. Hence, almost all the replacement
gilts are reproduced on their own farms
and only when necessary are a minimum number of boars or semen purchased from
outside sources. Unless replacement herd boars are always purchased from different
outside sources, some level of inbreeding
is likely to build up within a herd.
In theory, two consequences of inbreeding
are well established:
(1) changes of
meanvalue and (2) changes of variance (Falconer,
1981). The most striking observed
consequence of inbreeding
is the reduction
of the mean phenotypic
value which is
known as inbreeding
depression.
When the average inbreeding
coefficient
of a population
is F, the within-line
additive

genetic

variance is reduced to (1 - F)

while the between line additive

genetic

variance increases to 2FƒÐ2a. The additive genetic variance in the whole population is
the sum, and thus is equal to (1 + F)
Dickerson et al. (1954)
clarified
two methods to estimate the effects of
inbreeding:
(1) the comparison of linecrosses
with parental lines of known inbreeding
and relationship
within the same season of farrowing, and (2) the linear regression of
performance on F among the unselected
progeny within the same line and season.
Therefore, to estimate the effects of inbreeding
on the phenotypic
value, the effects of
selection and environment must be accounted for if the linear regression coefficient
of
phenotypic
value on F is used.
Selection
is the process of discrimination
by which individuals
of divergent
phenotypes
are made to differ in rate of reproduction
(Dickerson
et al., 1954).
Response to selection can be estimated by using mixed model methodology,
even when
records from a control group are not available. Results from a Monte Carlo simulation
(Sorensen and Kennedy, 1984) and from a selection experiment (Blair and Pollak,
1984) revealed that a mixed model analysis could be used without a control population
to partition
adequately
the phenotypic
trend into its genetic and environmental
components. Both studies strongly suggested
that for the mixed model approach to
succeed in separating
genetic and environmental trends, strong genetic ties between
contemporary groups are required. Swine data collected within a herd will generally
meet this requirement
because of the strong genetic ties among females which are
mostly produced within the herd.
A systematic procedure for constructing
a numerator relationship
matrix
among animals is well established
(Emik and Terrill,
1949; Plum, 1954).
The

off-diagonal

elements

of the relationship

matrix,

when they are multiplied

by the

additive genetic variance, represent the additive genetic covariances between animals.
The kth diagonal element of the matrix is (1 + Fk), where Fk is the inbreeding
coefficient
of the kth animal. Therefore, when the complete relationship
matrix of all the animals
is used, not only the known additive genetic covariances between the animals but also
the increased additive
genetic variances due to inbreeding
are accounted for.
The purpose of this study was to estimate the effects of inbreeding
on age in
days and average backfat thickness
at 105 kg of body weight from a mixed animal
model. After solving the corresponding
mixed model equations
and for each trait
separately,
estimates were obtained for the linear regression
coefficients
of records on
F of individual
animals.
Materials
Description

and Methods
of data
Performance data for D105 and ABF from 3,403 Duroc pigs were collected
at Akachi Genetics, Inc., Seta-Gun, Japan. The pigs were born between July 1985 and
June 1987 and were from 497 litters. Very little, if any, castration and preselection
prior
to performance testing was practiced, because all boars were candidates for either sale
or herd replacement. Hence, unless pigs had severe illness or were injured, all Duroc
pigs born within the period were measured for both traits. Evidence of little preselection
of boars for testing is demonstrated
by the fact that the average number of pigs tested
per litter
females.

was slightly

over 6.8 pigs. Sexes of the pigs were either

intact

males or

Birth information was recorded on each.litter.
Individual
pigs were weighed
off-test and ultrasonically
measured for backfat thickness
using a Lean-MeaterR at
approximately
105 kg. Measurements of backfat were taken 5 cm off the midline at
three points; above the point of the elbow, the last rib, and the stifle
for ABF. Both D105 and ABF were adjusted to a 105 kg basis

joint; and averaged
using the formulas

recommended by the National Swine Improvement Federation (1987) with the desired
weight of 105 kg.
The number of male and female pigs and the total in each birth-year-month
(BYM) subgroup are shown (Table 1).

Table 1. Distribution
of male and female pigs and the total number of pigs,
sires and litters in each birth-year-month
(BYM)
B Y M

N o .litte rs

N o .s ire s

N o .p ig s

N o .m a le s

N o .f e m a le s

8 50 7

18

5

103

49

54

8 50 8

21

6

134

57

77

8 5 09

25

7

176

88

88

8 5 10

21

7

137

72

65

8511

24

7

14 6

79

67

8 5 12

21

7

150

72

78

8601

27

7

196

102

94

8 6 02

27

7

2 30

134

96

8 6 03

20

9

137

76

61

8 6 04

20

10

124

70

54

8 6 05

21

10

176

81

95

8606

21

8

136

75

61

86 07

21

9

14 5

74

71

8608

23

11

152

85

67

86 09

20

9

125

67

58

8 6 10

21

13

134

76

58

86 1 1

17

12

127

69

58

8 6 12

23

10

162

88

74

87 0 1

27

11

175

97

78

8 7 02

11

9

77

40

37

53

57

8 7 03

14

8

110

8 7 04

26

11

19 1

97

94

8 7 05

22

9

13 5

87

48

8706

6

4

25

19

6

T o ta l

4 97

3 ,4 0 3

1 ,8 0 7

1 ,5 9 6

The number of pigs within the BYM were distributed
rather uniformly across the BYM,
except for the last BYM, June 1987. This happened because only a small portion of the
pigs born in this BYM had completed the test at the time the data were obtained. The
25 pigs representing
that particular
BYM could have been either the fastest growing
pigs and hence were able to complete the test, pigs born at the beginning of the BYM,
or the mixture of both. The most likely reason would be the latter and hence they were
included in the analysis. The distribution
of the number of males and females within
each BYM was quite even, and, hence, also provided
evidence for little or no
preselection
of boars for testing. The numbers of sires and litters were likewise
distributed
uniformly across the BYM, except again for the last BYM.

In addition to the pigs that were tested, 44 of their sires and 226 dams whose
individual
performance had not been recorded were added to the data set to increase
genetic ties among the pigs, making a total of 3,673 animals in the analysis. There were
21 sires and 48 dams with both parents unknown and they comprised the base
population.
The remaining 3,604 pigs had both parents identified
and were traced back
to 69 ancestors in the base population.
Calculation
of coefficient
of inbreeding
Emik and Terrill (1949)
and Plum (1954) developed a systematic procedure
for calculating the coefficient
of inbreeding (F) by constructing
a numerator relationship
matrix. One important aspect of the matrix is that the off-diagonal
elements are
Wright's coefficient
of numerator relationship
between animals. Hence, a relationship
matrix comprised of only the parents is required to calculate F of all the animals as:
Fi = asd/2

where Fi is the coefficient

[1]

of inbreeding.of

the ith animal

off-diagonal
element of the relationship
matrix.
To calculate F of the 3,673 pigs, the relationship

and asd is the sire by dam
matrix of their 376 parents

was constructed. Then, F of all the pigs was calculated by using the respective
sire by
dam off-diagonal
elements as in [1].
Models
The data were analyzed separately
for D105 and ABF with the same model:
Yijknq=mi+Sj

+pk+fiknb+likn+aijknq+eijknq

where yijknq is an adjusted

record

of either

[2]

D105

or ABF of the qth pig of the jth sex in

the nth litter farrowed in the ith birth-year-month
(BYM) from a dam of the kth maturity
group (MAT), mi is the fixed effect of the ith BYM (i = 1,...,24), sj is the fixed effect of
the jth sex (j = 1,2), pk is the fixed effect of the kth MAT of the dam (k = 1,2), fikn is the
covariate term of F , likn is the random effect of the nth litter (n = 1,...,497),
aijknq is the
random effect

of the additive

genetic

to the record

value of the qth pig (q = 1,..., 3,403),

residual

error peculiar

and b is the partial

records

on F.
The model in [2] can be expressed

in matrix

linear
notation

regression
as:

eijknq is the
coefficient

of

ƒÀ'

ƒÐ2a,
ƒÐ21,
ƒÐ2e

where y, m, s, p, f, 1, a0, a1, and e are vectors of records (3,403 x 1), BYM effects (24
x 1), sex effects (2 x 1), MAT effects (2 x 1), F as a covariate (3,403 x 1), random
litter effects (497 x 1), random additive genetic effects of the 270 parents without their
ownrecords (270 x 1 ), random additive genetic effects of pigs (3,403 x 1) and residual
errors (3,403 x 1), respectively.
Design matrices for m, s, p, and 1 are X1, X2, X3 and
Z, respectively.

genetic

Also

effects

,

= [m',s',p'],

of the 270 parents

a' = [a 0', a 1' ] and

without

their

X = [X1,X2,X3].

The additive

own records (a0) are augmented

to the

breeding
vales of the 3,403 pigs (a1) to provide extra genetic ties and thus the
dimensions of vector a is 3,673 x 1. The design matrix corresponding
to vector a has
dimensions of 3,403 x 3,673; zero matrix of order 3,403 x 270 augmented with a unit
matrix of order 3,403. The partial linear
denoted by b in [3]. With the assumptions

where A is the numerator relationship
variances of litters,
additive
genetic
equations

(MME)

regression
coefficient
of records on F is
that the first and the second moments are:

matrix of 3,673 pigs and
effects and residual
errors,

and
are
the mixed model

for model [3] are:

ƒÐ2a
ƒ¿1
ƒÐ21
ƒÐ2e/
ƒÐa
ƒÐ2e/ƒÐ2a.
where
=
and
=
Because A
accounts for all the additive
genetic
ƒÐ21,
variances
and covariances
of the pigs,
accounts for the covariance
between
ƒÐ2a
ƒÐ21
littermates
after
/ 2 is removed. Or equivalently,
the components of
are:

ƒÐ2d
ƒÐ2c

where cov (LM) represents
variances
of dominance
respectively.

the covariance
genetic
effects

between littermates
and
and
are
and common environmental
effects,

ƒ¿1
ƒ¿a

Takahashi et al (1990) reported the estimates of and
for D105, respectively,
and 6.979 and 2.996 for ABF, respectively.

as 8.716 and 2.295
Those calculated

ƒ¿1's
ƒ¿a's

and
were used in MME to estimate
records on F of the pigs.

coefficient

Results
0.006

the linear

regression

of the

and Discussion
The average Fvalues of the 64 sires and the 312 dams were 0.012 +-0.040 and
+-0.023, respectively
(Table 2). The minimum F values of both the sires and

dams were zero, while the maximum F values of sires and dams were 0.250 and 0.125,
respectively.
In Table 3, the average parental F values of sex-status subgroups are
shown. Status 1 represents
a group of parents without their own performance records
and status 2 a group with records. There were 44 sires of Status 1, all of which had F
of zero. The remaining 20 sires had performance records and their average F was
0.038 +-0.064. There were 226 dams of Status 1. Their F averaged 0.004 +-0.022. The
remaining 86 dams had their own performance records and the averaged 0.011 +-0.025
in F.

Table

2. Average F values of the 64 sires and the 312 dams

S ex

N o .

A v e .F

S .D .

S i re s

64

0 .0 1 2

0 .0 4 0

0 .0 0 0

0 .2 5 0

D a m s

3 12

0 .0 0 6

0 .0 2 3

0 .0 0 0

0 .1 2 5

Table 3. Average parental
S ex

M

i n .F

M

a x .F

F values of sex by status subgroups

S ta t u s a

N o.

A v e .F

S .D .

M i n .F

M a x .F

S ir e s

1

44

0 .0 0 0

0 .0 0 0

0 .0 0 0

0 .0 0 0

S ir e s

2

20

0 .0 3 8

0 .0 6 4

0 .0 0 0

0 .2 5 0

D am s

1

22 6

0 .0 0 4

0 .0 2 2

0 .0 0 0

0 .1 2 5

D am s

2

86

0 .0 1 1

0 .0 2 5

0 .0 0 0

0 .1 2 5

aStatus 1 represents a group of parents without,performance
and 2 of those with their own records.

records

Table

4. Average F values by sex of the 3,403

pigs

N o .

A v e .F

S .D .

M a les

1 ,8 0 7

0 .0 1 2

0 .0 3 1

0 .0 0 0

0 .2 5 0

F e m a le s

1 ,5 9 6

0 .0 1 5

0 .0 3 5

0 .0 0 0

0 .2 5 0

S ex

Table 5. Distribution
F

M in .F

M a x .F

of pigs by level of F
N o .

0 .0 0 0

2 ,4 2 6

0 .0 0 4

17

0 .0 0 8

77

0 .0 1 6

2 1 9

0 .0 2 0

2

0 .0 3 1

3 20

0 .0 3 5

6

0 .0 3 9

6

0 .0 4 7

34

0 .0 6 3

159

0 .0 7 8

9

0 .0 9 4

27

0 .1 2 5

53

0 .1 3 3

9

0 .1 4 1

9

0 .1 4 3

4

0 .2 5 0

26

After constructing
the relationship
matrix for the 376 parents, Fs of the 3,403
pigs, which included those of 20 sires and 86 dams that had individual
records, were
calculated.
The average Fwas 0.012 +-0.031 for the males and 0.015 +-0.035 for gilts
(Table 4). Both sexes had minimum and maximum values of zero and 0.250,
respectively.
In Table 5, the distribution
of the pigs for each level of F are shown.
Slightly
more than 71% of the pigs were not inbred. The number of pigs having less

than 0.100

for F was 3,302, which represented

approximately

The partial linear regression coefficient
(b)
was estimable,
because in the current data set there
BYM that were from dams of the second MAT, and
0.037).
The estimates of b were 14.700 and -1.659,

97% of the total

pigs.

of records on F of the pigs in [3]
were two boars born in the first
had differing
F values (zero and
respectively,
for D105 and for

ABF. Since the estimates of b for both traits were expressed per unit ofF, the effects
of inbreeding
per 10% increase of F were to increase D105 by 1.47 d and to reduce
ABF by 0.17 mm.
By using the method of least squares (LS) and the current data set, the effects
of inbreeding
on D105 and ABF were also estimated. The statistical
models used for
LS contained the same fixed effects, including
a partial linear regression
coefficient
(bLS) of records on F of the pigs, as was used with the mixed model in [2]. But all the
random effects in [2] were not fitted and hence fell into residual error in the LS model
thus permitting
the estimate of bLS to be estimable.
The estimates of the effects of
inbreeding
on the phenotypic
values of D105 and ABF were 1.02 d and -0.14 mm,
respectively,
per 10% increase of F. These results, compared to the results from MME,
indicated
that the estimates obtained from LS were regressed more toward zero.
The estimates of the effects of inbreeding
on D105 and ABF obtained in this
analysis with MME were similar to those reported by Bereskin and Hetzer (1981,
1984). They used data obtained from an unselected control population
of more than
1,000 pigs and collected
over the period of 1955 to 1967. The F values of the pigs
ranged from zero to approximately
0.40. By using the least squares method and a model
that included the linear regression coefficients
of records on F of the pigs, they obtained
estimates of the effects of inbreeding
on age in days to 100 kg (D100) and ABF of 0.89
d and -0.17 mm,respectively,
per 10% increase of F.
Using data obtained from a large crossbreeding
experiment, Schneider et al.
(1982) calculated
estimates of the effects of inbreeding on D100 and ABF. The average
F value of the pigs was approximately
0.05. The estimates for D100 and ABF were
6.00 d and -1.37 mm,respectively,
per 10% increase ofF. Although the magnitude of
the estimates reported by Schneider et al. (1982)
analysis,
they were in the same direction.

was larger than those obtained

in this

Use of the dominance relationship
matrix (D) in MME was studied by
Maki-Tanila and Kennedy (1986). Data were simulated for three levels of frequency of
the favorable gene (0.1, 0.5 and 0.9) and several levels of dominance within the range

of -1 and 1 with a limited number of loci involved. The data were generated for three
generations
with selection.
In the third generation,
the average F value was
0.140 +-0.003. Use of D in MME, however, failed to adjust for the effect of inbreeding.
After reviewing the study, Kennedy et al. (1988)
concluded
that with inbreeding,
inclusion of D did not account for inbreeding
depression
and the effects of inbreeding
depression might be accounted for by including the inbreeding
coefficient
as a covariate
in the model.
Conclusions
For an accurate genetic evaluation of animals, known sources of effects, both
genetic and environmental, should be incorporated into a model. With an animal model,
the additive animal effect accounts for the change in additive genetic values of animals
that is due to selection. Use of the complete A accounts for the known additive genetic
variance-covariance
structure as well as the increase of the additive genetic variance
due to inbreeding
of the whole population.
Inbreeding
depression affects phenotypic
values and, hence, use of F as a covariate in an animal model can account for the
change in phenotypic
values resulting from inbreeding.
When the major interest in a
swine breeding herd is the evaluation
of sires by using progeny performance data,
inbreeding
depression
should not be ignored. Because progeny of sires raised on the
farm will tend to be inbred while progeny of purchased sires from the outside will more
likely be non-inbred, accounting for inbreeding
depression,
especially
for D105,
provides an opportunity
for fair comparisons among both sires raised on the farm and
those purchased from the outside.
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Abstract
The general concept and theory of quantitative
genetics of finite loci are described. A
method of partitioning
the genetic variance into variance components contributed by individual
loci
are developed. The key to the partitioning
of genetic variance components is the variation
in the
identical-by-descent
(IBD) value shared by relatives. The IBD value of a putative quantitative
trait
locus (QTL) is inferred
from multiple
markers via a multipoint
method. QTL variances are
estimated
and tested in the general framework of maximum likelihood.
The simplex and EM
algorithms
for solving the maximum likelihood
solutions
are described. Marker assisted selection
(MAS) via the best linear unbiased prediction
(BLUP) is discussed.
A new concept, called marker
assisted mating (MAM), is proposed. MAM can help breeders to design the best mating strategy to
avoid inbreeding
depression
and maintain genetic variance of small populations.
The new concept
and methodology
of QTL mapping and MAS are fully consistent
with the classical
framework for
the genetic analysis of quantitative
characters.

Introduction
Estimating
genetic variances and covariances is the first step towards
understanding
the genetic mechanisms of quantitative
traits. It is also the basis for
developing
efficient
selection
procedures because selection
acts by consuming
existing genetic variances. In classical quantitative
genetics, genetic variances are
estimated by the phenotypic
resemblance between relatives. Molecular techniques
allow the new area of molecular quantitative
genetics to further partition
the
overall
genetic
variance into components corresponding
to chromosomal
segments of the genome (Goldgar
1990).
Each chromosomal segment may
contain one or more loci that control the traits of interest. These loci are referred
to as quantitative
trait loci (QTLs). In the terminology
of molecular quantitative
genetics, locating QTLs and estimating QTL effects are called mapping QTLs.
Data collected
from well designed
crossing
experiments
are usually
analyzed using the fixed model approach. Usually a single line cross is analyzed.
Linkage disequilibrium
is the key to QTL mapping using the fixed model
approach. Under the fixed model, data (phenotypic
values) are described
by a

linear model with a variable that indicates
the QTL genotype as the independent
variable
and the effect of allelic
substitution
of the QTL as the regression
coefficient
(Lander & Botstein 1989). The QTL genotype itself, however, is not
observable.
The usual practice is to use the genotypes of linked markers to guess
the missing genotype of the QTL.
The random model approach of QTL mapping is more appropriate
than
the fixed model when data are sampled from outbred populations
(Xu & Atchley
1995).
Under the random model approach, variance of QTL segregation
(the
second moment) rather than the effect of allelic substitution
(the first moment) is
estimated
(Haseman & Elston 1972; Schork 1993; Fulker & Cardon 1994).
Sometimes, the random model approach is referred to as the robust method (Amos
1994; Olson 1995) because knowledge of the actual genetic mechanism, such as
the number of alleles,
the allelic
frequencies
or the linkage phases, is not
absolutely
required.
Many populations
of natural organisms
may be in
approximate
linkage
equilibrium,
whereby marker genotypes
provide
no
information
about the genotype
of a QTL. This situation
invalidates
the
applicability
of fixed model approach to outbred populations.
The random model
methodology,
however, is fully consistent
with the classical
framework for the
genetic
analysis
of quantitative
characters.
The primary innovation
is the
partitioning
of the genetic variance into variance components associated
with
particular
markers and those associated with the polygenic
background. All of the
existing
models and types of gene action that have been elaborately
studied by
biometrical
geneticists,
including
dominance and epistatic
effects
and fixed
environmental factors are readily incorporated
into the framework.
Theory and Methods
1. Genetic variance in small populations
Assume that a small population
of size Ne was isolated
from a base
population
t generations
ago. In the absence of mutation, the additive
genetic
variance
of a quantitative
trait at the current
generation
(t) decreases
monotonically
compared with that of the base population
(generation
0). The
relationship
is

ƒÐ2A(t)
ƒÐ2A(0)

where

ƒÐ2A

respectively,
and Ft is the average inbreeding
coefficient
of the population
in the
current generation (Falconer & Mackay 1996). To estimate the genetic variance of
the population,
N individuals
are sampled from the current generation (t) and their
phenotypic
values are analyzed. If the pedigree
relationships
of the N individuals
are known exactly back to the original
generation
(0) and the relationships
are
fully taken into account, the estimate will be
(0). According to equation (1),

ƒÐ2A
ƒÐ2A.
ƒÐ2A(0).
ƒÐ2A(0)

in the absence of mutation, this variance is greater than the variances in all
subsequent
generations.
This perhaps is the reason why one always tries to
incorporate
all pedigree
information
in estimating
, hoping to obtain a
maximumestimate of
However, less attention has been paid to the utilities
of
From evolutionary
standpoint,
may help us to understand the

ƒÐ2A(0),
ƒÐ2A(t)

genetic
history
however,ƒÐ2A(t)
determines

and

are the additive

genetic

of the small population.
may be more useful than

the actual response

to selection

variances

at generation

From breeding
because

occurred

point
it is

t and 0,

of

view,
that

in the current generation.

ƒÐ2A
Directly
estimating
(t) is impossible
using individuals
in the current
ƒÐ2A(t
generation,
but
- 1) can be estimated. In fact, it is much easier to estimate
ƒÐ2A(t
ƒÐ2A(0).
-1) than to estimate
When the population
size is not too small,
ƒÐ2A(t)•`ƒÐ2A(t
ƒÐ2A(t
-1). To estimate
- k) for k < t in general, one simply uses

ƒÐ2A(t

ƒÐ2A(t

the pedigree
information
back to k generations
generation as completely
unrelated. For instance,
only back to one generation,
only full-sib
or
because all parents are treated
as independent.
variance would be
-1). Sib analyses
(k
perhaps

more appropriate,

than complex pedigree

one can arbitrarily
increases k to obtain
subsequent
discussions,
only sib analyses
genetic variance is
- 1).

and treats all individuals
in that
if one uses pedigree information
half-sib
families
are considered
Then the estimated
genetic
= 1), are more convenient, and
analyses

a higher estimate
are considered.

(k > l).

Of course,

of the variance. In
Thus, the estimated

ƒÐ2e)

2. Genetic

covariance between relatives under finite loci
Consider N individuals
with known family origins sampled from a finite
population
in generation
t (the current generation).
Assume that we have collected
both phenotypic
and molecular data for all N individuals
and their parents. Our
purpose here is to estimate
the total genetic variance as well as variances
contributed
by different
chromosome regions
in the parental
population
(generation
t - 1).
The phenotypic
value of a quantitative
trait for the j-th individual,
yj, is
expressed by the following mixed linear model:

where x, is an 1xm

design

vector of fixed effects,
and djk are the additive

vector

error with a N(0,

are assumed to be absent. All the genetic
i.e.,

ajk

effects,

b is an mx1

n is the total number of loci contributing
to the trait, ajk
and dominance effects, respectively,
for the k-th locus,

and ej is the environmental
distributions,

for a set of fixed

~ N[0,(1

effects

+ fjk)ƒÐak2]

and

distribution.

Epistatic

are random variables
djk

~ N(0,ƒÐ2dk

effects

with normal

), where

fjk

indicates
the inbreeding
event of individual
j at locus k. Because all parents
assumed to be unrelated,
fjk can be non-zero only if there are selfings.
domesticated

animals which do not allow selfing,

dominance genetic

variances

The phenotypic

variance

The expectation

of yj is

E(yj)=xjb.

are defined

fjk = 0. The total additive

are
In
and

by

of the trait is, therefore,

(3)

The variance is

Note that
probability;

fjk

is not the usual inbreeding
coefficient
defined in the context of
it indicates
the status of identical-by-descent
(IBD)
between the

ƒÎkij
ƒÆkij
ƒÎkij
ƒÆkij

paternal and maternal
and yj is

of individual

where

is the IBD value shared

the event

that

variables,

i and j share
and

Denote

ƒÐ2ak

from the

•¢dk
ƒÐ2dk

denote

=

average

j at locus k. The covariance

by i and j at the k-th locus,

IBD genotype

(both

alleles

variance

families

loci

=ƒÐ2dk-1n-ƒÐ2Dso that

covariance can be expressed

and

indicates

otherwise,

These

IBD

they are zero

are assumed to be independent.

-1nƒÐ2A
as the deviation
across

between yi

are IBD).

, can be non-zero if i and j are sibs,

because members of different
•¢ak
ƒÐ2ak

•¢ak
•¢dk

alleles

so that

of the locus specific

variance

=•¢ak+1nƒÐ2A.Similarly,

=•¢dk +1nƒÐ2D, The

variance

and

by

and

It can be easily shown that the finite locus model approaches
to the classical
polygenic
model when the assumptions
of polygenic
model hold. With equal
effects across loci,
=

=0 for k= 1,..., n. For infinite

number ofunlinked

the usual inbreeding
coefficient,
Aij is the additive relationship
and Dij is the coefficient
of fraternity
(Lynch and Walsh 1998).
In matrix notation,

the model can be expressed

as

loci,

between i and j,

ƒÎkj
ƒÆkij

ƒÎkij
ƒÆkij

The expectation

and variance-covariance

matrix are

and

respectively,

where IIk

Inbreeding
coefficient,
additive
relationship
and coefficient
of fraternity
can be considered
as average measurements of various kinds of IBD variables
across different
loci. Their values depend on the pedigree
relationships
of
individuals
concerned. The corresponding
IBD measurements at the locus level,
fjk ,

and

, however, depend not only on the pedigree

relationships

but also

on the actual genotype of each individual
at the locus of interest.
Conditional
on
pedigrees,
these locus specific
IBDs are still variables.
The variance of the IBD
measurements across loci provides the key to the random model method of QTL
mapping. In all subsequent
discussion,
fjk ,
and
are referred to as IBD
variables.
Consider the genotypic
configurations
of progenies from mating type
A1A2 x A3A4. There are four possible
types of progeny, each with an equal
frequency.
The four possible
genotypes
are A1A3, A1A4, A2A3 and A2A4. If two
sibs are sampled from this family, ignoring
the order of sampling,
there are 10
possible
sib-pairs.
Suppose we observe a pair of sibs with genotypic configuration
A1A3-A1A3,weknow immediately
that they have received exactly the same alleles

ƒÎkij

from their parents and thus
=1. The two sibs behave like identical
twins for
this locus. If A1A3-A2A4 is observed, then we know that they do not share any IBD
alleles,
and thus behave like two unrelated individuals.
If we happen to know the
genotypes of two sibs at a particular
locus, the covariance between them at this
locus can be different
from what is expected. For example,
Cov(aik

,ajk)

and Cov(aik,ajk)

= 1ƒÐ2akfor a pair of sibs with genotypic
= OƒÐ2akwith A1A3-A2A4.It is incorrect

configuration

A1A3-A1A3

to say

ƒÐ2ak Cov(aik,ajk)
=
if one already knows that i and j share no IBD allele at the
locus of interest.
Full-sib families,
half-sib families
and sibs resulting
from a selfing parent
are the three types of families
considered
in this paper. There has been no
scientific
term for sibs derived from a single parent (selfing).
For simplicity
of
description,
I will call them selfed-sibs
in subsequent
discussion.
In domesticated
animals, it is common to have a hierarchical
family structure of mixed sibships,
i.e., a half-sib family consists
of several full-sib
families.
The distributions
of
various IBD variables are given in Table 1 for full-sibs,
Table 2 for half-sibs
and
Table 3 for selfed-sibs.
The expectations
and variances of these IBD variables are
summarized in Table 4. Selfed-sibs
have the largest IBD variances, and thus have
the highest power of separating
QTL variance from the polygenic
variance. Halfsibs have the lowest power due to the smallest IBD variance. In addition,
half-sib
analysis does not provide an estimate of the dominance variance.
3. Mapping QTLs under the random model
Given the expectation
and the variance-covariance
matrices, under the
assumption that y has a multivariate
normal distribution,
a likelihood
function can
be constructed.
The maximum likelihood
method requires that the number of
QTLs and the IBD matrices are known a priori, whereas, this information
is not
known. In fact, one of the main purposes of QTL mapping is to find the number
of QTLs. In addition,
it may be difficult
for the maximum likelihood
method to
handle too many unknown parameters. The usual treatment is to decompose the
total genetic effect into the effect of the q-th QTL and the sum of the effects of the
remaining QTLs. The model is written as

Table 1. Distribution
of the identical-by-descent
variables
shared by full-sibs
resulting
from
matting of A1A2 with A3A4, where A1 and A3 are the paternal
alleles of the parents, and A2 and A4
are the maternal alleles of the parents.
The 16 possible
sib-pairs
are classified
into four states, (a)
state 11: share both alleles,
(b) state 10: share paternal alleles,
(c) state 01: share maternal alleles,
and (d) state 00: share no allele.
S ib p a ir

A

P ro b a b ility

A 1A 3‑A 1A 3

1 /1 6

A 1A 3‑A 1A 4
A 1A 3 ‑A 2A 3

π

kij

θkij
S ta te

1

1

11

1/ 1 6

1/2

0

10

1/ 1 6

1 /2

0

01

A 1A 3‑A 2A 4

1 /1 6

0

0

00

A 1A 4‑A 1A 3

1/ 1 6

1 /2

0

10

A 1A 4‑A 1A 4

1/ 1 6

1

1

11

A 1A 4‑A 2A 3

1/16

0

0

00

1A 4‑A 2A 4

1/ 1 6

1 /2

0

01

A 2A 3‑A 1A 3

1/ 1 6

1 /2

0

0 1
00

A 7A 3‑A1 A 4

1/ 1 6

0

0

A 2A 3‑A 2A 3

1/ 1 6

1

1

11

A 2A 3‑A 2A 4

1/16

1 /2

0

10

A 2A 4‑A 1A 3

1/16

0

0

00

A 2A 4‑A 1A 4

1 /1 6

1 /2

0

01

1 /1 6

1 /2

0

10

1 /1 6

1

1

11

A

2A 4 ‑A 2A 3

A

2A4‑A 2A 4

Table 2. Distribution
of the identical-by-descent
variables
shared
resulting
from matings of a father A1A2 with randomly selected

by half-sibs
females.

πk i j

S i b p a ir a

P r o b a b i li ty

A 1A x ‑A 1 A y

1 /4

1/2

A 1A x ‑ A 2 A y

1 /4

0

A 2A x‑A1A

y

A 2A x ‑A 2A y

a: Ax or Ay represents

1 /4

0

1 /4

1/2

a random allele

from the population.

Table
single

3. Distribution
parent A1A2.

of the identical-by-descent

variables

π

shared

by selfed

sibs

θk i j

ikj

S ib p a ir

P ro b a b il it y

A 1A 1 ‑ A 1A 1

1 /1 6

2

1

A 2A 2‑A 2A 2

1 /1 6

2

1

A1 A1‑ A1 A2

1 /8

1

0

A 2 A 2 ‑ A 1A 2

1 /8

1

0

A 1A 2 ‑ A 1A 1

1 /8

1

0

A 1A 2 ‑ A 2A 2

1 /8

1

0

A 1A 2 ‑ A 1A 2

1 /4

1

1

1 /1 6

0

0

1 /1 6

0

0

A

2A 2 ‑ A 1 A 1
A 1A 1 ‑ A 2 A 2

Table 4. Expectations
and variances of the identical-by-descent
full-sibs,
half-sibs
and selfed-sibs.
π

fjk

of a

variables

kij

of a single

θ

locus in

kij

E ( fjk )

V a r( fjk)

E (π kij )

V a r(π kij )

E (θkij)

V a r(θ kij
)

F u ll‑sib

0

0

1 /2

1 /8

1 /4

3 /1 6

H a lf‑s ib

0

0

1 /4

1 /1 6

0

0

S e lfe d ‑sib

1/2

1 /4

1

1 /4

3 /8

1 5 /6 4

ƒÐ2aq

ƒÆ

where aA =

is the sum of the additive

(additive

effect)

polygenie

and dD =

effects

of the remaining

QTLs

is the sum of the dominance effects

of the remaining
QTLs (dominance
polygenic
effect).
Accordingly,
the total
additive
variance is partitioned
into variance explained
by the q-th QTL and the
variance contributed
collectively
by all other loci. The latter is called the
n

polygenic

variance

but with

and still denoted

excluded.

Similarly,

by

for notational

the dominance variance

The variance-covariance

where

convenience

can be partitioned

matrix of y is now rewritten

into
as

With this model, the list of unknown

parameters becomes much shorter:
function is

In QTL mapping,

the parameters

The likelihood

of interest

are

the

remaining elements in
are called nuisance parameters. These two parameters of
interest can be tested for significance
by fitting the model with all parameters and
obtaining
the natural log of the likelihood
of the data, In(L1), and refitting
without
those two parameters,
obtaining
In(Lo), the log of the likelihood
under the null
hypothesis.
The test statistic,

is asymptotically
of parameters
IBD matrices

distributed
tested.
at that

If there
position

as a x2 with degrees

of freedom equal to the number

is a QTL at a particular
chromosome position,
will match IIq and 0q and the test statistic

the
will

ƒÎqij

ƒÆqij

show a peak at that position.
The chromosome position
is allowed to vary so that
the whole chromosome is searched from one end to the other for the evidence of
QTLs.
The IBD matrices of a QTL cannot be observed and must be inferred
from markers linked to the putative
QTL. There will be some uncertainty
associated
with the statistical
inference
of IBD. What we can obtain is the
conditional
distributions
of the IBD variables
given marker information.
When
QTL mapping is conducted,
the conditional
expectations
of the IBD variables are
used in place of the true IBDs.
For full-sibs,
the conditional
expectation
of
given marker information
is calculated

by

where Pq11, Pq10, Pq01 and Pq00 represent

the conditional

probabilities

that

i and j

share two IBD alleles, one IBD allele (paternal),
one IBD allele (maternal)
and no
IBD allele, respectively.
These conditional
probabilities
are calculated
using a
multipoint
method which will be discussed in the next section. The conditional
expectation

ƒÎqij

of

is

For half-sibs,

the conditional

expectation

of

is

where p1q is the conditional probability that i and j share one IBD allele (paternal)
and pq0 is the probability that they share no IBD allele (pq0 + pq
1 = 1).
For selfed-sibs, the conditional expectations of ƒÎqij. and ƒÆqij are

and

respectively,
identical
conditional
heterozygote,

where
homozygotes,

pq5 is the
i.e.,

conditional

probability

that

A1A1 -A2A1orA2A2-A2A2,

probability
that the first sib is homozygote
i.e., A1A1-A1A2
or A2A2-A1A2

the

two sibs

are

Pq4 is

the

while the second one is
, pq3 is the conditional

probability that the first sib is heterozygote while the second one is homozygote,
i.e., A1A2 -A1A1 or A2A2 -A2A2 , p2q is the conditional probability that
both sibs are heterozygotes, i.e., A1A2 -A1A2 , and pq
1 is the conditional
probability that the two sibs are different homozygotes, i.e.,
A1A1 - A2A2 or A2A2 - A1A1. These conditional probabilities are calculated
using a multipoint method. In selfed families, a sib has a chance to be inbred. The
IBD of an individual with itself is ƒÎqjj = 1 + fjq. The conditional expectation of
ƒÎqjj is

where pq is the conditional probability that the two alleles ofj are IBD at the
QTL, i.e.,j is either A1A1 or A2A2.
4. Multipoint inference of IBD states
In outbred populations considered here, markers may be partially
informative. In such situations, two flanking markers may not extract the
maximum amount of information about the segregation of a putative QTL, and
because of this, markers outside the interval can provide additional information.
In these situations, a more desirable procedure than interval mapping is to use all
markers simultaneously, a procedure called multipoint mapping (Fulker et al.
1995; Kruglyak & Lander 1995).
Consider M ordered markers on the chromosome of interest. If a marker
is fully informative, the IBD states of each marker shared by sibs are observed
(known). Otherwise, the probabilities of IBD states can be inferred based on the
observed marker genotypes. I will first demonstrate the multipoint method in fullsibs. Denote the probabilities of IBD states of marker k bypk
11, pk
10, pk
respectively,
for the four states. Assume that the QTL is located between marker
01 and pk
k00and
, k+1 for M-l > k> 1. What we want is to calculate
When the marker IBD states are
not directly observed, Pr(ƒÎqtj|ƒÎ1ij•E•E•EƒÎMij) should be denoted by Pr(ƒÎqjj|IM),
where IM means marker information. Under Haldane map function, the sequence
forms a reversible Markov chain with the following

ƒÎkj
ƒÎlij

transition

probability

matrix between

where

and

:

and rkl is the recombination
•@

fraction

between loci

k and l. With the multipoint
method, we will first calculate
the probabilities
of
observing the marker genotypes given each of the four IBD states at the QTL.
These four conditional
probabilities
are calculated
as follows:

According to the Bayesian
given marker information is

where Pr(ƒÎqij

) is the prior

distribution

theorem, the probability

of the IBD state.

of IBD state

Recall

that

The prior probability is the unconditional distribution
which is 1/4 for each of the four possible IBD states. Therefore, the explicit forms
of equation(21)are

of QTL

The multipoint
IBD states:

method for half-sibs

Markov chain is 2 x 2 , rather
states of loci k and l is

The conditional
probabilities
state of the QTL are

are similarly
defined. There are two
Therefore, the dimension of the

than 4 x 4. The transition

of observing

marker genotypes

matrix between the IBD

given the shared IBD

and

where

The prior probability

of the IBD state of QTL is 1/2 for each state, leading

to

In the multipoint
method of selfed-sibs,
I first define the conditional
probabilities
of marker IBD states, Pt, for t=1,...,5, given each of the five IBD
states of QTL using the Markov chain method. The transition
probability
matrix
of the five IBD states between loci k and l is

The prior probabilities
conditional

probabilities

o fth efive

IBD states of QTL are

of the IBD states of QTL given marker information

The
are,

The multipoint
calculation
of IBD probability
of an individual
is pq = c-1Pq , where c = Pq + Qq, Pq is the probability
of observing
genotypes
probability
heterozygote

given the individual
of observing

being homozygote

the marker genotypes

at the QTL, and Qq is the

given the individual

at the QTL. Pq and Qq are calculated

with itself
the marker

being

using the Markov chain

approach:

and

where the transition

matrix is

and the D matrices

are defined

as

Note that pk is the conditional
probability
that the two alleles of marker k are IBD
given the observed genotype of marker k and qk = 1- pk.
The hidden Markov model method provides a general machinery for the
multipoint
calculation
of the conditional
probabilities
of IBD states of QTLs. The
additional
work left to the practitioners
is to calculate
the probabilities
of IBD
states of an individual
marker given the observed genotypes
of this marker.
Computing
marker IBD probabilities
is much easier than computing
IBD
probabilities
of QTLs. For example, in a selfed family, if the parent is of genotype
A1A1 at a marker locus, all the sibs will be of the same genotype, and there is no
information
about the IBD states in the progenies.
The probabilities
of the IBD
states will take their prior probabilities.
If the parent is A1A2 and the sib-pair is of
type A1A1 - A1A2 , then the IBD state is type 4, which leads to
pk4 =1and pki = 0for i =1,2,3,5.
For the same parent, if the sib-pair is of type
A1A1 - A?A? , i.e., the second sib has a missing genotype, then the sib-pair can

ƒÆ

be of type 5 with a probability
1/4 or type 4 with a probability
probability1/4.
Therefore,
pk5 =1/4,pk4
=1/2,pk3
=0,pk2

1/2 or type 1 with a
=0 and pk1 =1/4.

A general method of calculating
marker IBD probabilities
can be derived
following
the Bayesian method suggested by Haseman & Elston (1972).
However,
description
of the method is very tedious and one has to resort to a computer
program.
5. Algorithms
of searching for ML solutions
The likelihood
is a complicated
function
of the genetic
variance
components. Analytical
solutions
are hard to derive and a numerical approach
must be resorted. There are numerous ways to search for the ML solutions, but
only two algorithms
are commonly used in this context. The first algorithm
is the
simplex method and the second one is the EM (expectation-maximization)
algorithm.
The simplex method: This method was developed by Nelder & Mead
(1965).
It is a general searching algorithm for any complicated
objective
function.
Let
be a kx1 vector of the unknown parameters and f(ƒÆ) is the objective
function
which needs to be minimized.
Note that maximizing
a likelihood
function is equivalent
to minimizing
the negative of the likelihood
function. A
simplex is defined
by a set of k+1
points in Rk joined by lines. In two

ƒÆ(m)

dimensions,
a simplex is a triangle.
In three dimensions
it is a tetrahedron.
The
basic idea of the simplex method is that iteration
process generates a new simplex
by reflecting
one vertex in the hyperplane
spanned by the other vertices of the
simplex. Suppose the function to be optimized
has a maximum at a given vertex;
then we expect that the function will have a minimum at the reflected
vertex. Let
(a k x 1 vector) be vertex such that

ƒÆ(m)

The reflection

of the point

is given by

ƒ¿

where

is a reflection

factor.

Contraction

ƒÀ

where

is a contraction

ƒÁ
ƒ¿
1/2
ƒÁ

where
is an expansion factor. The values of the three factors are chosen based
on personal experience. The choice that
=1, (ƒÀ = and = 2 given by Nelder
& Mead (1965)
seems to perform well. The iteration
process of the simplex
method consists of the following steps.

factor. Similarly,

is defined

by

the expansion

is defined

by

ƒÆ(0),ƒÆ(e),ƒÆ(m),ƒÆ(r).
(I)
Determine

ƒÆ(m)
ƒÆ(r)

(II)

ƒÆ(c),
ƒÆ(m)
ƒÆ(e)
ƒÆ(i)
ƒÆ(i)
ƒÆ(e)).

ƒÃ

ƒÆ
ƒÆ
ƒÆ

ƒÌ

reflection,

and if f(ƒÆ(r));>

f(ƒÆ(e)),

replace

by

and restart

with the new simplex.
(III)

If f(ƒÆ(r))
< f(ƒÆ(e)),
we proceed with expansion.
The expansion succeeds if
f(ƒÆ(m))
> f(ƒÆ(e)),
and in this case
replaces
In case expansion fails,
we replace
also by
and the process starts with the new simplex.

(IV)

If the reflection
is
make a contraction
successful,
is
failure,
the simplex
and
is replaced

ƒÆ(m).
ƒÆ(r)
ƒÆ(m)
ƒÆ(r),
ƒÆ(r)

Try

The stopping

such that f(ƒÆ(m))
> f(ƒÆ(r)),
we replaceƒÆ(m)
by
and
move. Now if f(ƒÆ(m))
> f(ƒÆ(c)),
the contraction
is
replaced
by
and a new simplex results.
In case of
is shrunk about the lowest function
value
by
,
by 1/2(ƒÆ(i) +

criterion

generally

uses a pre-assigned

The optimal

value of

must be searched

number

within

> 0 and stop if

the space of Rk. The

three actions in the simplex method (reflection,
contraction
and expansion),
however, do not necessarily
guarantee that all vertices of
are within Rk. For
example, the variance components cannot be negative, but a reflection
of
may
contain
a negative
variance
component. The non-negativity
of variance
components can be achieved by reparameterization.
Instead of directly
searching
for the value of a variance component, we search for
for -•‡ <ƒÌ< +<•‡and

assign eƒÌ to the variance component. This will automatically
restrict the variance
component within (0,+•‡).
The EM algorithm:
This algorithm
was developed by Dempster et al.
(1977)
for ML problem involving missing observations.
The likelihood
function
in this study can be formulated as incomplete data problem. The missing data are
the genetic effects. I now demonstrate the EM algorithm using a simple additive
effect genetic model:

where aq is an Nx1
additive

polygenie

vectors for the effects

effect.

The expectation

and

of QTL and aA =
and variance of y are E(y)
The likelihood
•@

The actual likelihood

is obtained

ƒÆ(o)

Instead of maximizing
by using an initial estimate

ƒÆ,

with respect

to

by integrating

= Xb

of the complete

out the missing

directly,
•@
and maximizing

where the expectation

is the

data:

the EM algorithm

is taken with respect

data is

proceeds

to aq and aA

ƒÆ(1).
ƒÆ(0).
ƒÆ(0)
ƒÆ(1)

conditional
The initial

ƒÆ(t).

convergence criterion
is satisfied.
The explicit
process of the EM steps is
described below.
In the E-step, we need to calculate
the conditional
expectations
and
conditional
variances of aq, aA and e given y and
First, we establish
the
following

According
conditional

on y and
The solution after the maximization
value
is then replaced by
and the iteration

expectation

and variance-covariance

to the theorem of conditional
expectations
are

The conditional

variances

is denoted by
is continued until

matrices:

distribution

(Graybill

1976,

p 106),

the

are

These conditional
expectations
and variances are then used to calculate
conditional
expectations
of the following quadratic terms:

the

a

ƒÆ
ƒÆ(t+1)

The M-step is quite simple. It only involves replacing the ML estimates
the complete data case by the conditional
expectations,
as given below,

The estimate
E-step
satisfied,

of

in the M-step is denoted

in the next cycle.

The iteration

by

continues

which
until

is used to initiate

a convergence

criterion

in

the
is

e.g.,

Although the EM algorithm appears to involve (IIq )-1 which does not
always exist, directly computing (IIq )-1 is not needed. This can be shown by

I have described
two algorithms,
the simplex method and the EM
algorithm.
Although
neither
method is the most efficient
one in terms of
computational
speed, both are well behaved in the sense that convergence to a
local maximum is usually guaranteed.
6. Marker assisted selection
In animal production,
the ultimate goal of QTL mapping is to use the
mapped QTLs to facilitate
selection.
Theory and methods of marker assisted
selection
have been well developed
for line crossing
experiments (Lande &
Thompson 1990). Because the allelic
effects are treated as fixed, a multiple

regression
approach is usually applied.
In outbred populations,
however, because
the allelic
effects
of QTLs are treated as random, the best linear unbiased
prediction
(BLUP)
technique
(Henderson
1975)
must be applied
to marker
assisted
selection.
The BLUP marker assisted
selection
was first introduced
by
Fernando & Grossman (1989),
and subsequently
extended by Goddard (1992).
Assume that there are n QTLs each mapped on a particular
position of a
chromosome. The variances of these QTLs and the IBD matrices are assumed to
be known or estimated with sufficient
accuracy. The expectation
step of the EM
algorithm automatically
provides the BLUP formula of the QTL effects, i.e.,

Therefore,

the estimated

breeding

value (EBV)

is

When the number of QTLs is large and each QTL has a small effect,

which is the estimated
breeding value under the polygenic
model. Therefore, the
efficiency
of marker assisted selection relative pedigree selection
depends on the
deviation

of

from
•@

•@•@
The amount of deviation

is expected

to be

large when there are a few QTLs with uneven contributions
to the trait.
In small breeding populations,
mating strategy is important in maintaining
genetic variance and diminishing
inbreeding
depression.
In addition
to markerassisted selection,
results of QTL mapping can be used to facilitate
mating design,
called marker-assisted
mating. As described
earlier,
the reduction
in additive
genetic
variance of a population
is proportional
to the average inbreeding
coefficient
of the population,
i.e.,
After individual
•@
QTLs are
identified,
the above equation becomes

where Fk is the average

inbreeding

coefficient

at locus k (the

k-th QTL).

With

molecular
marker information,
we can manipulate
matings of the selected
individuals
so that their offspring
have minimum chance of inbreeding
at more
important
QTLs. This will reduce the average inbreeding
coefficients
at these
QTLs, as illustrated
in the following
example. Assume that a major QTL has
been identified
and the population
size is so small that full-sib
mating cannot be
avoided, we can avoid inbreeding
for this locus while the mating is still between
full-sibs.
For example, a highly polymorphic
marker cosegregates
with the major
QTL so that the QTL genotype of each individual
is actually observed. Let Q1Q3,
Q1Q4, Q2Q3 and Q2Q4 be the four possible
QTL genotypes of full-sibs
resulted
from mating parents Q1Q2 x Q3Q4. Assume that the whole population
consists
of this single full-sib
family. All matings will occur between full-sibs,
but a
mating between Q1Q3 x Q2Q4 will generate an offspring
with absolutely
no
chance of inbreeding
at this locus. On the other hand, a mating between
Q1Q3 x Q1Q3 will produce an offspring
with 50% of chance to be inbred. The
distribution
of the inbreeding
event in the offspring
resulted from full-sib mating
can be deduced from Table 1. If a pair of full-sibs
share no IBD alleles, their
mating (Type I mating) will generate absolutely
no inbred offspring.
If a pair of
full-sibs
share one IBD allele, the mating (Type II mating) will produce offspring
with 1/4 of chance to be inbred. A mating between full-sibs
sharing two IBD
alleles (Type III mating) will generate offspring
with 1/2 of chance to be inbred.
The probabilities
of the three types of matings are 1/4, 1/2 and 1/4, respectively.
With marker information,
we may be able to choose all Type I full-sib
mating so
that their offspring
are all non-inbred
for the locus in consideration.
If a
quantitative
tiait is controlled
by several QTLs, we should first order these QTLs
by their contributions
to the total phenotypic
variance. Avoidance of inbreeding
should be considered
with high priority
for larger QTLs than for smaller ones.
High priority of avoidance of inbreeding
should also be placed to loci that show a
high level of inbreeding
depression.

Discussion
Development of the random model QTL mapping is based on the animal
model approach in which the allelic
effects of all individuals
are included
as
model effects. Information
of allelic inheritance
from parents to offspring
is not
required in the method, rather, only the final IBD sharings between sibs are used.
Because of this, the method does not require information
of parental
marker
linkage phases. However, if that information
is available,
a reduced animal model
may be used (Cantet & Smith 1991). In the reduced animal model, the allelic
effects of a progeny are expressed as linear functions of the allelic effects of the
parents. Because a full-sib family only share a maximum of four parental alleles,
the number of effects in the model can be reduced significantly
when the family
size is large. The functional relationships
of allelic effects between parents and
progenies must be derived based on the information
of allelic inheritance
from
parents to progenies.
This will need the parental marker linkage phases when
multipoint
method is used to infer the allelic inheritance
of a linked QTL. The
reduced animal model is computationally
more efficient
than the animal model. It
may also provide better estimates
of the genetic variances due to the use of
linkage phase information.
The animal model presented in this study, however,
cannot use linkage phase information,
even if it is available.
To incorporate
linkage phase information
into the animal model, one needs to modify the
multipoint
method. For example, in the full-sib analysis, instead of lumping the 16
sib-pair genotypic
configurations
of a marker (see Table 1) into four IBD states,
one should use all the 16 possible
sib-pair configurations
of all markers to infer
the probabilities
of all 16 possible
configurations
of a putative QTL. The 16
configurations
of the QTL are then lumped into the four IBD states which are
eventually
applied
to the animal model. Further investigation
is necessary
to
quantify
the improvement of using linkage phase information
relative
to the
situation

when linkage phases are not known.
For a given variance explained by a QTL, the IBD-based

linkage

analysis

usually shows a lower statistical
power in QTL detection
than the interval
mapping using line crossing experiments.
This appears to be caused by the
difference
between the statistical
methods applied,
because a fixed model

ƒÐ2aq
ƒÐ2aq

approach has been used in interval mapping of line crosses. In a previous study
(Xu 1998),
however, I have shown that the difference
is not due to statistical
methods, rather, it is due to the difference
in genetic samplings.
A simple cross
involves only two alleles. Traditional
interval
mapping utilizes
only a single
cross or family, and thus deals with a few alleles.
The IBD-based
linkage
analysis,
however, usually deals with a large number of small families and thus a
large number of alleles. When the overall sample sizes and the allelic variances
are the same for the two sampling strategies,
the strategy with smaller number of
alleles is favored and thus has a higher power. When the same sampling strategy
is applied
to both the fixed model and the random model approaches, I found that
the two approaches have virtually identical
power.
Statistical
power of QTL detection
highly
depends on the sampling
strategy. Most power studies tend to ignore the effect of sampling strategy on the
statistical
power. These studies usually
assume that the parents sampled are
heterozygotes
and the variance of the allelic effects among the parents are given.
The random process only occurs in the sampling of these parental alleles to form
the progenies. In fact, there is another level of random process which occurs in the
sampling of the parents. This type of random sampling is called genetic drift. The
variance of the allelic effects of the sampled parents is a representative
of the
genetic variance of the population
in which these parents are sampled. The overall
genetic variance is a parameter, but the variance among the sampled parents is a
variable because it can vary depending on the sample size of the parents and the
particular
set of parents selected. The sampled genetic variance has a scaled chisquare distribution
with degrees of freedom determined by the number of parents
sampled. Consider a single locus,
allelic substitution
of the two alleles
vsj and vdj are the paternal
effects

are normally
is the additive

are sampled.

and maternal

distributed,
variance

The genetic

q, and define
•@ the effect
as
carried by parent j, for j = 1, •E•E•E,p , where
allelic

effects,

aj will be distributed
of locus q in the population

variance

among the sampled

respectively.
as N(0,

) , where

in which
parents

If the allelic

these parents

is actually

of

ƒ¿2j
ƒÐ2aq

Because

/

has a chi-square

distribution

has a scaled chi-square distribution
expectation
and variance of s2aq are

with one degree of freedom,

with p degrees

of freedom. Therefore,

the

ƒÐ2a.

This variance is called drift variance which can be diminished
by increasing
p.
Genetic drift can cause significant
deviation of the estimated from the true genetic
variance, even though the sample sizes (numbers of progenies within families)
are
large. From the standpoint of estimating genetic parameter, one should sample as
many parents as possible
to reduce the bias of estimation.
However, when the
total number of progenies is fixed, increasing
the number of parents will decrease
the numbers of progenies within families. The latter will eventually
increase the
error of the estimated genetic variance. There is an optimal sampling strategy in
which the estimation
is the best, i.e., estimation
with the smallest joint effect of
the bias and estimation error. From the standpoint
of detecting QTL, genetic drift
is not necessarily
a bad thing because, by chance, s2aq may be larger than
If

ƒÐ2a

s2a >

ƒÐ2a.

chance,

, genetic

drift has a positive

s2a can also be smaller

impact on the power. Overall,

than

genetic

influence

on the power. Unfortunately,
If so, genetic

drift will decrease

due to the asymmetrical

drift

by

has a negative

the power because
nature of the distribution

of s2aq.For instance,
for
for p = 100. Numerical evaluations
conducted by Muranty (1996)
show that at
least a few parents should be sampled to warrant a reasonable power in QTL
detection.

Again, when the total number of progenies

is fixed,

reducing

drift

error

by increasing
the number of parents may cause a loss in power due to the
decreased numbers of progenies within families.
There is an optimal number of
sampled parents;
any deviation
from the optimal number will cause a loss in
power (Xu 1998).
The IBD-based variance component method is particularly
designed for
linkage study in outbred populations.
Computer simulations
show that when the
mapping population
consists of many small families,
the method is inefficient
in
detecting
small QTLs. Association
study via the candidate gene approach may be
the choice for mapping QTLs with small effects (Risch & Merikangas 1996).
With the candidate gene approach, one directly observes genotypes of QTLs. The
allelic
effects have a global nature instead of being nested within families.
The
whole population
is now treated as a "single big family". Because genotypes of
the candidate
gene are observed and segregation
of the QTL is assured, genetic
drift has been prevented. The number of alleles of a candidate
gene is usually
small, resulting
in small estimation
errors of the allelic effects. The consequence
of no drift and small estimation
errors is an increased statistical
power.
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Introduction
The animal production systems in the Mediterranean
Basin, dominated by
herds of small ruminants have diverse characteristics
in time and space, according
to the objectives
and importance
of the physical,
social,
economic
and
environmental
conditions.
All this has lead to different
organization
of the herds,
markets, agrobiological
resource use, the reproduction
calendar, etc , in accordance
with management adopted. These systems are very flexible
with regard to the
capacity
of the territory
use. Within the Mediterranean
Basin there are many
contrasts
that reflect
differences
in the living
standard
of the various peoples
(Daza-Andrada,
1997).
The forage system has a well documented effect on the configuration,
management and economic results of the households.
The nutritional,
forage and
pastoral
expenditures,
vary according
to the implemented
production
system
(Vidal,
1997). Among the households
of specialized
zones, the expenditures
which
influence
forage production
can reach 70% to 74% of the total expenditure.
Thus,
forage yield represents the main influence on total income (Henot, 1983).
With regard to autochthonous
agricultural
breeds,
in recent decades
governmental
abandoment
and extended
neglect
have been contrasted
by
expansion of the territorial
range and increasing
economic and social importance of
these breeds. In addition,
some breeds or races have experienced
decline and even
extinction.
During agricultural
development,
the autochthonous
breeds appear to
have gained equal status with commercial breeds (Sanudo, 1994).
The objectives
of the present work are, to characterize
and differentiate
distinct
livestock
households
of the semi-arid area of Aragon (Spain)
with regard to
specific
aspects of structure and economy in relation
to the forage system. In
addition,
the ovine racial diversity
in relation
to this household
groups modelling,
with special attention
to the autochthonous
breeds, is discussed.

Methodology
The data was obtained
by direct survey of 101 representative
farm
households
raising
sheep or sheep and cereals, located in the semi-arid
zone of
Aragdn Community (Fig.1;
Vidal,
1997).
The survey provided
information
on
structural,
technical
and economic aspects of the households.
The information
covered the annual production
cycle: October of 1994 - October 1995. A total of
fifteen variables
for the management of the forage systems was classified
in three
types: seven ratios of structure;
four economic ratios of specific expenditures;
three
of global economic results;
and a productive
orientation
indicator
were considered
(Table
1).
These
indicators,
were processed
statistically
by Multiple
Correspondence
Factorial
Analysis.
Subsequently,
the first three factors (32% of
the absorbed
inertia),
were used in Cluster Analysis
to model the households
according to their implemented
system.

Fig.1

Aragon

semi-arid

zone delimitation

according
(Vidal,
1997)

to two climatologic

classifications

(Spain)

The types of households
could be differentiated
by their characteristic
economic and structural
elements. The characteristics
and determinant
factors of
the forage systems implemented,
and their relationships
to economic structure,
labour and herd productivities
are analyzed and discussed.
In order to analyze the racial diversity
in relation to household
modelling,
the ovine racial classification
of the Official
Inventory of the Spanish Ministry
of
Agriculture
has been used (MAPA, 1997).

Table

1. Variables

used and theirs

definitions

STRUCTURAL VARIABLES
1 - UAA : hectares Useful Agrarian Area.
2 - % FA/UAA: percentage of Forage Area with respect to the UAA
3 - % Irrig.SFC/FA:
percentage of specific forage cultivation
for sheep
with respect to the FA

and goat in irrigable

area

4 - %Dry SFC/FA: percentage of specific forage cultivation
for sheep and goat in dry area with
respect to the FA
5 - SGLU/ha SFC*FA : stocking rate in units of sheep and goat with respect to the hectares of FA
6 - SGLU/ha
FL: stocking rate in sheep and goat livestock
units with respect to the surfaces in
hectares that are grazed not in the principal
cultivation,
but in by-products
: Fallow Lands
(fallows,
stubbles andcrops)
7 - Forage Chain: expresses the degree of autonomy in the forage compilation
(complete,
partial, no
forage mechanization,
no forage area). (Variable
of qualitative
type).
SPECIFIC
EXPENDITURES
1 - Conc.exp./SGLU:
expenditures
in concentrate
feed for the sheep and goat with respect to SGLU
2 - Forage exp./SGLU:
expenditures
in voluminous feed for the sheep and goat with respect to
SGLU
3 - Fix.salar./SGLU:
expenditures
in fixed salary in relationship
to SGLU
4 - Ev. salar./SGLU:
expenditures
in eventual salary in relationship
to SGLU
ECONOMIC RESULTS
1 - FGVA : Farm Gross Value Added
2 - FGVA /ALU: the relationship
between the farm gross value added and the units of available
total
annual labour
3 - ov&capFGVA/head
(pts/head):
the specific ovine and caprine FGVA in relationship
to the ewe
or goat
PRODUCTIVE ORIENTATION
-%OCFP/AFP: the percentage
final production.

of the ovine and caprine

final production

in relationship

to agrarian

Results

and Discussion

The diversity
of the forage systems studied has been grouped into five
types (Fig.2).
The average characteristics
of these groups with reference to the
variables
used are shown (Table 2).
The main structural
characteristic
that differentiates
the five types of
forage systems is its character of dryness or irrigation.
The two irrigable
types are
referred as G1 and G2, and differ by: (1) the size of the Useful Agrarian Area; (2)
by the composition
of the Forage Area (FA);
and (3) availability
and type of
labour. Of these the FA and watered area have similar importance.
On the other
hand, the difference
between the three types of dry systems (G3,G4 and G5 ) was
based mainly on: a) the herd size; b) the composition
of the FA; and c) the
availability
of rented grass surface by Ovine and Caprine Livestock
Units. The
foregoing factors (a-c) are reflected in the stocking rate related to the FA.
The economic differences
in the five defined types were determined
globally
by the productive
orientation
and the proportional
incidence
of Ovine and
Caprine Final Production
within the Agrarian Final Production.
The value unitary
production
varied with the dimension of the herd in all the defined groups. It can be
said that there are economies of scale as well as influences
by the different
reproductive
management methods in the economy of the groups of dryland
systems.
In the groups of irrigable
systems,
as well as in those of prevailing
dryland, the value unitary production
was increased in relation to the importance of
the Specific Forage Cultivation
in the composition
of the Forage Area.
There is a relationship
between labour productivity
and the stocking rates
of the household
(Hamrouni,
1993).
In the groups of prevailing
dryness,
the
increase in productivity
of the labour would depend on the increase in stocking
rate
on the Fallow Lands, and has a positive
repercussion
in the specific
livestock
productivity.
The same trend was not observed between the specific
stocking
rate
and labour productivity.
In contrast,
in irrigable
systems group, the relationship
shows an opposite
trend: the increase in labour productivity
does not correspond to an increase in the
stocking
rate, either by specific
or by Fallow Lands. In the case of these, both,
stocking
rate and specific
livestock
productivity,
decreased
as the labour
productivity
increased.
This could be caused by the productive
orientation
of these

Fig.2

Typological

diversity

of forage systems

Table

2.

Means and variation

S tr u c tu r a l V a r ia b le s
H e c ta re s U se fu l A g ra ria n A re a (U A A )
%
%

F A /U A A
Ir rig .S F C /F A

% D ry S F C /F A
S p e c ifi c liv e s to c k lo ad (S G L U / h a S F C * F A )
F a llo w L a n d s liv e sto c k lo a d (S G L U /h a F L )

p
x
x
x

e c ific E x
p e n se s in
p e n se s in
p e n se s in

1

E x p e n se s in sh e e p & g o at fix e d sa la rie d (p ts/S G L U )

P r o d u c tiv e O r ie n ta t io n
p% ro d uO cvtio
in ne
&
c a p rin e

fi n a l

p ro d u c tio n /ag ra ria n

fi n a l

characteristics

G R O U P 1

G R O U P 2

G R O U P 3

G R O U P 4

v c

M ea n

v c

M ean

v c

M ea n

4 6 .9 8
4 0 .6 9
2 2 .7 8

0 .7 2
0 .8 3

3 5 6 .3 2
3 4 .1 7
1 5 .9 0

1 .6 4
0 .9 0

1 8 6 .5
2 5 .4 4

0 .9 6
1 .0 9

1.4 1
l .9 8
2 .9 0

2 1.1 4
3 6 .3 5
0 .8 3

1 .5 1
1 .0 6
2 .0 5

1 .3 7
1 .2 2
1 .7 5

3 .3 7
1 .2 1
o rc op martia
p le lte

pen ses
sh e e p & g o at c o n c e n tra te fe e d (p ts/S G L U )
sh e e p & g o a t v o lu m in o u s fe e d (p ts/S G L U )
sh e e p & g o at e v en tu a l sa la rie d (p ts/S G L U )

(VC) of the forage systems

M ea n

2 8 .8 7
3 .2 5

F o ra g e c h a in

S
E
E
E

coefficient

1 7 .4 4
0 .8 3
2 .0 5
p artial

1 .2 6

8 .6 0 2
.8 1 8

0 .6 0
2 .2 9

1 0 .9 7 4
1 1 .3 4 8

0 .6 1
0 .9 1

170
2 05

2 .3 1
4 .2 4

2 .3 5 6
7 .2 2 7

7 6 .0 3

0 .3 3

5 1 .8 9

G R O U P 5
v c

M ean

v c

3 5 .0 3
1 5 .0 5
1 9 .8 0

1 .2 5
1 .9 1
1 .8 0

3 5 .0 3

1 .9 2

2 7 .3 5
1 3 .8 9

1 .5 1
2 .3 4

1 4 .5 6
1 .6 1

2 .1 9
3 .3 2

1 3 .1 0
0 .8 0

2 .4 3
1 .8 1

1 0 .4 7
3 .7 0
6 .8 5
1 .9 8
2 .4 2
2 .7 4
o cr op ma rtia
p le lte
hpaavrtia
e fol ra
o rg de o ch
n 'ta in
hp avartia
e fol ra
o rg de o cnh'ta in

8 .6 8 2

0 .4 1

9 .7 1 3

1 .1 9
1 .0 3

5 .5 5 2
0
6 .8 1 3

0 .9 2
0
1 .1 7

9 .3 1 8
0
2 .3 6

0 .6 1

7 1 .2 8

0 .3 3

9 0 .3 6

0 .4 4
0 .6 8

1 1 .5 6 2
1 0 .8 8 2

0 .5 3
0 .5 8

0 .0 0
3 .2 6

0
4 .9 7 1

0
1 .7 1

0 .1 8

9 3 .6 9

0 .19

E c o n o m ic R es u lts
F a rm G ro s s V a lu e A d d e d (F G V A ) p ts
F G V A /A L U (p ts/A L U )
O v & c a p F G V A /h e a d (p ts/h e a d )

7 ,5 4 9 ,0 8 1 0 .5 0
3 ,3 7 2 ,6 6 4 0 .4 3
1 1 .0 6 4 0 .2 5

2 ,7 1 0 5 ,9 9 1 2 .0 4
1 0 ,0 4 6 :3 5 8
.8 1
7 .0 3 2 0 .3 8

1 3 ,4 7 6 ,8 9 2 0 .5 9
5 ,6 5 9 ,7 3 9 0 .4 4
1 0 .5 4 7 0 .17

4 ,3 6 8 ,4 3 4 0 .4 3
2 ,4 6 9 ,5 5 4 0 .5 0
9 .0 0 3 0 .2 2

3 ,4 6 8 ,9 8 7 0 .6 0
1 ,7 8 4 ,4 8 5 0 .6 1
6 .5 2 1 0 .3 4

groups, that is a mix
The Forage
In the groups of
Cultivation
prevailed,
comprised the natural
Cultivation

between ovine-cereal.
Area is present in all of the types of forage systems defined.
greater
availability
of FA (G1 and G2), Specific
Forage
by and large in those of smaller FA surface (G4 and G5)
grassland and scrub.

Group 1 type is "Forage", since it has an important
Specific
Forage
irrigable
base, near a high Fallow Land with emphasis
on alfalfa.

Group 3 type is "Herbaceous"
or "Grain Producer",
because it represents
privileged
resource
derivatives
from the diversity
in the Specific
Forage
Cultivation
(dryness
and irrigable)
and the important percentage
of dry cereals.
On the other hand, according to Guerin et al. (1994),
Groups 4 and 5 both possess
forage area type "Pastoral".
This types represent
at the end of spontaneous
vegetation
or of ancient
installation
involving
direct utilization
by the animals such
as: permanent meadows, mediocre lawns, scrubs, grassland
and fallows. Group 2
consist
of a form of FA in transition,
since it possesses
a combination
of
mechanized SFC, with an significant
percentage of scrubs and grassland. This type
would be the type "Transition"
or "Forage-Pastoral".
The diversity
of the Spanish autochthonous
sheep breeds used in these
systems is shown (Table 3).
The Manchega Spanish
ovine autochthonous
race, whose cache is
normal, appear mainly in the Forage Irrigable
Systems (G1, Forage type and G2,
Transition
type) with ovine-cereal
mixed productive
orientation
and better global
economic results and labour productivity.
This race is currently
being promoted in
Spain
(Abecia,
1998;
Sanudo,
1994),
and is predominant
among others
autochthonous
races in these irrigables
systems.
In Forage Dry Systems G3, G4 and G5 (defined above) the Ojinegra and
Roya Bilbilitana
Spanish ovine autochthonous
races predominate.
The Ojinegra
race is being promoted
like the Manchega race, while the Roya Bilbilitana
race is
being studed in Spain as a race to officially
conserved by the European Union,
since its cache is reduced and in danger of extinction
(MAPA, 1997; FAO, 1992).
Conclusions
The Rasa Aragonesa race, whose cash is normal, appears in all the
Forage Systems in high proportions.
Nevertheless,
the Roya Bilbilitana
race, which

Table

3.

The diversity

of the Spanish

S pRa an sisa hA Sr ha eg eo pn eR s aa c e
(h o u se h o ld s %
G ro u p 1

G ro u p 2

G ro u p 3

to ta l g ro u p )

4 2 .1

2 6 .7

5 9 .2 5

auchthonous

sheep breeds

O th e r s A u to c h Io nt co
h o rn po ou rsa Stepda an nis dh S h e e p R a c es *
(h o u se h o ld s %

to ta l g ro u p )

3 1 .5 4

4 6 .6 7

2 5 .9 2

lo c a l n a m e

G ro u p 5

59

4 4 .4 4

3 1.7 2

4 4 .4 4

S pN ao nnis‑Ah uS thh eo ec pth Ro an co esu s***

(h o u se h o ld s %

M an c h e g a

1 5 .6

O j in e g ra

1 0 .6

R o y a B ilb ilita n a

5 .3

I. o r W .* * ra c e s

0

M an c h e g a

20

O j in e g ra

6 .7

R o y a B ilb ilita n a

6 .7

R ip o lle s a

6 .7

I. o r W .* * ra c e s

6 .7

O j in e g ra

14 .8

R o y a B ilb ilita n a

3 .7

S e g u re n a

3 .7
3 .7

M o n ta n n a P ire n a ic a
G ro u p 4

in the forage systems group

in tra ‑g ro u p )

I. o r W .* * ra c e s

3 .7 3

O j in e g ra

1 8 .1 8

R o y a B ilb ilita n a

9 .1

C as te lla n a

4 .5

I. o r W .* * ra c e s

0

M an chega

16 .6

O j in e g ra

5 .6

R o y a B ilb ilita n a

1 6 .6

"M a sk "

5 .6

I. o r W .* * ra c e s

0

* Not excluding
cases with the presence of foreign races in the Group 3
** I. : incorporated;
W. : without definited
race
*** Not excluding
cases with presence of W. in the Group 4

(h o u se h o ld s %

to ta l g ro u p )

2 6 .3 6

2 6 .6 3

14 .8 3

9 .2 8

l l .12

is rare, also shows viability
in all the modelling
systems. This demonstrates
the
high capacity
for adaptation
of these races to the great diversity
of structural
and
economics conditions
of the studied area, with emphasis on the dryland systems.
The analysis verifies that an "in situ" conservation
strategy is appropriate
to farm households
in semi-arid
conditions.
Specific
economic to help these
nucleus herds will need to be developed.
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Abstract
Genetic distance is used to classify and understand evolutionary
relationships
between
populations,
such as species, which have long divergent
time. The properties
of genetic distance
measures in classification
have not been investigated.
We compared the accuracy of 6 genetic distance
measures to classify populations
which have recently diverged in simulation
studies. Effect of varied
population
sizes from generation to generation
were also considered.
Nei's standard distance and
minimum distance generally showed the best results under various conditions.
However, the difference
in accuracy among distance measures was not significant.
The number of applied loci had a larger effect
on accuracy than the type of distance measures. The four distance measures had a linear relationship
with generation
at a constant population
size. None of distance measures, however, had a linear
relationship
when population
size varied. The effect of varied population
size on the average distance
was large over the first few generations

but became less when number of generations

was increased.

Introduction
Various methods to measure the genetic distances between populations have
been described by Nei (1987).
Properties
of these genetic distance measures using
genetic markers, such as blood and protein polymorphism
and micro satellite
DNA,
have been discussed mainly from an evolutionary perspective.
Genetic distances help
understand evolutionary
relationships
between populations.
Conservation
of traditional
livestock
breeds is receiving
increasing
international
attention (Hall and Bradley 1995). Traditional
livestock breeds may carry
useful genes for agriculture.
In addition,
indigenous
breeds are thought worthy to
conserve for their cultural merit. Measuring the genetic distance between breeds in a
species provides information
on their genetic diversity
and aids classification
of
populations.
The main characteristics
of livestock breeds compared to other populations

in evolutionary
perspective
are number of generations from the point of divergence and
role of mutation. Since livestock are domesticated
and improved by man, the divergent
time between breeds is short from an evolutionary
perspective.
The role of mutation of
marker genes might be very small to make the genetic difference
between two breeds.
Consequently
it is necessary to determine if the properties
of genetic distance measures
are appropriate
for understand the relationships
among livestock breeds. The objectives
of this paper were to investigate
the accuracy of classification
using various genetic
distance measures with small number of generations in simulation study. The effect of
varied population
sizes from generation to generation are considered to simulate the
realistic
divergence between breeds.
Method of computing simulation
Genetic distance measures: The property of eight genetic distance measures were
compared. Mathematical symbols used mainly followed the paper by Takezaki and Nei
(1996).
Here, Xijand Yijare the frequencies
of the i th allele at the j th locus in
population
x and y, respectively,
mj is the number alleles at the j th locus and r is the
number of loci.
1) Sanghvi's
(1953)
distance

The Sanghvi's

distance

was multiplied

because it had no effect in this simulation.
2) Roger's (1972)
distance

by 2 originally

but we ignored the multiplier

2

5) Nei's

(1983)

6) Cavalli-Sforza

DA

and Edwards'

(1967)

distance

Model tree and population:
A simple model tree was used to test the accuracy of the
6 genetic distance measures (Figure 1). Twenty populations
were split from the base
population
and they were named the first split populations.
They were monoecious
diploid populations
and individuals
were mated randomly in each population
through
20 generations. Each population was split into two subpopulations
to generate the 21st
generation.
Then 40 subpopulations,
the second split populations,
were generated.
Individuals
in each second split population
were mated randomly for 5 to 20
generations. Genetic distances between second split populations
at the 5th, 10th, 15th
and 20th generation
after generating
subpopulation,
i.e. 25th, 30th, 35th and 40th
generations
from the base population,
were examined. We did 3 types of simulation
with different conditions
regarding population
sizes: (1) All populations,
20 of the first
and 40 of the second split population,
had size 100 constantly,
(2) each population
chose a size, 90, 100 or 110 randomly, or (3) 80,100 or 120 randomly from the first to
the final generation.

Fig.1
Model tree used in simulation.
The first split populations,
randomly through
20 generations
and the second split populations,
mated randomly through 5, 10, 15 or 20 generations.

P1, P2,.... and P20 are mated
P1,1, P1,2,... and P20,2 are

Loci and alleles: Ten and twenty loci were generated and 2 allelic genes were assumed
at each locus. Since one out of two genes were chosen randomly with equal probability
to generate the base population,
expected heterozygosity
at each locus was 0.5.
Accuracy of distance measures: Since there were 40 subpopulations,
a particular
subpopulation
could have 39 combinations
of distance with the other subpopulations.
The expected distance between a pair of subpopulations,
which are from the same first
split
population,
should be minimum. Subpopulations,
i.e. the second split
subpopulations,
from the first split population
P1 were designated to be P1,1 andP1,2. P1,1
might have 39 combinations
with all other subpopulations
including the combination
with its partner subpopulations
P1,2. P1,2 might also have 38 combinations
if the
combination
with P1,1 was excluded. The genetic distances
between a pair of
subpopulations
P1,1 and P1,2 was expected to be minimum from 77 (= 39 + 38)
combinations.
When the distance between a pair of subpopulations
had the minimum
distance from 77 combinations,
the genetic distance measure was judged as correct or
accurate.

Results and Discussion
Number of correct pairs:

The average number of correct pairs which showed the

minimum distances between paired subpopulations
from 20 pairs after 200 replications
is shown (Table 1 and 2). When a larger number of generations
and varied population
sizes were applied, the number of correct pairs was reduced. The number of correct
pairs for Sanghvi's
distance, for example, were 16.08 at the 5th generation with a
constant population
size, 100, and the number was reduced to 4.36 at the 20th
generation.
Varied population
sizes resulted a reduction in number of correct pairs.
Number of correct pairs was reduced from 16.08 to 11.99 with varied population
sizes,
between 90 and 110, for Sanghvi's distance. When population sizes varied between 80
and 120, it was reduced to 7.40 at the 5th generation.
The largest number of correct
pairs were observed from Nei's standard genetic distance (Table 1). The smallest
number of correct pairs were generally observed from Cavalli-Sforza
and Edwards'
distance. Nei's standard distance showed the largest number and Nei's minimum
distance showed the second largest numbers in all generations at any varied population
size (Table 1 and 2). Generally,
Cavalli-Sforza
and Edwards' distance showed the
smallest number and Roger's distance showed the second smallest number of correct
pairs. However, among the 6 measures of genetic distance, no significant
differences
were observed under the same conditions for generation and population size. Increasing
the number of loci from 10 to 20, increased the number of correct pairs significantly
(< 1%) for the all distance measures. Under the same conditions for population
size and
generation, the minimum number of correct pairs from all distance measures with 20
loci was always larger than the maximumnumber of correct pairs from all measures
with 10 loci. When 10 loci was used, for example, with constant population
size at the
20th generation, the maximumnumber was4.91, which was obtained by Nei's standard
distance, from all distance measures. Though this value was significantly
(<1 %) smaller
than the minimum value of 8.65, from Cavalli-Sforza
and Edwards' distance with 20
loci. When a large number of generations was applied, the effect of loci number was
very clear. Number of correct pairs from Nei's standard distance measure at 20th
generation, for example, increased from 4.91 with 10 loci to 10.66 with 20 loci.
Relationship
between distance and generation:
At generation 0 of the subpopulations,
which is the 20th generation from the base population,
expected genetic distance is zero.
A distance measures, except Roger's distance and Cavalli-Sforza
and Edwards'
distance, showed the liner relationship
with generation.
None of distance measures,
however, had a linear relationship
when population
size varied. From the 0 to the 5th
generation,
distances increased rapidly in all measures with population
sizes varying

Table

1. Number of correct pairs from 20 pairs using
D ista n c e

10 loci

m e a s u re s

Ga ne dn ePr ao tpio. sn iz e
S ang h vi

R og er

N e i M in

N e iS t

10 0

1 6 .0 8 ( 2 .0 8 )

1 5 .5 1 ( 2 .1 8 )

1 6 .2 0 ( 2 .0 4 )

1 6 .3 4 ( 1 .9 9 )

1 6 .0 6 ( 2 .0 7 )

1 5 .3 4 ( 2 .1 7 )

90 ‑110

1 1 .9 9 ( 2 .5 6 )

1 1 .4 2 ( 2 .5 1 )

1 2 .1 8 ( 2 .5 1 )

1 2 .3 6 ( 2 .5 0 )

1 1 .9 8 (2 .5 4 )

1 1 .2 8 ( 2 .5 2 )

80 ‑120

7 .4 0 ( 2 .3 1 )

6 .9 3 ( 2 .2 9 )

7 .5 5 ( 2 .2 7 )

7 . 6 3 ( 2 .3 0 )

7 .4 3 ( 2 .3 1 )

6 .9 4 ( 2 .3 0 )

1 00

9 .8 7 ( 2 .5 8 )

9 .5 0 ( 2 .3 4 )

1 0 .0 7 ( 2 .5 0 )

1 0 .3 6 ( 2 .4 8 )

9 .8 5 ( 2 .5 7 )

9 . 1 9 ( 2 .4 4 )

90 ‑110

6 .9 0 ( 2 .2 7 )

6 .6 1 ( 2 .3 4 )

7 .1 0 ( 2 .2 8 )

7 .2 9 ( 2 .2 8 )

6 .8 8 ( 2 .3 0 )

6 .4 0 ( 2 .3 7 )

8 0‑120

4 .3 8 ( 1 .8 4 )

4 . 1 1 ( 1 .8 6 )

4 .5 2 ( 1 .9 2 )

4 .6 6 ( 1 .9 5 )

4 .3 6 ( 1 .8 3 )

3 .9 8 ( 1 . 8 7 )

N e iD A

C a v a ll i

G e n .5

G e n .1 0

G e n .1 5
100

6 .2 8 ( 2 .2 1 )

6 . 1 2 ( 2 .3 0 )

6 .6 7 (2 .4 4 )

6 .9 4 ( 2 .4 5 )

6 .1 8 ( 2 .2 0 )

5 .6 4 ( 2 .3 2 )

9 0‑110

4 .5 6 ( 1 .8 9 )

4 .4 5 ( 2 .0 1 )

3 .0 5 ( 1 .8 5 )

2 .9 3 ( 1 .7 4 )

4 .8 9 ( 2 .0 2 )
3 .3 0 ( 1 .8

4 .4 9 ( 1 .8 9 )
3 .0 1 ( 1 .8 3 )

4 .1 5 ( 1 .9 6 )

8 0‑120

4 .6 5 ( 1 .9 5 )
3 .1 7 ( 1 .8 3 )

2 .7 3 ( 1 .7 6 )

G e n .2 0
100

4 .3 6 ( 1 .9 0 )

4 .9 1 ( 2 .0 0 )

4 .2 8 ( 1 .8 9 )

3 .2 0 ( 1 .6 2 )

4 .4 0 ( 1 .9 5 )
3 . 1 4 ( 1 .7 0 )

4 .6 0 ( 1 .9 6 )

9 0‑110

3 .4 0 ( 1 .7 8 )

3 .5 8 ( 1 .8 0 )

3 .1 2 ( 1 .6 2 )

3 .9 5 ( 1 .8 9 )
2 .8 9 ( 1 .6 1 )

8 0‑120

2 .2 7 ( 1 .4 7 )

2 .2 9 ( 1 .4 2 )

2 .3 6 ( 1 .5 1 )

2 .4 9 ( 1 .5 3 )

2 .2 5 ( 1 .4 9 )

2 .1 4 ( 1 .3 6 )

Nei Min: Nei's minimum distance,
Nei St: Nei's standard
distances.
Cavalli:
Cavalli-Sforza
and Edwards' distance.
Generation:
Gen.5, Gen10, Gen.15 and Gen.20 are 5th,10th,15th
and 20th generation,
respectively,
after
Pop.size:
Population
sizes are (1) constant
at 100 (2) varied 90,100
or 110 or (3) varied 80,100
or 120.

the divergence.

Table

2. Number of correct pairs from 20 pairs using 20 loci
D is ta n c e

m e a s u re s

aG nedn eP roa pt .io sn iz e
S ang hv i

R og er

N e i M in

N e iS t

N ei D A

C a v a l li

10 0

1 9 .8 2 ( 0 .4 7 )

1 9 .7 7 ( 0 .5 3 )

1 9 .8 5 ( 0 .4 5 )

1 9 .7 3 ( 0 .5 8 )

1 7 .3 6 ( 1 .6 5 )

1 6 .7 7 ( 1 .8 1 )

1 7 .4 1 ( 1 .6 9 )

1 9 .8 7 ( 0 .4 2 )
1 7 .5 2 ( 1 .6 0 )

1 9 .8 2 ( 0 .4 7 )

9 0‑110

1 7 3 9 ( 1 .6 1 )

1 6 .7 2 ( 1 .8 2 )

8 0‑120

1 1 .3 6 ( 2 .2 9 )

1 0 .6 5 ( 2 .2 4 )

1 1 .3 6 ( 2 .3 6 )

1 1 .3 5 ( 2 .3 7 )

1 1 .3 8 ( 2 .3 0 )

1 0 .6 2 (2 .2 3 )

10 0

1 7 .3 2 ( 1 .7 8 )

1 6 .6 6 ( 2 .0 4 )

1 7 .5 2 ( 1 . 6 6 )

1 7 .6 8 ( 1 .6 6 )

1 7 .2 7 ( 1 .8 1 )

1 6 .2 5 ( 2 .1 8 )

9 0‑110

1 3 . 1 6 ( 2 .3 2 )

1 2 .3 2 ( 2 .5 3 )

1 3 .4 7 ( 2 .2 6 )

1 3 .7 1 ( 2 .3 0 )

1 3 .1 0 ( 2 .3 5 )

1 2 . 1 4 ( 2 .5 6 )

8 0‑120

8 .0 3 ( 2 .2 5 )

7 .4 8 (2 .2 6 )

8 .1 3 ( 2 .3 2 )

8 .2 2 ( 2 .3 1 )

8 .0 1 ( 2 .2 3 )

7 .3 5 ( 2 .2 6 )

G e n .5

G e n .1 0

G e n .1 5
10 0

1 3 .0 0 ( 2 .3 7 )

1 2 .2 6 ( 2 .4 5 )

1 3 .3 5 ( 2 .3 4 )

1 3 .6 6 ( 2 .3 6 )

1 2 .8 7 ( 2 .3 1 )

1 1 . 6 5 ( 2 .4 1 )

9 0‑110

9 . 1 4 ( 2 .6 9 )

8 .7 3 ( 2 .5 6 )

9 .6 0 ( 2 .5 6 )

9 .8 1 ( 2 .5 5 )

8 .4 1 ( 2 .6 3 )

8 0‑120

6 .3 0 ( 2 .3 9 )

5 .9 4 ( 2 .3 6 )

6 .4 2 ( 2 .3 9 )

6 .5 7 ( 2 .3 8 )

9 .0 7 ( 2 .6 4 )
6 .2 5 ( 2 .3 9 )

5 .7 2 ( 2 .3 7 )

G e n .2 0
10 0

9 .9 1 ( 2 .5 0 )

9 .3 8 ( 2 .4 6 )

1 0 .2 0 ( 2 .4 7 )

1 0 .6 6 ( 2 .4 1 )

9 .6 9 ( 2 .5 6 )

8 .6 5 ( 2 .4 1 )

90 ‑110

6 .6 1 ( 2 .1 5 )

6 .2 5 ( 2 . 1 5 )

6 .9 9 ( 2 . 1 7 )

7 .3 1 ( 2 .1 9 )

6 .5 0 ( 2 .1 6 )

5 .8 5 ( 2 . 1 5 )

8 0 ‑ 12 0

4 .3 7 ( 1 .7 4 )

4 .2 2 ( 1 .7 1 )

4 .5 8 ( 1 .7 8 )

4 .7 8 ( 1 .8 6 )

4 .3 7 ( 1 .7 8 )

3 .9 8 ( 1 .6 5 )

Nei Min: Nei's minimum distance.
Nei St: Nei's standard
distances.
Cavalli:
Cavalli-Sforza
and Edwards' distance.
Generation:
Gen.5, Gen10, Gen.15 and Gen.20 are 5th, 10th, 15th and 20th generation,
respectively,
after
Pop. size: Population
sizes are (1) constant
at 100, (2) varied 90, 100 or 110 or(3) varied 80,100 or 120.

the divergence.

between 80 and 120. When population
sizes varied between 90 and 110, average
distances also increased but they rose slightly
from the 0 to 5th generation.
The effect
of varied population
size was clear over the first few generations.
Though with later
generations,
the effect of varied population
size was less.
Nei's standard distance and minimum distance generally showed the largest
number of correct pairs in various conditions.
Numbers of correct pairs among the
genetic distance measures, however, were small and not significantly
different.
Nei
(1978)
and Gorman and Renzi (1979) recognized
the number of loci was important to
estimate unbiased genetic distance. In our simulation,
number of loci had much larger
effect on the accuracy than the type of distance measures. In electrophoretic
surveys,
the number of loci studied is generally
few (Nei 1987). Though the number of loci
detected using microsatellite
marker is much larger and easy to increase (Takahashi
et
al., 1998). Microsatellite
markers can improve the accuracy in classification
of
domestic animals. The difference in the property of linearity with divergent time among
the distance measures was found. Roger's distance and Cavalli-Sforza
and Edwards'
distance showed the non-linearity
even with a constant population
size. All distance
measures, however, showed rapid increase of average distance from 0 to 5th generation
with varied population
size. At the 20th generation
the average distance between
populations
with a constant populations
size and varied population size was very small.
This suggests that the effect of varied population
size is smaller with increasing number
of generations.
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Abstract
In order to clarify the molecular basis of the functional
interaction
between spermatogenic and
Sertoli cells, we identified
molecules responsible
for the specific adhesion of spermatogenic
cells to
Sertoli cells and for the phagocytosis
of apoptotic
spermatogenic
cells by Sertoli cells. Adopting an
expression cloning procedure, we isolated a cDNA coding region for a spermatogenic
cell protein whose
expression gave a cultured cell line the ability to bind to Sertoli cells. The protein, 243 amino acids with
the N-terminal signal peptide and a C-terminal Cys-rich region, turned out to be the rat homologue of
a testicular
protein called Tpx-1 whose function was not determined. A polyclonal
anti-body raised
against bacterially
expressed Tpx-1 significantly
inhibited
the binding of spermatogenic
cells to Sertoli
cells. These results indicated
that Tpx-1 is a testicular
cell adhesion
molecule responsible
for the
specific interaction
between spermatogenic and Sertoli cells. We established
a quantitative
phagocytosis
assay in which apoptotic spermatogenic
cells were selectively
engulfed by Sertoli cells. Cell surface
exposure of phosphatidylserine,
which is observed in many apoptotic
cells, occurred with apoptotic
spermatogenic
cells, and their phagocytosis
by Sertoli cells was specifically
inhibited
in the presence
of PS-containing
liposomes. These results indicated
that PS is exposed on apoptotic spermatogenic cells
and serves as a marker for subsequent phagocytosis
by Sertoli cells.

Introduction
The mammalian spermatogenic pathway consists of a complex series of events,
such as proliferation
and differentiation
of spermatogonial
stem cells, meiotic division
of differentiating
spermatogenic
cells, and morphogenic maturation of spermatids.
Throughout the spermatogenic pathway, spermatogenic cells remain in close contact
with somatic Sertoli cells in the seminiferous tubules. It is thus presumed that a variety
of materials and information are transferred between the two cell types. On the other
hand, more than half of the differentiating
spermatogenic
cells undergo apoptotic cell
death and are excluded through phagocytosis
possibly by Sertoli cells. We developed
a primary culture of rat testicular cells, in which spermatogenesis
proceeds in terms of
the occurrence of testis-specific
gene expression (Tamaru et al, 1990). In our previous
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study (Mizuno et al. , 1996), spermatogenic
differentiation
was abrogated and dead
spermatogenic cells accumulated when spermatogenic cells and Sertoli cells were placed
on the opposite side of a permeable
membrane. These results indicated
that both
differentiation
and exclusion of spermatogenic cells occur in primary culture depending
on their direct association
with Sertoli cells. We here analyzed the molecular basis for
this functional
association
between the two cell types.
Materials
and Methods
Primary culture of rat testicular
cells-Dispersed
testicular
cells were prepared from
testes dissected
from 20-day-old Donryu rats and primary cultured at 32.5
in a
mixture of F12 and L15 media (1:1)
with 10% fetal calf serum (FCS) and
norepinephrine
(1
as described previously
(Nagao, 1989).
Cell adhesion assay-Testicular
cells were primary cultured on coverslips (ƒÓ=3 cm)
for 3 days. Cultured spermatogenic
cells consisting
mostly of spermatocytes
were
detached from Sertoli cells by pipetting
and spun down, and the cells (5 x 105) were
added to a monolayer of the Sertoli cells (1.5 x 106). After a three-hour culture, the
coverslips were taken off with forceps and washed by shaking them exactly five times
in the culture medium. The number of spermatogenic
cells remaining attached to the
Sertoli cells was determined under a phase-contrast microscope. Ten randomly-chosen
microscopic fields were examined, and the cell numbers are presented relative to that
of initially
loaded spermatogenic
cells taken as 100; i. e., the cell adhesion index. To
determine the function of cloned cDNA, the binding of Jurkat Tag cells expressing the
DNAto Sertoli cells was examined as described above.
Cloning of Tpx-1 cDNA-Poly(A)-containing
RNA (5 /ƒÊg) prepared from cultured
spermatogenic
cells was used to synthesize
cDNA using a commercial kit (Great
Lengths cDNA Synthesis Kit; Clontech),
and the resulting cDNA was ligated with the
pcDNAI/Amp vector (Invitrogen).
The cDNA library consisted of2 x 106 independent
clones with insert sizes ranging from 0.5 to 3 kbp. The library (200
DNA) was
introduced into Jurkat Tag cells (5 x 107) by electroporation
using Gene Pulser (BioRad Laboratories)
at 0.25 kV with a capacitance of 960ƒÊF. The cells were cultured in
RPMI1640 medium with 10% FCS for 48 h and then subjected to screening in the cell
adhesion assay with Sertoli cells. The cells remaining attached to the Sertoli cells were
detached by pipetting
and selected again in the same adhesion assay. Plasmid DNAwas
then recovered from the selected cells and amplified in E. coli TOP10F'. The DNA was
introduced again into Jurkat Tag cells (1 x 107), and the cells were subjected to another

round of screening. After four rounds of screening, plasmid DNA was extracted from
the selected cells and about 50 cDNA clones were sequenced. Weobtained three clones
that contained reasonably long open reading frames. The inserts of these clones were
ƒÊg)
ligated
with the pHook-2 vector (Invitrogen),
and the resulting
DNA (40
was
introduced into Jurkat Tag cells (1 x 107) by electroporation.
After a 48-h culture, the
cells expressing the CDNA (1 x 105) were collected using phOx-coated magnetic beads
(Capture-Tec
pHook-2 kit; Invitrogen)
and subjected
to the final cell adhesion assay
with Sertoli cells. About 80% of the cells selected by the above procedure expressed an
introduced DNA when examined with a control pHook-2-lacZ DNA (data not shown).
Eventually,
one clone coded for a protein possessing
the desired
activity
was
obtained.
Preparation of anti-Tpx-1 antibody-The
region between nucleotide positions 345 and
807 (amino acids 89-243) of clone #97 was inserted into a PET-15b (Novagen)-derived
His-tag vector, and the resulting DNA was introduced into E. coli BL21. Expression
ƒÀ-D-thiogalactoside.
of the His-tagged Tpx-1 was induced with 1 mM isopropyl
The
His-tagged
Tpx-1 recovered
as inclusion
bodies were separated
on a 15%
polyacrylamide
gel containing SDS. Aportion of the gel containing the fusion protein
was excised and the protein was electroeluted
using Maxyield-NP (Atto). Tpx-1 fused
with glutathione
S-transferase
(GST) was similarly
prepared by inserting the region
between nucleotide
positions
345 and 807 into a vector (pGX-KG;
Amersham
Pharmacia Biotech),
and E. coli BL21 was transformed with the resulting DNA. The
GST-Tpx-1 fusion protein was purified from E. coli, as was the His-tagged protein.
GST was purified using glutathione
Sepharose (Amersham Pharmacia Biotech) under
standard procedures. Rabbits were immunized with about 0.4 mg of the purified
Histagged Tpx-1, and the antibody titer was determined by Western blots of GST-Tpx-1.
The total IgG fraction was obtained from sera by successive
fractionation
with
ammoniumsulfate precipitation
and DEAE-cellulose
chromatography.
IgG specific to
Tpx-1 was further purified
by affinity
chromatography
with His-tagged
Tpx-1conjugated
Ni-NTA agarose (Qiagen).
Western blots-Proteins
were separated on a 12% polyacrylamide
gel containing SDS
and electrophoretically
transferred
onto a polyvinylidene
difluoride
membrane
(Millipore).
The membrane was blocked with 0.2% skim dry milk and incubated with
a primary antibody in a buffer consisting
of 10 mM Tris-HCl (pH 8), 0.15 M NaCl,
and 0.5% Tween 20. The membrane was washed and reacted with a secondary antibody
conjugated with alkaline phosphatase.
The signals were detected using the Immun-Star
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system (Bio-Rad Laboratories).
Immunohistochemistry-Spermatogenic
cells prepared from 20-day-old rats were fixed
with 4% paraformaldehyde
and 2% sucrose for 15 min at room temperature, then with
methanol for 1 min at room temperature. The fixed cells were treated first with affinitypurified
anti-Tpx-1
IgG, then with a FITC-conjugated
secondary antibody,
and
examined under a confocal laser microscope.
Phagocytosis
assay-Spermatogenic
cells were recovered by gentle pipetting
from
testicular
cells co-cultured in collagen-coated
multiwell plates for two days. On the
other hand, Sertoli cells were obtained by removing the spermatogenic
cells from a coculture of testicular
cells maintained on Chamber Slides (Nunc). Most of the recovered
spermatogenic
cells were spermatocytes,
and the Sertoli cell culture was about 90%
pure. The recovered spermatogenic
cells were maintained with no added cells for two
days, labeled with biotin (NHS-LS-Biotin;
Pierce), and added back to the Sertoli cell
culture maintained
in Chamber Slides. Spermatogenic
cells (about 2.5 x 105) were
mixed with Sertoli cells (about 3 x 104) in 0.15 ml of medium, and the phagocytosis
reaction
carried out at 32.5
for 2 h, except in the time course experiment.
Phosphate-buffered
saline was then added and unreacted spermatogenic cells washed
out by pipetting
15 strokes two times. The mixture was further treated with trypsin (0.5
mg/ml) for 3 min at room temperature, after which those cells detached from the culture
slides were removed. The remaining cells were fixed with 2% paraformaldehyde/0.1%
glutaraldehyde/0.05%
Triton X-100/phosphate-buffered
saline. The fixed cells were
supplemented
with Fluorescein
Avidin D (Vector)
and kept for 20 min at room
temperature.
The biotinylated
spermatogenic
cells were detected
under a
fluorescence/phase-contrast
microscope. The ratio of the number of positively
stained
Sertoli cells to total Sertoli cells (100-150)
was determined in each microscopic field.
Eight to ten fields from different culture wells were examined in each experiment, and
the results statistically
treated. The mean and standard deviations of a typical example
from at least three independent
experiments were presented as the phagocytic
index.
Under these conditions,
we routinely obtained a phagocytic
index of 13-20.
Liposome preparation-Dried
lipid films containing various phospholipids
(2 mmoles)
were swollen in 10 mM Tris-HCl, pH 7.4/0.15 M NaCl and sonicated for 10 min on
ice. The liposomes
were composed of either phosphatidylcholine
(PC) only, or a
combination of PC and another phospholipid
at a molar ratio of 7:3. Fluorescencelabeled
liposomes
were prepared
as above in the presence
of L-ƒ¿phosphatidylethanolamine-N-(lissamine
rhodamine B sulfonyl) (Avanti Polar-Lipids)

at 1% of total phospholipids.
The engulfment of fluorescent liposomes by Sertoli cells
was analyzed using a confocal laser microscope.
Annexin V-binding assay-Spermatogenic
cells, which had been maintained in singleculture for various periods, were supplemented
with FITC-conjugated
annexin V
(Bender MedSystems)
and propidium iodide, and the mixture left on ice for 15 min.
The fluorescence from FITC and propidium iodide was simultaneously
determined with
the cultured cells (104) in a flowcytometer.
Results
Molecular cloning of Tpx-1 responsible
for association
of spermatogenic
and
Sertoli cells (Maeda et al., 1998)
Expression cloning of a cell adhesion molecule of spermatogenic
cells-When rat
testicular
cells were primary cultured,
spermatogenic
cells were maintained
in
association
with Sertoli
cells that grew as a monolayer. In order to identify
the
molecule(s)
responsible
for the specific interaction between the two cell types, we first
established
a quantitative
cell adhesion assay. Cultured spermatogenic
cells were
isolated and loaded on the Sertoli cell culture, and the mixture was left for 3 h. The
culture was then washed carefully
and cell adhesion
indices were determined as
described in the Materials and Methods section. In this assay, spermatogenic cells were
shown to bind to Sertoli cells much more efficiently
than did a cultured T-cell line,
Jurkat Tag.
Wethen aimed at cloning the molecule(s)
responsible
for this interaction,
using
an expression cloning procedure. We chose the human T-cell line Jurkat Tag as parent
cells for the following reasons; the cells grow in suspension, do not bind to Sertoli cells,
and express SV40 large T-antigen that allows a plasmid
containing
the SV40
replication
origin to replicate extrachromosomally.
A cDNAlibrary prepared from the
mRNAof cultured spermatogenic
cells was introduced into Jurkat Tag cells, and the
cells that acquired the ability to bind to Sertoli cells were selected as described in the
Materials and Methods section. After four rounds of screening, plasmids containing the
cDNAwere recovered from the selected cells and sequenced. Weobtained three CDNA
clones that contained the complete coding sequences for reasonably large peptides. To
determine whether these cDNA coded for proteins with the desired activity, the final cell
adhesion assay was conducted. Two of the clones were inserted into the pHook-2
vector, and the resultant DNA was introduced into Jurkat Tag cells. We were unable
to ligate the insert of the third clone with pHook-2 for an unknown reason. Cells

expressing
the cDNA were selected using magnetic beads, and their ability to bind to
Sertoli cells was examined. The cells expressing one of the clones bound to Sertoli cells
as efficiently
as did spermatogenic
cells, but those expressing the other or the vector
alone did not. These results showed that a cDNA clone that coded for a protein with the
desired activity
was obtained.
Structure of the cell adhesion protein-The
cDNA clone encoded a protein with 243
amino acids including
an N-terminal hydrophobic
sequence and a Cys-rich region at the
C-terminal half. Characteristically,
the Cys residues repeated five times with an interval
of eight amino acids near the C-terminus. The entire amino acid sequence of this protein
showed a significant
similarity
to that of a testicular protein called Tpx-1 or autoantigen
1 (AA1);
85, 65, and 68% identity
with mouse, guinea pig, and human proteins,
respectively.
We thus concluded that the protein is the rat homologue of Tpx-1. Tpx-1
is a member of the CRISP (standing for Cys-rich secretory proteins)
family of proteins,
which contain the N-terminal signal peptide
and are rich in Cys residues at the Cterminal half.
Role of Tpx-1 in spermatogenic
and Sertoli cell adhesion-In
order to assess the role
of Tpx-1 in the specific adhesion of spermatogenic cells to Sertoli cells, a polyclonal
antibody was raised against a bacterially-expressed
His-tagged Tpx-1. The specificity
of the antibody was first examined by Western blots. E. coli proteins containing a GSTTpx-1 fusion protein were analyzed with anti-Tpx-1 and anti-GST antibodies
in the
presence and absence of corresponding
antigen proteins. The fusion protein of about 44
kDa was detectable with either antibody. When the reaction with primary antibodies
was conducted in the presence of GST-Tpx-1 or GST, the signal with anti-Tpx-1
disappeared
only in the presence of the fusion protein, while that with anti-GST was
abolished
by the addition
of either protein. These results showed that the antibody
raised against bacterially-expressed
Tpx-1 specifically
recognizes the Tpx-1 protein in
Western blots. The same antibody was then examined to determine whether it reacts
with native
Tpx-1. When spermatogenic
cells of 20-day-old
rats were
immunohistochemically
analyzed with the affinity-purified
anti-Tpx-1 antibody, most
of the cells showed signals. We then assessed the effect of anti-Tpx-1 on the adhesion
between spermatogenic
and Sertoli cells. The adhesion was inhibited
in a manner
responding
to the amount of added antibody, and the maximum inhibition
was about
50%. The control normal rabbit IgG showed little effect. These results indicated
that
Tpx-1 is responsible,
at least in part, for the adhesion between spermatogenic
and
Sertoli cells.

Phagocytosis
of apoptotic
spermatogenic
cells by Sertoli cells (Shiratsuchi
et al.,
1997)
Establishment
of a quantitative
phagocytosis
assay-In our previous phagocytosis
experiments (Mizuno et al., 1996), spermatogenic
cells that adhered to Sertoli cells
were not rigorously
distinguished
from those engulfed. In the present experiment, we
treated the phagocytosis
reaction with trypsin to eliminate spermatogenic cells that were
attached to the surface of Sertoli cells. Even after extensive washing, a significant
number of spermatogenic cells remained associated with Sertoli cells. These cells were
distinguishable
from phagocytosed
cells when examined carefully
under
fluorescence/phase-contrast
microscopy. We speculate that the tight association
of
spermatogenic
cells with Sertoli
cells is an important
step toward subsequent
phagocytosis.
Stained particles of various sizes were observed within the Sertoli cells,
and we regarded these as phagocytosed
spermatogenic
cells.
In order to analyze the phagocytosis
reaction in a quantitative
manner, we
defined the phagocytic
index as follows:
the number of Sertoli cells positive for
phagocytosis
was determined as a percentage relative to the total number of Sertoli cells
present in each microscopic
field. We first determined
a time course for the
phagocytosis
reaction. Spermatogenic
cells that had been single-cultured
for about 40
h were subjected to the phagocytosis
reaction. The reaction seemed to continue during
the first 2 h and reached a plateau at about index 20. Our previous experiments
suggested that Sertoli cells selectively
phagocytose degenerating spermatogenic cells in
culture (Mizuno et al., 1996). To further examine this possibility,
spermatogenic cells
were single-cultured
for one and three days and subjected to a phagocytosis
assay. The
phagocytic index increased as the culture continued, while viability
of spermatogenic
cells, as assessed by trypan blue exclusion, decreased. These results support the above
hypothesis
that dying or dead spermatogenic
cells are preferable
targets
for
phagocytosis
by Sertoli cells.
Inhibition
of phagocytosis
by liposomes containing
acidic phospholipids-For
identifying
the molecule(s)
that participates
in the cell-to-cell
recognition
between
degenerating
spermatogenic cells and Sertoli cells, we examined the effect of several
compounds that are known to be recognized by the putative phagocytosis
receptors
present on the surface of macrophages. The synthetic RGDS peptide, which contains
an amino acid sequence bound by members of the integrin superfamily,
was first tested,
but the phagocytic
index remained unchanged in the presence of this peptide. We then
examined whether phospholipids
are involved in cell-to-cell
recognition,
by adding

liposomes
that consist of various phospholipids
to the phagocytosis
reaction.
Liposomes containing
phosphatidylserine
(PS), an acidic phospholipid,
inhibited
phagocytosis
in a dose-dependent
manner, whereas those containing
neutral
phospholipids,
PC and phosphatidylethanolamine,
had little effect. The inhibitory
effect
was not specific for PS but seemed to be common to the acidic phospholipid;
the
addition
of liposomes containing either phosphatidylinositol
or cardiolipin,
caused a
significant
reduction
in the phagocytic
index. Although
the efficacy of inhibition
somewhat varied among those anionic liposomes, the significance
of this difference is
not certain at the present time. These results suggest the involvement
of acidic
phospholipids
in the phagocytosis
of spermatogenic cells by Sertoli cells. Phosphoester
compounds related to PS were examined next, to determine whether they affected
spermatogenic cell phagocytosis.
The addition of glycerophosphoryl-L-serine
led to a
significant
reduction of phagocytosis.
Phospho-L-serine showed marginal inhibition
at
higher concentrations
whereas phagocytosis
was unaffected in the presence of its optical
isomer, phospho-D-serine.
These results suggest that the inhibitory
effect of PSliposomes was executed through not only the serine residue, but also through the more
complicated
structure of the phospholipid.
To examine the way these liposomes inhibit phagocytosis,
fluorescence-labeled
liposomes were used instead of spermatogenic
cells as targets for Sertoli cells.
Liposomes containing acidic phospholipids
were more efficiently
engulfed than were
liposomes consisting
of neutral phospholipids.
This coincided well with the above
results, indicating
that anionic liposomes compete with spermatogenic
cells to be
phagocytosed
by Sertoli cells.
Exposure of PS to the surface of dying spermatogenic
cells-Since
the above results
suggested that PS was recognized by Sertoli cells, we examined whether degenerating
spermatogenic
cells expose PS, which is normally restricted in the inner leaflet of the
plasma membrane, to the cell surface. Spermatogenic
cells were single-cultured
for
various periods and subjected to flowcytometric
analysis with FITC-labeled
annexin V,
which specifically
binds to PS. Since it was necessary to detect PS on the surface of
spermatogenic
cells, we analyzed only those cells whose plasma membrane remained
intact. For that purpose, the cells were simultaneously
treated with propidium iodide,
which binds to DNA and stains the nucleus of cells whose plasma membranes are
damaged and permealized. We observed two distinct populations
of spermatogenic cells
in terms of their propidium iodide positivity;
it was presumed that the cells with less
staining possessed intact plasma membranes, while the membranes of cells that were

more intensely stained with the reagent were damaged. The ratio of propidium iodidepositive
cells increased
as the culture period was prolonged. This indicated
that
spermatogenic
cells degenerate
during single-culture.
When the binding of annexin V to cells that presumably possessed intact plasma
membranes was analyzed, two peaks were found, which probably represented
annexin
V-negative and -positive cell populations.
On the other hand, most of the propidium
iodide-positive
cells appeared to be also positive
with annexin V. It is likely that
annexin V bound to PS present in both the outer and inner leaflets
of the plasma
membrane of damaged cells. As the culture continued, the relative number of cells
which were propidium iodide-negative
and FITC-positive,
gradually increased. These
results suggest that spermatogenic cells that are dying, but which still retain membrane
integrity,
are bound by annexin V. From the above results, we presume that during the
early stages of apoptotic death, PS translocates
from the inner leaflet to the outer leaflet
of the spermatogenic
cell membrane and serves as a signal for phagocytosis
by Sertoli
cells.
Discussion
Tpx-1 as a testicular
cell adhesion molecule
A number of cell adhesion proteins such as cadherins, Ca2+-independent cell
adhesion molecules and integrins exist in the testis, seemingly on the surface of both
spermatogenic
and Sertoli
cells. Although
such proteins
are likely candidates
responsible
for the specific contact between these two cell types, no direct evidence of
this has been presented.
We attempted in this study to isolate the cDNA for the
molecule(s)
that defines the binding of rat spermatogenic
cells to Sertoli
cells,
employing
an expression cloning method. One such cDNA clone, obtained after
repeated screening in a cell adhesion assay with Sertoli cells, coded for a protein distinct
from authentic cell adhesion molecules. The protein turned out to be the rat homologue
of a known testicular
protein called Tpx-1 or AA1. The synthesis of the mRNAand
protein of AA1 (guinea pig Tpx-1) becomes detectable at the pachytene spermatocyte
stage, reaching a peak in round spermatids,
and it is thereafter
stably present in
spermatogenic
cells. Tpx-1 may not be solely responsible
for the adhesion
of
spermatogenic cells to Sertoli cells, since an anti-Tpx-1 polyclonal
antibody inhibited
it by only 50%. Other testicular
proteins are likely to also be involved in the specific
interaction
between the two cell types.
Tpx-1 was first identified
as a protein encoded by one of the randomly-cloned
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genomic fragments from mouse chromosome 17. It was eventually revealed to be the
mouse homologue of a guinea pig protein named AA1, a component of the acrosome.
Tpx-1 consists of about 240 amino acids with a presumed N-terminal signal peptide
and a Cys-rich C-terminal half, with no sequences identified
that are considered to be
transmembrane regions or N-linked glycosylation
sites. Within the Cys-rich region, five
Cys residues appear every nine amino acids near the C-terminus. These characteristics
of Tpx-1 indicate that it is a member of the CRISP family of proteins. Another member
of this family is an epididymal protein called acidic epididymal
glycoprotein
(AEG) that
is synthesized
in the epididymal
epithelium and exists attached to the plasma membrane
covering the sperm head. AEG has been suggested to be involved in sperm-egg fusion.
Since more than 55% of the amino acid sequence of Tpx-1 is identical
to that of AEG,
these two proteins could possess similar biological
functions. We here showed that Tpx1 functions as a cell adhesion protein not for the sperm-egg interaction
but for the
association
between spermatogenic and Sertoli cells.
PS-dependent
phagocytosis
of apoptotic
spermatogenic
cells by Sertoli cells
By adopting the phagocytic index, it became feasible to quantitatively
analyze
spermatogenic
cell phagocytosis
by Sertoli cells. We showed that Sertoli cells are
responsible,
at least in culture,
for heterophagic
elimination
of degenerating
spermatocytes.
As discussed
below, Sertoli
cells appeared
to recognize
and
phagocytose apoptotic cells in a manner similar to that of macrophages, a professional
phagocyte. Macrophages attack a variety of cell types by infiltrating
various areas.
Sertoli cells however, are presumed to phagocytose
only testicular
cells since they are
localized
within the seminiferous
tubules in the testis.
Wetried several approaches in order to clarify the mechanism by which Sertoli
cells selectively
recognize and phagocytose
apoptotic
spermatogenic
cells.
integrin, which mediates phagocytosis
of apoptotic neutrophils
by macrophages, was
seemingly not involved in spermatogenic
cell phagocytosis,
since the addition of the
RGDS peptide, which binds to members of the integrin super family and inhibits their
interaction
with specific ligands, did not influence spermatogenic cell uptake by Sertoli
cells. In contrast,
acidic phospholipids,
PS in particular,
most likely act as a
phagocytosis
signal for spermatogenic
cells. Liposomes
containing
acidic
phospholipids,
when present in the phagocytosis
reaction, brought about a great
reduction in the phagocytic index, whereas the addition of liposomes containing neutral
phospholipids
had little effect. As degeneration
of the cultured spermatogenic
cells
progressed, we observed a significant
increase in the number of cells that exposed PS

to the cell surface. These results suggest that the amount of cell surface PS, and
probably
other acidic phospholipids
as well, increased
during the apoptosis
of
spermatogenic
cells and served as a signal for phagocytosis
by Sertoli cells.
Membrane phospholipids
of normal cells are localized
asymmetrically
with
regard to the two leaflets of the membrane bilayer; that is, PC and sphingomyelin
are
mostly present in the outer leaflet, while other phospholipids
including
anionic PS,
phosphatidylinositol
and phosphatidic
acid, are confined to the inner leaflet. It has been
suggested
that such asymmetry is lost upon induction
of apoptosis,
and that all
phospholipids
are then redistributed
evenly in the membrane bilayer. This would result
in the exposure of phospholipids
that normally exist in the cytoplasmic
side to the cell
surface, and these phospholipids
could help in the distinguishing
of apoptotic cells from
normal cells. Among those phospholipids,
PS has been proposed to be a phagocytosis
signal. Translocation
of PS from the inner to the outer plasma membrane leaflet has
been reported with a variety of apoptotic cells, including thymocytes, vascular smooth
muscle cells, and cultured cell lines, as well as with aged red blood cells. We showed
here that this is also the case with apoptotic spermatogenic
cells.
Cell surface PS was shown to be responsible,
at least in part, for thymocyte
phagocytosis
by macrophages and homophagic elimination
of vascular smooth muscle
cells, since the addition of PS-containing liposomes significantly
inhibited
phagocytosis.
PS thus most likely serves as a commonphagocytosis
signal for several different
phagocytes, such as macrophages, vascular smooth muscle cells, and Sertoli cells, but
the modes of recognition
of target cells by these phagocytes, are presumably somewhat
different.
We speculate
that phagocytosis
receptors
present on the surface of
macrophages and vascular smooth muscle cells are related to, but distinct from, those
of Sertoli cells. It has been proposed that scavenger receptors are responsible
for
recognition
of cell surface PS. Among members of the scavenger receptor family,
CD36, SR-BI, and macrosialin bind to membrane acidic phospholipids
including
PS.
Class B scavenger receptors,
CD36 and SR-BI, were also shown to be involved in
recognition
and phagocytosis
of apoptotic cells. However, only a limited number of
examples have been reported, and the identity of the phagocyte receptor for PS is still
a matter of conjecture. Whether Sertoli cells express any particular
type of scavenger
receptor, is under investigation.
In conclusion,
our findings should contribute
to a deeper understanding
as to
the functional interaction
between spermatogenic
cells and Sertoli cells (see the figure
below).
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Abstract
In mammals, testicular
sperm must undergo the process of maturation in the male genital tract
and capacitation
in the female genital tract before being able to fertilize
in vivo. During transit through the
epididymis,
immature sperm are affected by the continuously
changing
microenvironment
which is
formed by the secretory and absorptive
activities
of the epithelial
cells lining the ductus epididymidis.
Many studies have been performed to identify
the epididymis
specific
proteins
which relate to the
development of sperm motility
and fertilizing
ability.
We have purified several region-specific
secretory
proteins from porcine epididymal
fluid, cloned their cDNAs and determined
their roles in the sperm
maturation. Among them, two proteins are reviewed in the present paper. A 16 kDa protein (HE1
homologue)
which is specifically
secreted from the middle and distal caput and corpus epididymis
has
been found to bind free cholesterol
and regulate the lipid composition
of the sperm plasma membranes
during the maturation
in the epididymis.
In addition,
the 23 kDa epididymis-specific
glutathione
peroxidase-like
protein (EGLP) which is specifically
secreted from the proximal caput epididymis.
This
protein has been found to be enzymatically
quiescent in the epididymal
fluid but thought to protect sperm
fromthe premature acrosome reaction and maintain sperm fertilizing
ability in the epididymis.

Introduction
In mammals, structurally
and functionally
immature sperm leaving the testis
change into sperm possessed
with fertilizing
ability
during
the transit 'through
the
epididymis.
This process is called "post testicular
sperm maturation". The epithelial
cells of the ductus epididymidis
provide the microenvironment
for this process by their
secretory and absorptive
activities.
The interaction
between sperm and the epididymal
secretions
is essential
for the development
of the fertilizing
capacity
in sperm.
Moreover, the exact molecular mechanism involved in sperm maturation remains to be
elucidated.
The ductus epididymidis
is differentiated
morphologically
and functionally
from the initial
segment to cauda epididymis.
Different
genes are expressed
in the
different
epididymal
regions, resulting
in the changes in the protein contents of the
luminal fluids
among various epididymal
regions (Fig.1).
So, the immature sperm
move through the duct and have sequential
contact with different
proteins.
It is
anticipated
that region specific secretory proteins in the epididymis
especially
play key
roles in sperm maturation. Isolation
of the epididymis-specific
gene transcripts
from
the epididymal
cDNA library has been actively attempted
by the differential
screening

method (Kirchoff
et al., 1990; 1993; Osterhoff
et al., 1997). In addition,
purification
of
epididymis
specific
proteins,
direct
determination
of their biological
activities
and
cloning their cDNAs have also been tried extensively
(Okamura et al., 1995a;
1995b;
1997;
Syntin
et al., 1996; Jin et al., 1997).
Among these proteins,
two epididymisspecific
proteins
which
were purified
and whose physiological
functions
were
determined
(Kiuchi
et al., 1997; Okamura et al., 1997)
are reviewed in the present
paper with respect to the interaction
between these proteins
and the epididymal
sperm
in their maturation process.

Fig.1
Diagram
of the region specific
gene expression
in
Porcine
epididymis
was divided
into ten regions.
Regions
middle,
anterior
half
of distal
and posterior
half
respectively.
Regions
5, 6 and 7 are proximal,
middle
respectively.
Regions
8, 9 and 10 are proximal,
middle
respectively.
The distribution
of mRNA was determined
ƒ¿-D-mannosidase.MAN2B2: 135 kDa
ACE: angiotensin

the porcine
epididymis.
1, 2, 3 and 4 are proximal,
of distal
caput
epididymis,
and distal
corpus epididymis,
and distal
cauda epididymis,
by Northern
blot analysis.
I-converting
enzyme.

16 kDa choresterol-binding
protein
The change in the lipid composition
of the sperm plasma membranes is one of
the important features of epididymal
sperm maturation. It has been shown that the total
cellular
contents of lipids decrease while sperm pass through the epididymis
(Davis,
1980;
Poulos
et al., 1973;
1975;
Adams and Johnson,
1977;
Rana et al., 1991).
Phospholipids
loss during the sperm maturation
is highly
selective;
whereas choline
phospholipids
are rather
stable,
the
amounts
of phosphatidylethanolamine,
phosphatidylserine
and phosphatidylinosotol
decline
greatly
(Jones,
1998).
The
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cholesterol
content in sperm membranes have also been shown to decrease in boar
(Nikolopoulou,
Soucek and Vary, 1985),
hamster (Awano, Kawaguchi and Mohri,
1993), rat (Hall, Hadley and Doman, 1991), stallion
(Lopez and Souza, 1991),
and ram
(Parks and Hammerstedt,
1985), whereas they increase in goat (Adams and Johnson,
1977) during maturation. The mechanisms that mediate these changes in lipid content
during the sperm maturation have not been fully elucidated
yet. It is possible
that some
lipid-exchange
proteins
in epididymal
fluid
would
mediate
the transfer
of
phospholipids
and/or cholesterol
from the sperm plasma membrane to other acceptors
in the epididymal
fluid.
We purified
a 16 kDa protein from the porcine cauda epididymal
fluid and
identified
it as a cholesterol-binding
protein. The 16 kDa protein is a major cholesterolbinding protein in epididymal
fluid (Fig.2).
The 16 kDa protein amounted to about 1%
of total proteins in the porcine cauda epididymal
fluid. This protein was also found to
be expressed specifically
in the distal caput and corpus epididymis
and to be absent in
testis, rete testis, and the proximal caput and cauda epididymis.
It is first secreted into
the luminal fluid as a 19 kDa glycoprotein,
whose sugar chain(s)
are processed to form
16 kDa protein
during passage through
the epididymis.
An immunocytochemical
examination, using a polyclonal
antibody
raised against the purified
16 kDa protein,
showed that the 16 kDa protein does not bind to the porcine epididymal
sperm.

Fig. 2. Separation
of the [3H]-cholesterol-binding
proteins
in the porcine cauda epididymal
fluid by
Superdex 200 FPLC. The cauda epididymal
fluid was incubated with 0.5
[3H]-cholesterol
at 0
for
30 min and then was fractionated
by a Superdex 200 FPLC column. Radioactivity
in 50
aliquots
of each
fraction was counted and shown by open circle. Broken line shows absorbance at 280 nm.

Analysis of its cDNA revealed that the 16 kDa protein is a porcine homologue
of the major secretory
protein
of the human epididymis,
HE1 (Fig.3;
Kirchoff
et al.,
1990).
mRNA of the HE1 homologue was found in the epididymis
of all species
studied so far (Ellerbrock
et al., 1994; Perry et al., 1995; Kirchoff
et al., 1996; Frohlich
and Young, 1996; Kiuchi et al,, 1997). This suggests that it plays some fundamental
roles in the epididymis.
Baker et al. (1993)
reported
that some chromatographic
fractions of ram cauda epididymal
fluid and seminal plasma, which have an activity to
transfer free cholesterol
from liposome to cauda epididymal
sperm, contain proteins
with the similar N-terminal amino acid sequences to that of HE1.

-19

-1 +1

30

Porcine
Dog
M.fas.
Human
Chimp.

MHFLAAAFL
MRLLVAAFL
MRFLAATFL
MRFLAATFL
MRFLAATFL

LLTLSASALA
LLALGDLGPG
LLALSTAAQA
LLALSTAAQA
LLALSTAAQA

EPVHFRDCGS
GAVHFKDCGS
EPVQFKDCGS
EPVQFKDCGS
EPVQFKDCGS

GVGVIKEVNV
AVGVIKELNV
VDGVIKEVNV
VDGVIKEVNV
VDGVIKEVNV

NPCPTQPCQL
NPCP-QPCKL
SPCF-QPCQL
SPCF-QPCQL
SPCF-QPCQL

Porcine
Dog
M.fas.
Human
Chimp.

HKGQSYSVNV
HKGQSYSVNV
SKGQSYSVNV
SKGQSYSVNV
SKGQSYSVNV

TFTSNTQSKG
TFTSNIPSQS
TFTSNIQSKS
TFTSNIQSKS
TFTSNIQSKS

SKAVVHGIVM
SKAVVHGIVL
SKAVVHGILM
SKAVVHGILM
SKAVVHGILM

GVPIPFPIPD
GVAVPFPIPE
GVPVPFPIPE
GVPVPFPIPE
GVPVPFPIPE

PDGCKSGINC
ADGCKSGINC
PDGCKSGINC
PDGCKSGINC
PDGCKSGINC

Porcine
Dog
M.fas.
Human
Chimp.

PIQKDQTYSY
---KDKTYSY
---KDKTYSY
---KDKTYSY
---KDKTYSY

LNKLPVKAEY
LNKLPVKNEY
LNKLPVKSEY
LNKLPVKSEY
LNKLPVKSEY

PSIKLVVEWK
PSIKLVVQWM
PSIKLVVEWQ
PSIKLVVEWQ
PSIKLVVEWQ

LQDDNDQCLF
LLGDNNQHLF
LQDDKNQSLF
LQDDKNQSLF
LQDDKNQSLF

CWQIPVQIES
CWEIPVQIEG
CWEIPVQIVS
CWEIPVQIVS
CWEIPVQIVS

80

Fig. 3. Alignment
of the amino acid sequences of HE1 homologues. The deduced
aligned
with those of dog (Ellerbrock
et al., 1994),
macaque (Perry,
Jones and
(Kirchoff,
Osterhoff
and Young, 1996),
and chimpanzee (Frohlich
and Young, 1996).
suggested
signal sequence cleavage site and E numbered with a +1 is N-terminus of
protein.
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--HL
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HL

porcine sequence is
Hall, 1995),
human
-1 and +1 show the
the purified 16 kDa

We have recently
found that the purified
16 kDa protein specifically
binds
free cholesterol
in a time and concentration
dependent
manner and the amounts of
cholesterol-binding
reach saturation.
The dissociation
constant
of the cholesterol-16
ƒÊM, kDa protein complex was 2.3
which is similar
to that of the recombinant
fatty acid
ƒÊM binding
protein (L-FABP)
of rat liver: 1.53
(Nemecz and Schroeder,
1991).
The
maximal binding
capacity
of the purified
16 kDa protein
for cholesterol
was
determined
to be 58.8 pmol/ƒÊg protein.
Binding
stoichiometry
was calculated
to be
0.94 mol/mol in this study, which is also similar
to the values reported
for other
cholesterol-binding
proteins such as L-FABP: 0.83 (Nemecz and Schroeder,
1991) and
VIP21/caveolin:
about 1.0 (Murata et al., 1995).
This suggests
that one mole of
cholesterol
binds to one mole of the purified 16 kDa protein.
Analysis
of amino acid sequence homology
revealed that the porcine HE1
homologue
showed no significant
homology
with the other cholesterol-binding
proteins
such as heart-FABP (X98558;
Gerbens et al., 1997),
liver-FABP
(P49924;
Perozzi et al., 1993), nor the human caveolin (Z18951,
S49856;
Glenney, 1992). It is
concluded
that the porcine HE1 homologue is a novel type of the cholesterol-binding
protein which is specifically
expressed in the restricted
part of the epididymis.
Recently,
it has been reported that bovine milk contains
a protein named
EPV20 which displays
79% sequence similarity
to HE1 (Larsen et al., 1997). EPV20
has six cysteine
residues which are disulfide-linked
in 1-6, 2-3 and 4-5 pattern. Those
six cysteins are well conserved among HE1 homologues including
the porcine 16 kDa
protein.
So, the fact that the 16 kDa protein
is a cholesterol-binding
protein might
provide a clue to find out the biological
activity
of the HE1 homologues
and other
proteins
containing
the same domains with three disulfide
bonds such as Derf2, the
major mite allergen (Ichikawa
et al., 1998) and esr16, a protein found in moth trachea
(Meszaros and Morton, 1996).
It was also found that the 16 kDa protein greatly
decreased
the binding
of
cholesterol
to sperm by competitively
binding
cholesterol.
Furthermore,
the 16 kDa
protein was found to reduce the amount of bound cholesterol
in sperm (Fig.4).
This
was not merely due to the fact that 16 kDa protein binds free cholesterol
and decreases
its concentration
in the medium. The 16 kDa protein
seems to extract the bound
cholesterol
directly
from sperm, because in the absence of the 16 kDa protein,
the
bound cholesterol
remained on the sperm even after free cholesterol
was washed out.
The change in the cholesterol
contents in the sperm membranes should affect
membrane fluidity,
membrane stability
against the cold shock, protein behavior in the
membrane, and the motile and fertile
abilities
of mature sperm. Although
little
is
known about the molecular
mechanism involved
in the alteration
of the membrane

ƒÊM
•Ž
ƒÊg/ml).
ƒÊg/ml
•Ž
ƒÊg/ml).

Fig. 4. a: Time course of [3H]-cholesterol-binding
to the porcine cauda epididymal
sperm. 0.05
of [3H]-cholesterol
was incubated with
the porcine cauda epididymal sperm (2x108 cells/ml) at 32
for various intervals of time in the absence (A) or the presence (O) of the 16 kDa
protein (200
At 20 min, 200
of the 16 kDa protein (•œ) or phosphate buffered saline (•£) was added to the incubation mixture
which did not contained the 16 kDa protein (A), b: Release of bound [3H]-cholesterol
from the porcine cauda epididymal
sperm. [3H]cholesterol-bound
sperm was incubated at 32
for appropriate intervals of time in the absence (A) or the presence (O) of the purified 16 kDa
protein (200
Amounts of the [3H]-cholesterol
bound to sperm were then determined.

lipids
during sperm maturation,
the 16 kDa protein, a HE1 homologue, is indicated
to
be one of the important regulators
of the cholesterol
content of sperm membranes.
The capacitation
and subsequent acrosome reaction are preceded by a decrease
in the cholesterol
content of the sperm plasma membrane (Hammerstedt
et al., 1979;
Davis, 1980).
Recently,
we have found that the 16 kDa protein
mRNA is also
expressed
in female reproductive
organs such as the ovary, oviduct
and uterus.
Furthermore, the purified
16 kDa protein has been found to stimulate
capacitation
and
acrosome reaction induced
in vitro in the presence and absence of caffeine,
high
concentration
of Ca2+ and fatty acid free BSA. These results suggest that the 16 kDa
cholesterol-binding
protein,
HE1 homologue,
partly
mediates
the post testicular
acquisition
of sperm fertility
by binding
and extracting
cholesterol
from sperm
membranes both in the male and female genital tracts. But, in connection
with the
function of cholesterol
in sperm maturation and capacitation,
further study must be
done to know the exact roles of the HE1 homologue in epididymal
sperm maturation.
23 kDa epididymis-specific
glutathione
peroxidase-like
protein
The epididymis
has important
roles in protecting
sperm from the oxidative
damage. Mammalian sperms are rich in unsaturated
fatty acids in membranes, and
oxygen free radicals react with them to form organic hydroperoxides.
Although lipid
peroxidation
is required
to increase the capacity
of sperm to bind to zona pellucida
(Aitken,
Clarkson and Fishel,
1989),
it has been correlated
with the male infertility
because of the loss of motility
or morphological
abnormality
of sperm (Aitken
and
Clarkson, 1987; Alvalez and Storey, 1989; Rao et al., 1989). The peroxidative
process
is thought
to damage the fluidity
and integrity
of the sperm plasma membrane,
resulting
in a loss of sperm function (Aitken
and Fisher,
1994). Lipid peroxidation
enhances the destruction
of phospholipids
in sperm plasma membranes, which induces
the premature acrosome reaction in the epididymis
(Ungemach et al., 1985; Bennet et
al.,1987).

In addition
to superoxide
dismutase
(SOD),
it has been suggested
that
glutathione
peroxidase
(GPX)
protects
sperm from peroxidative
damage in the
epididymis.
It has also been reported that mouse sperm and epididymal
fluid contain
high concentrations
of glutathione
and selenium-dependent
GPX activity
(Alvalez
and
Storey,
1984;
1989).
Recently,
cDNAs encoding
epididymis-specific
GPX-like
proteins (EGLP) have been cloned from mouse, rat and monkey, and they were found
to be distinct
from either cytosolic
or placental
secreted
GPXs (Ghyselinck,
Jimenez
and Dufore, 1991; Perry et al., 1992). Cytosolic
and placental
secreted GPXs contain a
selenocysteine
residue at the catalytic
site, and their mRNAs contain the selenocysteine
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codon (UGA). But in EGLP mRNA, it was found to be replaced by the cysteine
codon
(UGY). Although
there is no direct evidence that EGLP is enzymatically
active in the
epididymis,
it has been suggested
that it protects
sperm from the deleterious
effects of
oxygen free radicals
by preventing
the accumulation
of organic hydroperoxides.
In order to see whether EGLP exerts a physiologically
significant
amount of
activity
in the epididymal
fluid, we purified EGLP from the porcine cauda epididymal
fluid and its activities
were quantified
in comparison
with selenocysteine
containing
erythrocyte
GPX. The purified EGLP was found to consist of four identical
23 kDa
subunits.
EGLP showed only an extremely low activity
when hydrogen peroxide was
used as substrate
(Table 1). The affinity
of EGLP for hydrogen peroxide was less than
0.1% of the value for erythrocyte
GPX. The Vmax of EGLP was also much lower
(1/150)
than that of the erythrocyte
enzyme. The same tendency was observed when
organic hydroperoxides
were used as substrate;
the activity
of EGLP was as much as
1000-fold
lower than the erythrocyte
GPX (Table 2).
Table 1. Comparison of the kinetic parameters between the purified
bovine erythrocyte GPX
E nz ym e

K m

V m ax

(m M )

( w m o l/ m in /m g p r o te in )

EGLP and

T u r n o e r r a te
( M in ‑1/ s u b u n it ‑1)

EG L P

0 .3 1 + ‑ 0 .0 1

3 .7 +‑ 0 . 1

85

B o v in e e r y t h r o c y t e G P X

( 0 .2 4 +‑ 0 .0 2 ) x 1 0 ‑3

5 8 0 +‑ 2 0

12 00 0

The GPX activities
were determined at 37
concentrations
of hydrogen peroxide.

Table 2. Comparison of the activities
bovine erythrocyte
GPX

in the presence

with different

of 4 mM glutathione

substrates

between the purified

and various

EGLP and the

G P X a c tiv ity (n m o l/m in /m g p ro te in )
B o v in e e ry th ro c yte G P X

E G LP

S u b s tra te
H y d ro g e n p e ro x id e

1 .6 9 +‑ 0 .2 6

3 2 0 0 +‑ 9 5

1 3 ‑ H y d r o p e ro x y ‑ (9 ,1 1 )‑ o c ta d e c a d ie n o ic a c id

4 .1 6 +‑ 0 .5 5

4 0 5 0 +‑ 1 3 3

1 5 ‑ H y d r o p e ro x y ‑ (5 ,8 ,1 1 ,1 3 ) ‑ e ic o s a te tra e n o ic a c id

3 .5 4 +‑ 0 .3 3

3 0 0 0 +‑ 1 6 0

The GPX activities
various substrates.

were determined

at 37

in the presence

of 4 mM glutathione

and 20ƒÊM of

Furthermore,
It was found that the concentrations
of glutathione
in the porcine
ƒÊM epididymal
fluids
were 142-24.6
which is much lower than the optimal
concentration
of glutathione
for the GPX activity
of EGLP (around 5 mM). All these
data strongly
suggest that the GPX activity
of EGLP is almost negligible
in porcine
epididymai
fluid, though the possibility
can not be dismissed
completely
that there may
be unknown mechanisms for activation
of the protein. It is also possible
that EGLP has
a substrate specificity
different
from that of the cytosolic
GPX. In porcine epididymal
fluid, the purified EGLP is the only source of GPX. So EGLP is unlikely
to protect
porcine epididymal
sperm from the oxidative
damages at least by its GPX activity.
It has been proposed that some proteins secreted from the epididymal
epithelial
cells bind to sperm and/or affect sperm functions. EGLP is specifically
secreted from
the caput epididymis
and is a major protein component in the caput epididymal
fluid.
Using polyclonal
antibodies,
the localization
of EGLP on sperm was analyzed.
Consistent
with the results reported by Jimenez et al. (1992),
EGLP is localized
in the
acrosomal region of the epididymal
sperm (Fig.5).

Fig. 5. Immunocytochemical
localization
of EGLP on sperm.
Porcine cauda epididymal
sperm
before (a) and after (b) the
induction
of acrosome reaction
were incubated with antisera
raised against the purified
23 kDa
EGLP subunit and the
localization
of EGLP was
observed. The stained samples
were observed under the light
microscope at x200. The
acrosome reacted sperm are
indicated
by arrowheads.

It was also found that EGLP disappeared
from the acrosomal
region during the
acrosome reaction induced by 1.8 mM CaCl2, 10 mM caffeine and 0.1% fatty acid free
BSA. EGLP was detected only on the acrosome intact sperm. These results indicate
that EGLP in sperm can be used as a marker to distinguish
acrosome-intact
sperm from
the acrosome-reacted
ones. Furthermore,
it was found that EGLP inhibited
the
acrosome reaction induced by high calcium, caffeine and fatty acid free BSA. Namely,
the pretreatment
of the sperm with the purified
EGLP significantly
reduced the
percentage of the acrosome-reacted
sperm.
It has been reported
that the lipid
hydroperoxides
accumulate
on the
membranes of maturating
sperm in the epididymis.
Lipid
peroxides
are known to
induce acrosome reaction
by enhancing
the activity
of sperm phospholipase
A2
(Ungemach et al., 1985; Bennet et al., 1987;
Goldman et al., 1992).
Namely, lipid
hydroperoxides
stimulates
phospholipase
A2 activity,
which results in the formation of
lysophospholipids
in the sperm plasma membrane. This destabilizes
the structure of the
sperm plasma membrane and induces the membrane fusion, leading to the acrosome
reaction (Parrish
et al., 1988).
As the acrosome reaction must not occur in the epididymis,
there should be
some mechanisms to restrain the lipid peroxides
from inducing the acrosome reaction.
As the epididymis
expresses relatively
low catalase mRNA (Zini and Schlegel,
1996),
it has been indicated
that GPX and SOD is responsible
for the degradation
of the lipid
peroxides
accumulated in sperm. SOD has been reported to be expressed and secreted
in the epididymis
(Jow et al., 1993; Perry e tal., 1993). The conventional,
seleniumcontaining
plasma glutathione
peroxidase,
GPX3 was also found to be expressed in the
mouse epididymis,
but it was not detected
in sperm or in the epididymal
fluid
(Schwaab et al., 1995; 1998), suggesting
that GPX3 does not directly
participate
in the
degradation
of the lipid peroxides
in sperm. On the other hand, it has recently been
reported that the testis-expressed
phospholipid
hydroperoxide
glutathione
peroxidase
(PHGPX) is present in the rat epididymal
sperm (Godeas et al., 1997). In addition,
Jin
et al. (1997)
have reported that lactoferrin
is secreted
from the epididymis
and binds to
sperm. It is suggested
that lactoferrin
binds free iron and prevents it from catalyzing
lipid peroxidation
chain reactions in the epididymal
sperm.
At least in boar, as mentioned above, EGLP is unlikely
to exert a protective
effect on sperm by its enzymatic
activity.
But EGLP has been found to protect
transfected
mammalian culture cells from the oxidative
stress (Vernet et al., 1996).
A
hypothesis
is that EGLP binds to the lipid
peroxides
and prevents
them from
interacting
with phospholipase
A2, which results
in the inhibition
of the acrosome
reaction.
In this connection,
it is interesting
that, in sperm-egg recognition,
enzymes

such as galactosyltransferase
and proacrosin,
produce their effects not by enzymatic
activities
but by specific
interactions
between the catalytic
site of the enzyme and its
substrate. Although
the acceptor in the sperm for EGLP is not identified
yet, EGLP
seems to support sperm maturation in the epididymis
by maintaining
the acrosome
integrity.
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Abstract
In conserving animal genetic resources, it is likely
that semen evaluation
will need to be
carried out largely to examine the impact of new technology
on sperm function, during development
of more effective semen preservation
procedures. At the present time, semen evaluation methods are
not yet sufficiently
discerning,
and there is an urgent need for improvement. In seeking these
improvements, it is the author's contention
that (a) the natural heterogeneity
of sperm populations
should be more widely recognised
and (b) clear distinction
should be made between "preservation
environments" and the "activating"
environment of the female tract: most tests should examine sperm
population
response to a similar
activating
environment.
Recent studies have shown that the
fertilizing
spermatozoon exerts several profound post-fertilization
effects on the development
of the
resultant
zygote, and these will also need to be taken into account;
notably,
methodological
opportunities
now exist for sensitive
assessment of DNA integrity, which have so far been applied
very largely only to human sperm. There is currently much concern as to the damage that can be
caused by reactive
oxygen species. Although
human sperm seem to be particularly
sensitive,
knowledge of other sperm species' vulnerability
is limited.
With respect to potential
oxidative
damage,
it is often forgotten
that during its natural life in vivo the spermatozoon never encounters oxygen
levels as high as those of the outside atmosphere. It would therefore
seem prudent to consider
preserving and processing semen in an oxygen-depleted
environment.

Amazing advances
in reproductive
technology
are currently
being
achieved (e.g. successful
fertilization
via intracytoplasmic
injection
of oocytes with
freeze-dried
sperm; ability
to transplant
spermatogenic
cells between individuals
and even species - see later articles
in this volume). However, it will almost
certainly
be some time before these advances emerge from the specialised
research
laboratory,
and they may never become applicable
to the maintenance or rescue of
endangered
wild animal species.
At least for the time being, therefore,
the
conservation
of animal genetic resources must depend very largely upon the use of
AI and conventional
semen preservation
(whether
in liquid or frozen state). It is
clear that the success of semen preservation
using current methods is not universal,
varying between species,
breed and even individual.
Obviously,
it is highly
undesirable
simply to abandon semen types that respond poorly to preservation,
because probably those semen samples in themselves
represent a specific genetic
resource!
Thus improvement of preservation
methods remains a major goal. This

improvement
will not be achievable
without
evaluating
the impact
of the
methodological
modifications
on sperm fertility.
At present, evaluation
methods
themselves
are inadequate
and give imprecise
results. In this paper I aim to provide
a framework within which choices and development
of more focused evaluation
methods may be made.
Ideally,
fertility
should be measured as the sperm's ability
to bring about
the eventual live birth of normal offspring.
In the past, field trials have been used to
evaluate such overall ability.
However, not only are field trials slow and expensive
but they are likely to be completely
impractical
where rare breeds or species are
involved.
Great efforts therefore
continue to be made to find sperm evaluation
procedures
that are rapid,
simple
and sensitive.
The problem
is that the
spermatozoon must be capable of many functions in order to play its normal
physiological
role (see Table 1). Some of these functions are obvious; for example,
the sperm cell must be viable (i.e. capable of maintaining
its normal intracellular
homeostatic
processes
within an intact plasma membrane). Other functions
are
much less obvious (e.g. role in supporting
embryo development).
We need to find
key sperm characteristics
that are crucial to fertility.
Many traditional
evaluation
parameters such as viability
are so fundamental to any physiological
capability
as
to be only of very general value (e.g. a dead sperm is obviously
incapable
of
fertilizing;
on the other hand, a live sperm may also prove to be infertile).

Table

1.

Levels of sperm functional

Cellular

integrity:

maintain

Cellular

potential:

express motility,
undergo capacitational
changes in response
suitable extracellular
environment
undergo zona-induced acrosome reaction and express
hyperactivated
motility

Zona penetration:
Fertilization:

basal intracellular

fuse with oocyte and initiate

Embryo development:
Live young: support

environment

capability

early development

form normal implanting
full foetal

development

blastocyst

(Na+, K+, Ca2+, pH, ATP etc)
to

In order

to achieve

actual

fertilization,

it is clear

that

various

sperm

functions
must be specifically
activated
(e.g. ability
to undergo an acrosome
reaction as a result of contact with the zona pellucida).
This activation,
termed
globally
"capacitation"
(see
Harrison,
1996),
apparently
takes
place
via
intracellular
signalling
pathways
that are set in train by changes in the sperm's
extracellular
milieu (in vivo, by the environments
of the female reproductive
tract).
It would therefore
seem logical
to test the sperm's ability
to respond to such
"fertilizing"
conditions.
In my own laboratory,
we have been focusing on the boar
sperm's response to bicarbonate/CO2
because bicarbonate
has been identified
as an
essential
milieu component for successful
IVF in pig as in several other animal
species (see Suzuki et al., 1994 and references therein).
Boar sperm are particularly
good models because they are unusually
quiescent
as they emerge from the
epididymis
(see Tajima et al., 1987);
they therefore
offer excellent
possibilities
for
studying
the signalling
mechanisms that "switch-on"
sperm. We have observed
several cellular
changes which are specifically
induced by bicarbonate,
including
changes in membrane lipid architecture
(Harrison
et al., 1996a)
and enhancement
of motility
(Tajima et al., 1987; Abaigar et al., 1999). These latter changes are of
particular
interest since they take place in most cells within a few minutes after the
start of exposure to bicarbonate;
we therefore think they may constitute
very early
stages in the overall capacitation
process (which takes some 2-3 hours to complete
in the majority of boar sperm: Hunter and Dzuik, 1968; Yoshida,
1987; Yoshida et
al.,1993).

Figure 1 shows the change in plasma membrane lipid architecture
caused
by bicarbonate,
while Figure 2 shows the stimulation
of motility
by bicarbonate;
Figure 3 shows differences
between individual
boars with respect to their plasma
membrane lipid response to bicarbonate.
A key feature of our strategy has been
that response to bicarbonate
is measured in relation
to the effect of parallel
incubation
in a control medium which is essentially
identical
in all respects
to the
test medium save for its lack of bicarbonate/CO2.
Figures 1-3 illustrate
in particular
two of our relevant findings:
namely that individual
cells within the sperm samples
show considerable
differences
in their response, and that proportions
of responding
cells vary greatly between samples from different
boars. It may be emphasized that
examination
of the extended sperm samples themselves
(i.e. under 'preservation'
conditions)
do not reveal such differences.
Figure 3 also shows that the membrane
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Figure
1. Bicarbonate
induction
of changes in plasma membrane lipid architecture
in
boar spermatozoa, detected
by flow cytometry. "Control":
incubation
for 10 min in a
bicarbonate-free
Hepes-buffered
Tyrode's-based
medium; "+Bicarbonate":
incubation
for 10 min in the Tyrode's-based
medium supplemented
with 15 mM bicarbonate/5%
CO2. Washed spermatozoa were incubated
at 38
in the presence
of Yo-Pro
(fluorescent
probe for viability),
after which aliquants
were mixed with merocyanine
and subjected
to flow cytometry
90 sec later. The rectangles
within
the plots
delineate:
D, dead cells (stained
with Yo-Pro);
L, live cells showing low merocyanine
staining;
H, live cells showing high merocyanine
staining.
Fluorescence
is expressed
as arbitrary units. Further experimental
details are provided in Harrison et al. (1996).

•Ž

Figure 2. Bicarbonate
induction
of enhanced motility
in boar spermatozoa.
Washed
spermatozoa (prepared
separately
from semen samples from two different
boars) were
incubated
at 38
for 10 min in a bicarbonate-free
Hepes-buffered
Tyrode's-based
medium; to half the suspension,
bicarbonate/CO2
was added to a final concentration
of
15 mM/5%, while 15 mM NaCl was added to the other half (as control treatment).
Samples of the suspensions
were observed and recorded by video microscopy,
whence
motion descriptors
for individual
sperm were measured from the recordings
using a
Hobson Sperm Tracker (W.V.Holt
and R.A.P.Harrison:
unpublished
data; further
experimental
details
are provided
in Holt et al., 1996;
Abaigar
et al., 1999).
Path
linearity
(LIN = mean straight
line velocity/mean
path velocity)
has been plotted
against
mean path velocity
(VAP);
LIN is a reflection
of progressive
motility,
VAP a
reflection
of tail beating.
"At start":
motility
just before addition
of bicarbonate;
"After bic/CO2
addn": motility
12 min after addition
of bicarbonate;
"After NaCl addn":
motility
18 min after addition
of NaCl.

Figure 3. Variation
among boars with respect to sperm plasma membrane response to
bicarbonate.
Sperm-rich
fractions
from the ejaculates
of six different
boars were
diluted
and stored at ambient
temperature
in Beltsville
Thawing
Solution
(BTS;
Johnson et al., 1988)
for either
1 or 7 days. Spermatozoa
were isolated
from the
diluted
samples by washing through
Percoll
after which they were incubated
in
bicarbonate-containing
or bicarbonate-free
Hepes-buffered
Tyrode's-based
medium
and analysed for merocyanine staining,
as described
in Fig.1. Results from a single set
of samples (tested
in parallel)
are presented
as the combined
bicarbonate-inducible
changes in high merocyanine-binding
live cells or dead cells (i.e. those in boxes H
and D respectively
in Fig.1).
Standard
deviation
of the assay = +-5.3 cells per 100
(estimated
from a series of several similar experiments
in which duplicate
assays were
performed).

lipid

response

to bicarbonate

declines

during

liquid

preservation

of boar semen in a

widely
used commercial
extender, though how closely this decline
is correlated
with the well-established
loss of fertility
during
liquid
storage (Waberski
et al.,
1994) remains to be demonstrated.
One of the problems in developing
laboratory
tests of sperm function is the
difficulty
in relating
cellular
processes
to actual fertilizing
ability
(see Amann and
Hammerstedt,
1993;
Hammerstedt,
1996).
In most species,
in vivo testing
is
precluded
because of the impossibility
of obtaining
statistically
meaningful
data
from single sperm samples, while the use of in vitro fertilization
(where possible)
is time-consuming
and very demanding on resources and skill.
A simple but
sensitive
laboratory
bioassay
is therefore
needed. Of the sperm's several tasks at
fertilization
itself, the ability
to pass through the zona pellucida
appears to be the
most demanding (see Liu and Baker, 1994; Yanagimachi,
1994; Johnson et al.,
1995).
Recently,
we developed a procedure for testing this in boar sperm, using
cryopreserved
zona-intact pig eggs (Lynham and Harrison, 1998). We were able to
show (Figure
4) that the sperm developed
zona penetrating
ability
only under
fertilizing
conditions,
and that the time-base of development
of zona penetrating
ability
was closely
similar
to the development
of overall
fertilizing
ability.
Recently
several groups have tried to relate sperm ability
to bind to the zona
pellucida
to fertility
(Fazeli
et al., 1993, 1995a,
1995b;
Coddington
et al., 1994;
Codde and Berger, 1995; Meyers et al., 1996),
with varying conclusions.
In our
assay of boar sperm function, in which we specifically
differentiated
between
sperm that had only bound to the zona surface and sperm that had penetrated
into
the zona matrix, there was little or no relationship
between zona binding and zona
penetration:
considerable
numbers of sperm bound to the zona pellucida
under nonfertilizing
conditions
(see Figure 4). In general, assays of sperm-zona interaction
have not distinguished
between binding
and penetration;
our results
suggest
strongly
that estimation
of zona penetrating
ability
would be a sensitive
and
meaningful quantitative
parameter of sperm fertilizing
capability.
An intriguing
if worrying conundrum in current sperm evaluation
is the
apparent discrepancy
between the numbers of sperm that after incubation
under
fertilizing
conditions
show cell characteristics
considered
as possible
indicators
of
capacitation
stil valid)

and those that actually
show an ability
to fertilize.
The original
(and
definition
of the capacitated
state in sperm is the ability
to initiate

Figure 4. Development of boar sperm ability to penetrate the pig zona pellucida.
Solid
symbols:
"Capacitating
medium" (Hepes-buffered
Tyrode's-based
medium containing
15 mM bicarbonate/5%
CO2 and 2 mM caffeine);
open symbols:
"Non-capacitating
medium" (Hepes-buffered
Tyrode's-based
medium without
supplementation).
Washed
spermatozoa were preincubated
for various periods of time in one or other of these two
media, and then coincubated
for 10 min with groups of cumulus-free eggs in the same
medium (The eggs were members of a large cryopreserved
pool previously
prepared
from ovaries taken from immature females). The groups of sperm-egg complexes were
then transferred
to fresh medium, after which some of each group were assessed
immediately
for total numbers of bound sperm while the rest of the group was
incubated
for a further 60 min before being assessed for numbers of zona-penetrated
sperm. Results of three independent
experiments are presented (means + SD). Further
details are given in Lynham and Harrison (1998).

fertilization
very soon after the start of gamete coincubation
(see Harrison,
1996).
However, in recent times, more specific,
"molecular"
changes have begun to be
taken as direct parameters of capacitation
(e.g. changes in chlortetracycline
binding
pattern:
Fraser et al. 1995; ability
to undergo the acrosome reaction in response to
zona pellucida
components:
Shi and Roldan,
1995).
Assays of such in-vitro
capacitation
depending
(examples

characteristics
detect
rather
high percentages
of altered
sperm:
on the parameter used, figures of between 10 and 50% are the norm
for boar sperm: Mattioli
et al., 1996; Harkema. et al., 1998).
However,

calculations
suggest that far fewer may be capable of fertilizing.
Table 2 shows
data derived from published
reports of pig IVF. Relating
numbers of penetrated
sperm with those potentially
able to make contact with eggs in an in-vitro
fertilization
system is very imprecise,
since it must be based on very many, as-yetuntested assumptions.
However, in our studies (Lynham and Harrison,
1998), of
the sperm that bound to the surface of stored pig eggs during brief gamete
coincubation,
only some 15% showed any degree of zona penetrating
ability
during
a subsequent
3-hr incubation.
These low numbers were certainly
more in accord
with the fertilization
calculations
in Table 2. Data from other species
similarly
suggests very low rates of sperm fertilizing
success in vitro (rat: Nishimura
et al.,
1982; mouse: Siddiquey
and Cohen, 1982; rabbit:
Lambert et al., 1978; hamster:
Stewart-Savage
and Bavister, 1988; human: Van der Ven et al., 1989).
One probable
reason for the discrepancy
between numbers of sperm
deemed 'capacitated'
and those actually
capable
of zona penetration
is that the
former measures a single sperm parameter/function
whereas the latter depends on
the expression
of several
functions
(Hammitt
et al., 1989;
Amann and
Hammerstedt,
1993; Amann et al., 1993).
For example, the acrosome reaction is
clearly a necessary prerequisite
for zona penetration
(see Yanagimachi,
1994), and
therefore
a number of studies
have evaluated
sperm ability
to undergo
the
acrosome.reaction
(see Troup et al., 1994; Fenichel,
1995; Mortimer, 1995);
on the
other hand, other investigations
have indicated
that motility
also plays a crucial
role in zona penetration
(Stauss et al1, 1995; Olds-Clarke,
1996). Obviously,
for a
given sperm to fertilize,
it must express several functions
in a carefully
controlled
temporal
sequence (see Amann and Hammerstedt,
1993;
Amann et al., 1993).
Fulfilment
functions

of this criterion
is inevitably
of low likelihood
since the different
are by no means necessarily
'coupled'
or related. For accuracy of semen
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by the total number of sperm

evaluation,
it may well be necessary
simultaneously
in the individual
cells,

to monitor
a technical

several
ability

dynamic characteristics
which is as yet largely

beyond

our capabilities.
The future of sperm evaluation
obviously
resides
in the continued
development
of "in vitro" assays. However, such development
risks overlooking
the very large overall
differences
between in-vitro
and in-vivo fertilization
(Harrison,
1996). A particularly
important
issue is the need for sperm to survive in
the female tract for long periods of time (see Drobnis and Overstreet,
1992; Hunter,
1995).
Natural
or artificial
insemination
usually
takes place following
oestrus
detection,
which may be several (or many) hours in advance of actual ovulation;
once deposited
in the female tract, the sperm must await the eggs' arrival. Strong
circumstantial
evidence suggests that ability
to survive this waiting period is a key
contributory
factor in the overall in-vivo fertility
of the sperm sample (Waberski
et
al., 1994; Rota et al., 1997; Troedsson et al., 1998). In-vitro fertilizing
tests, on the
other hand, traditionally
demand a rapid sperm response. Thus it seems pertinent to
consider including
'survival'
tests in the repertoire
of sperm evaluation
procedures
(e.g. Holt et al., 1997; Rota et al., 1997). Recent studies have indicated
that in vivo
those sperm that will eventually
fertilize
the egg(s) populate
a localised
region, the
oviductal
isthmus,
where they form close relationships
with the epithelial
cells
(Drobnis
and Overstreet,
1992;
Hunter, 1995).
Considerable
evidence
has now
been gathered to show that oviductal
epithelial
cells prolong
sperm survival in a
specific manner, at the same time reducing sperm activity (Chian and Sirard, 1995;
Smith and Nothnick,
1997; Smith, 1998;
Suarez, 1998). The exact mechanism of
this process is as yet unknown. However, the attention
currently being paid to this
aspect of sperm physiology
is likely to provide novel ways of testing sperm fitness.
Tests of survival may be particularly
important
with respect to the development
of
new preservation
technology,
because considerable
number of recent studies have
reported
that after cooling
or cryopreservation
sperm exhibit
behaviour
and/or
surface characteristics
that appear to mimic capacitation
(see Watson, 1995;
Maxwell and Watson, 1996; also Cormier et al., 1997;
Fuller and Whittingham,
1997).
Capacitation
is considered
a 'destabilizing'
process which will eventually
lead to more rapid cell death (see Harrison,
1996), thus capacitation-like
changes
induced
sufficient

by cryopreservation
are clearly counterproductive
numbers of sperm to survive in the female

in view of the need for
tract until the time of

ovulation.
A further interesting
consideration
is that capacitated
cells appear to
bind less strongly
to oviductal
epithelial
cells
(Smith,
1998),
thus one can
hypothesise
that prematurely
"capacitated"
sperm may be less able to profit from
the specific protecting
power of the isthmic oviduct.
At this point, it may be worth discussing
briefly
the concept that the female
tract in some way 'selects'
sperm, with the result that a high proportion
of sperm
that encounter the egg are capable of fertilization
(Drobnis
and Overstreet,
1992;
Hunter, 1995).
At first sight, this might seem to render unnecessary any concern
that only a very low proportion
of sperm in the ejaculate
seem capable of fertilizing
eggs. However, it should be remembered that there is much evidence to indicate
that the likelihood
of fertilization
depends
on the numbers of 'fit' sperm
inseminated
(see Amann and Hammerstedt, 1993). Thus semen evaluation must be
carried out on unselected
sperm samples because it is important
to know what
proportion
of sperm are 'fit'. All other things being equal, use of AI will involve the
insemination
of approximately
constant numbers of (live) unselected
sperm, and it
will be the sample which contains the largest proportion
of 'fit' sperm that will
stand the greatest chance of fertilizing
successfully.
The approaches to semen evaluation described
above have all focused on
fertilizing
ability.
However, the sperm play further roles in the development
of live
young (Chaykin
and Watson, 1983; Setchell
et al., 1988; Janny and Menezo, 1994),
the subtleties
of which are still being uncovered. Full consideration
should be given
to finding means of testing relevant sperm capabilities
in these roles. Four general
areas of sperm activity
have so far been identified.
In order of involvement
in
embryonic development,
they are:- the contribution
of the sperm centrosomes to
syngamy and subsequent
mitosis (Navarra et al., 1995);
the sperm's initiation
of
correct Ca2+ signalling
processes
within the zygote (Swann and Ozil, 1994);
the
contribution
of the paternally
derived
genome to correct
differentiation
of
embryonic
tissue (Norris
et al., 1990);
and the sperm's contribution
of a full
haploid
complement of potentially
functional
genes to the diploidy
of the embryo.
The importance of the first area is still to be defined (see Navarra et al., 1995), but
nonetheless
its potential
should not be ignored. The second area relates to spermborne egg-activating
factor(s)
known as oscillogens;
as these have not yet been
clearly
identified
(see Swann et al., 1998; Tesarik,
1998), nothing can be proposed
with respect to testing their presence within the sperm cell or their potential
activity.

The third area relates to the concept of genetic imprinting,
in which identical
genes
passing through the male or female parent acquire differing
phenotypic
potentials
within foetal development;
the most obvious expression
of imprinting
is the global
role played by the male-derived
genome in the correct differentiation
of embryonic
and extra-embryonic
tissues (Norris et al., 1990),
though more specific
examples
of imprinting
effects
are continually
being uncovered (Reik,
1996).
Again, the
molecular identification
of imprinting
has not yet progressed
to a point at which
any advance testing
of the sperm genome for its imprinting
adequacy could be
made. The fourth area, the general contribution
of the sperm's haploid
genomic
complement to the embryo/foetus,
is less easy to define;
one aspect would
obviously
be the development
of male and female offspring
following
fertilization
by Y- and X-bearing sperm respectively.
A preliminary
approach to this would be
to employ more widely the newly developed
micromethods
for examining the state
of sperm genetic material.
There is considerable
evidence
that abnormalities
of
chromatin structure are associated
with poor reproductive
performance (see among
others Evenson et al., 1980; Rodriguez
et al., 1985; Engh et al., 1993; Evenson et
al., 1994;
Sailer et al., 1995;
Sakkas et al., 1996),
though there is rather little
evidence
to suggest that cryopreservation
procedures
cause such abnormalities
(Royere et al., 1988; Evenson et al., 1994; Sailer et al., 1995).
Chromatin packing (Ward and Coffey, 1991),
and the degree of interaction
between sperm protamines and DNA, can be assessed fluorimetrically
using either
acridine
orange (Evenson et al., 1980;
Sailer
et al. 1995)
or chromomycin
A3
(Bianchi
et al., 1993; Sakkas et al., 1996).
Damage to DNA itself, in the form of
strand breakage,
can be assessed either by TUNEL (Terminal
deoxynucleotidyl
transferase-mediated
dUTP-biotin
'nick' end labelling)
assay or by 'comet' assay. In
the TUNEL assay, DNA strand ends are labelled
by attaching
biotinylated
deoxyuridine
nucleotide,
and detecting
the presence of the biotinylated
nucleotide
by secondary
labelling
with
streptavidin
conjugated
with
either
alkaline
phosphatase
or fluorescein.
The amount of labelling,
quantified
either by image
analysis
of sperm smears (Bianchi
et al., 1993; Sakkas et al., 1996; Twigg et al.,
1998a)
or by flow cytometry (Sun et al., 1997),
correlates
with the degree of strand
breakage. In the 'comet' assay (Hughes et al., 1996),
sperm are immobilized
in
agarose
uncoiled,

(as a layer
after which

on a slide),
their
the layer is placed

chromatin
decondensed
and their
in an electric
field; electrophoresis

DNA
of the

DNA proceeds, when fragmented DNA migrates more rapidly
than intact DNA.
Visualized
by ethidium
bromide staining,
the 'intact'
DNA appears as a compact
grouping
with the DNA fragments spread to one side (hence the adjective
'comet'),
and the degree of fragmentation
can be estimated
by image analysis.
Up till now,
TUNEL and "comet" assays have been almost exclusively
applied
to human sperm,
related to the concern that the rapid proliferation
of ICSI (intracytoplasmic
sperm
injection)
as a means of overcoming human male-factor infertility
might involve
the injection
of sperm whose DNA is severely compromised;
even if successful
births were thereby achieved,
the individuals
might have enhanced predispositions
to subsequent medical problems.
While it might be argued that ICSI is unlikely
to become a widely used
animal breeding
technology,
one reason for the recent intensified
attention
to
human sperm DNA damage has been the demonstration
that such damage can be
caused by reactive oxygen species (ROS), to which human sperm seem particularly
vulnerable
(Aitken,
1997; Twigg et al., 1998a;b).
Cellular
targets other than DNA
(e.g. plasma membrane phospholipids)
have also been shown to be sensitive
to
oxidation
(Hammerstedt,
1993;
Storey,
1997; Twigg et al., 1998a),
but overall,
there is uncertainty
as to which targets (or potential
functions)
are most at risk
(Aitken
et al., 1998; Ellington
et al., 1998). The actual source and/or conditions
of
generation
of the ROS will clearly have an important influence.
For example, ROS
that are water-soluble
or that are generated
extracellularly
will tend to affect
different
cellular
targets
from those
that are lipid-soluble
or generated
intracellularly,
and the protective
ability
of particular
antioxidants
added to the
sperm's environment will vary similarly
(see for example Twigg et al., 1998a).
Although
rather little evidence has been obtained so far to show that ROS species
are responsible
for decline
in sperm function during semen preservation,
this lack
of evidence may simply be due to a failure to pose the right questions
in the correct
way. For example, although
the sperm may be in some way protected
from or
insensitive
to ROS during preservation
or in the preservation
medium, the
preservation
process may render the sperm more vulnerable
to ROS once they are
in a more "physiological"
environment.
Even in freshly
obtained
spermatozoa,
ROS-based damage appears to be enhanced by incubation
in "fertilization"
media
(c.f. Estop et al., 1993;
Gomez and Aitken,
1996;
Twigg et al., 1998b),
in
environments depleted
of the wide range of antioxidants
that abound in body fluids

(Halliwell
and Gutteridge,
1990; Rice-Evans
and Gopinathan,
1995).
An aspect
which appears to have received rather little attention
is the fact that sperm never
encounter in vivo the levels of oxygen to which they are usually exposed in vitro i.e. atmospheric:
20% (Zhil'tsov,
1970; Free et al., 1976; Fischer
and Bavister,
1993).
Preservation
and processing
of sperm under lowered oxygen conditions
might therefore
be of great benefit (see Hammerstedt,
1993;
Vishwanath
and
Shannon, 1997; Griveau and Le Lannou, 1998).
Concluding

remarks

Semen evaluation
has been a subject of great attention
for more than 50
years. Despite (or maybe because of!) this long history,
advances have not in my
opinion
kept up with the forefront
of our knowledge
of sperm physiology,
and
current methods remain rather basic and therefore perhaps inadequate. In this paper,
rather than cataloguing
the many semen evaluation
procedures
that have been
proposed,
I have tried to present
lines of thinking
that may encourage the
development
of new and more focused procedures.
While the main aim during
such development
must be to keep the details
of sperm physiology
firmly in the
forefront,
there is an important concomitant
need for students to keep abreast of
new ideas and techniques
in other fields of cell biology. Although
it is a specialised
cell with its own peculiarities,
the spermatozoon
is none the less just another
mammalian cell type, with features and mechanisms in common with other cells. It
is a well-established
fact in practical
science that breakthroughs
in one field often
depend on advances in other, apparently
unrelated fields!
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In animal reproduction,
assessment of sperm motility is a fundamental method
for screening
breeders
of potential
value in animal husbandry programs and for
detection
of readily identifiable
infertility
due to dismotility
(Holt et al. , 1997; Garner,
1997; Working, 1988). In humans, infertility
affects 15-19% of the general population
and almost 50% of infertility
cases in couples are attributable
to the male (Pontonnier
and Bujan, 1993).
Of the male factor patients
in whom a single abnormal semen
parameter is presented
(37% of all male factor patients),
24 out of the 37% are
characterized
by asthenospermia
(i.e. reduced motility)
that is not due to agglutination,
accessory fiber abnormalities,
infection,
cold shock or prolonged exposure to seminal
plasma (Sigman et al.,1991;
McConnell, 1991).
A classic example of a known cause of congenital
infertility
that affects male
sperm function is immotile cilia syndrome (ICS) and an associated subset, of these with
Kartagener's
syndrome (Kartagener,
1933).
In ICS, the dynein arms are missing or
abnormal (Eliasson
et al., 1977) resulting
in immotile sperm and infertility
(Baccetti
et
al., 1979).
It has been suggested
that ICS is caused by at least two different
genes
(somatic
and testicular
ICS), since some male patients
with respiratory
tract ICS
produce normal sperm and have fathered
children
without Assisted
Reproductive
Technologies
(ART: Phillips
et al., 1995; Conraads et al., 1992). It should be noted
that the incidence of patients with ICS affecting
sperm is rather rare at about 1:20,000.
Thus when technical
and analysis
artifacts
have been ruled out, the overwhelming
proportion
of male factor patients has asthenospermia
of unproven cause. Some of the
proposed origins for these kinds of asthenospermia
include epididymal
dysfunction,
varicocele,
inhibitory
factors in seminal plasma, deficiencies
in seminal plasma and

defects
in the axoneme, ATP generation,
(McConnell,
1991).
Signal

transduction

Ca2+ regulation,

and cAMP signaling

in sperm motility

The incidence of male-factor cases due to reduced sperm motility of unknown
cause supports the need to understand
the signal transduction
pathways regulating
sperm motility.
Once specific targets in the signal transduction
cascade are identified,
it can be determined
whether these targets represent
lesions in the expression
of
motility
in cases of asthenospermia.
Conversely,
these targets could be employed as
potential
targets
in the development
of sperm-directed
fertility
management. An
important role for cAMP in the initiation
and maintenance of sperm motility has been
known for a long time (Tash and Mann, 1973; Garbers et al., 1973), reviewed by Tash
(1989)
and Tash and Bracho (1994).
Protein
kinase activation
and enhanced
phosphorylation
of endogenous proteins
are concomitant
events associated
with
elevated CAMP(Tash et al., 1986; Tash and Means, 1982).
Identification

of important

targets

of regulation

Using reactivated
models, targets of protein phosphorylation
that have been
proposed to be involved in regulation
of sperm motility
have been identified
in a
number of diverse species. In trout, for example, a 15 kDa protein was identified
whose phosphorylation
was increased
very rapidly
during activation
of motility
(Hayashi
and Morisawa, 1988; Hayashi et al., 1987) in concert with an increase in
cAMP. However, analysis of the phosphoamino
acid residue in this protein revealed
phosphotyrosine
(pY) rather than phosphoserine
(pS) or phosphothreonine
(pT). A
subsequent
paper (Jin et al., 1994b)
identified
a three-protein
complex that was
isolated
from trout testis that contained a 15 kDa protein that could be phosphorylated
in vitro in a cAMP-dependent
manner. Monoclonal antibodies
against the complex
recognized a larger protein at 38 kDa and not the 15 kDa protein (Jin et al., 1994a). In
a note added in proof in that paper, the authors stated that the antibodies
that were
developed to characterize
the 38 kDa protein, in fact, recognized a larger protein whose
size was not given. The major pY-containing
proteins of this size in sea urchin sperm
appear to be associated
with the sperm head and do not change during activation
of
motility
in the intact sperm (Bracho et al., 1998). In this connection,
a slightly
larger
cAMP-dependent
phosphoprotein
(18-20
kDa) as well as a soluble
55 kDa

phosphoprotein
were identified
in reactivated
Ciona sperm correlated
with motility
(Dey and Brokaw, 1991). That study demonstrated
that a synthetic
tyrosine
kinase
inhibitor
blocked motility
and 32P-incorporation
in the reactivated
model, but had no
effect on pY levels when analyzed by anti-pY antibodies.
Several other studies have
identified
phosphoprotein
targets in sperm that are either dynein subunits or tightly
bound to flagella
(Bracho et al., 1998; Gingras et al, 1996; Si and Okuno, 1995;
Ashizawa et al., 1995; Stephens
and Prior, 1995; Ashizawa et al., 1994). In bovine
sperm, a 55 kDa pY-containing
soluble protein was identified
whose phosphorylation
state is correlated
with motility (Vijayaraghavan
et al., 1997b). This protein proved not
to be RII of PKA (CAMP-dependent
protein kinase),
another soluble protein that we
and others have identified
in sperm to be correlated
with sperm motility
(Tash, 1989;
Paupard et al., 1988; Noland et al., 1987). The phosphorylation
of this protein was
stimulated
by cAMP suggesting
a role for crosstalk between PKA and PKY signaling
cascades. In mouse sperm, a flagellar
65 kDa cAMP-dependent phosphoprotein
was
identified
whose microtubule-sliding
activity
was stimulated
in live sperm by
bicarbonate
ions (Si and Okuno, 1995). When considering
all of the above data that has
been obtained in reactivated
models, no clear consistent picture can be made of what
are the key proteins involved in regulation
of sperm flagellar
motility
because each
system varies, giving different
values for the size of phosphoproteins
as well as their
localization.
In contrast, using live intact sperm to examine phosphoproteins
coupled to
sperm motility,
we have identified
an axonemal 130 kDa phosphoprotein
(FP130)
that
is the major flagellar
phosphoprotein
in sea urchin sperm. This protein
is
phosphorylated
on pT and not pS or pY. Most importantly,
a functionally
similar pTcontaining
protein of nearly identical
size is the major pT protein present in mouse
sperm (Tash and Bracho, 1998). In addition,
a major pT-modified
protein identical
in
size to the mouse motility-coupled
protein is present in live human sperm. The striking
similarity
of the pT pattern in live human and sea urchin sperm combined with the fact
that the field of likely
critical
regulatory
targets has been significantly
narrowed,
strengthens
the utility of such models to produce meaningful data.
In terms of the significance
to sperm fertility,
dynein is the primary flagellar
component that must be triggered
after sperm exit the testis in order for motility
to be
expressed. This is true for echinoderms to humans. Intact testicular
sperm do not show
progressive
motility
when placed in a buffer in which mature sperm show normal
motility.
However under conditions
that stimulate
cAMP or in reactivated
models in
which phosphorylation
is increased,
the testicular
sperm can display
forward

progression
motility
(Jaiswal
and Majumder, 1996; Voglmayr and White, 1979;
Cascieri et al., 1976). In mammals, sperm must undergo additional
maturation
during
transit through the epididymis
that allows them to be become ready to be fully motile
by the time the cauda epididymis
is reached. These maturation changes must allow
dynein ATPase activity
to be expressed
(Mohri and Yanagimachi,
1980). A link
between the acquisition
of the ability
of the sperm to display vigorous sperm motility
during epididymal
transit and successful
fertilization
of eggs has been known for a
long time (Brackett
et al., 1978; Hoppe, 1975). A positive
correlation
between
stimulated
cAMP-dependent
pathways
and stimulated
fertilization
has been
demonstrated
in a number of systems including
mouse, monkey, and humans (Fenichel
et al., 1996; Aitken et al., 1986; Monks et al., 1986; Boatman and Bavister,
1984;
Fraser,
1981;
Fraser,
1979).
We have recently
demonstrated
that FP130
phosphorylation
is altered in response to the egg chemotactic
peptide,
speract (Tash
and Bracho, 1999).
One of the discernable
responses
to speract is a change in
swimming pattern from circular
to straight
trajectories.
Thus, by altering
FP130
phosphorylation,
speract may contribute
to the change in flagellar
mechanochemical
dynamics that changes circular to straight swimming patterns.
In studies that have focused on treatments that stimulate
sperm cAMP and
motility,
positive
outcomes in the treatment of infertility
were achieved (Zheng and
Zhang, 1997; Sharma et al., 1996; Wolf et al., 1989). In such studies however, it is not
possible
to distinguish
cAMP effects on motility from the known effects of cAMP on
the capacitation
process (Galantino
Homer et al., 1997; Leclerc et al., 1996a; Fraser,
1990). Thus, in order to identify
important sperm components that couple motility
and
signal transduction
to successful
fertilization,
it is useful to also examine species in
which sperm motility
pathways are not occurring in a background
that includes
capacitation-associated
signal transduction.
Sea urchin sperm have been a long
standing model for this type of analysis (for example, see Shapiro et al. , 1990; Christen
et al., 1986; Trimmer and Vacquier, 1986).
Reactivated
models
Our laboratory
was the first to utilize
[y-32P]ATP
to reactivate
detergent
permeabilized
sperm to identify
endogenous phosphoproteins
(pPrs) associated
with
activation
of motility.
In all sperm that have been examined, elevated cAMP results in
increased phosphorylation
of multiple proteins (reviewed
in Tash, 1989). A number of

studies suggest that soluble factors are involved in this process (Leclerc and Gagnon,
1996b; Tash et al., 1986; Tash et al., 1984; Murofushi et al., 1982; Brandt and Hoskins,
1980).
However, the degree to which soluble factors are required
for initiation
of
motility
remains unresolved since all models examined thus far start with sperm that
have already undergone some degree of motility
initiation
prior to preparation
of the
immotile model (Leclerc and Gagnon, 1996b; San Agustin and Witman, 1994; Dey
and Brokaw, 1991; Tash et al., 1986; Ishiguro
et al., 1982).
In the process of
characterizing
the mechanism of action of axokinin
(RII),
we discovered
that the
presence of detergent
alone had a major stimulatory
effect
on reactivation
of
permeabilized
dog sperm (Tash, 1989). This brought us to question whether detergent
treatment might allow interaction
between signal transduction
pathway enzymes that,
in vivo, might not normally occur. However, in order to be able to add exogenous 32PATP for sperm activation
and subsequent
analysis
of phosphorylation,
membrane
compartmentalization
is destroyed.
Furthermore, if protein phosphorylation
and sperm
motility
are coupled, then any motility present in the sperm prior to stimulation
will be
expressed as a background phosphorylation.
This, combined with the destruction
of
compartmentalization
makes more difficult
the identification
of primary regulatory
components. The problem is further magnified
by diversity
of samples between
individuals
and collection
procedures that allow variable levels of motility
expression
prior to experimental
activation
(Jones and Murdoch, 1996; Brokaw, 1984; Morton et
al., 1978). Another possibility
is that some regulatory
proteins may undergo rapid
phosphorylation
and that dephosphorylation
may be extremely slow or non-existent. In
this case, subsequent attempts to tag the targets with 32P in reactivation
experiments
would either fail or give highly variable
levels of incorporation,
depending
on the
extent of 'background'
motility
and phosphorylation
prior to preparation
of the model.
Development

of improved

methods

for collection

and storage

of live sperm

Recent experiments that we conducted in microgravity
on the Space Shuttle
necessitated
the development of improved methods to collect and store live sperm in
an immotile state (Tash and Bracho, 1999).
To solve the problem of motility
expression
prior to activation,
we sought to minimize sperm exposure to normal
seawater during spawning and activation
during storage.
This was achieved by
modification
of the conditions
outlined
by Christen
et al. (1986)
into MES sperm
storage buffer, MSSB (Table 1). This buffer contained higher potassium (50 mM),

•Ž

lower pH (6.0) and 5 mM MES to buffer the lower pH (Bracho et al., 1997). Using
such buffers, sperm could be stored for up to 96 hr at 5
with no significant
reduction in the motility
that was achieved by activating
the sperm by dilution
into sea
water when compared to the level of motility
obtained in the freshly collected
sperm
(Bracho et al., 1997). Using the same principles,
a similar collection
method has been
developed
for mouse sperm (Tash and Bracho, 1998). Further testing is currently
underway for a similar method to apply to turkey sperm. Success in our endeavors to
develop a method for turkey sperm will greatly help productivity
in the turkey industry
since current technologies
yield sperm that are optimally
fertile
for only 3-6 hr
(Donoghue et al., 1998; Brillard,
1993).

Table 1. Composition
Activation
of Immotile
given in mM.

Signal

transduction
Using

of Buffers for Collection,
Storage
Sperm. Note: All concentrations
A S W

H S W

M S S B

P H
K C l

8 .0
10

8 .3
0

6 .0
50

M
T
N
M

E S
A P S
aC l
g C l2

5
42 5
2 7

5
4 25
2 7

5
5
4 25
27

M g S O 4
C a C l2
N aH C O 3

2 9
10
2 .4

2 9
10
2 .4

29
10
2 .4

and
are

in live sperm

the new sperm collection
method, one could then ask whether the
elimination
of 'background'
motility
would
result
in lower
background
phosphorylation
during initiation
of motility.
Furthermore,
the experiment
was
performed with live sperm rather than permeabilized
sperm to eliminate the problem of
destroyed
compartmentalization,
which might create fortuitous
kinase-substrate
interactions.
Since 32P-ATP could not be used with live sperm to examine internal
phosphorylation,
we used phosphoamino
acid
antibodies
to examine
the
phosphorylation
changes (Galantino
Homer et al., 1997; Berruti and Martegani, 1989).
Results showed that in immotile sperm, as expected, the levels of pS, pT and pY were

extremely low and limited predominantly
to a few low Mr proteins in the sperm head
(Bracho et al., 1998).
These results
were in sharp contrast to reactivated
sperm
experiments
which showed numerous phosphoproteins
in which the identification
of
critically
important proteins becomes uncertain (Ahmad et al., 1995; Tash et al., 1986;
Takahashi et al., 1985; Leclerc and Gagnon, 1996b; Dey and Brokaw, 1991; Tash and
Means, 1983). Initiation
of motility
by dilution
of immotile
sperm into seawater
produced the phosphorylation
of two dominant sets of proteins within 20 sec. One set
of proteins (32-29 kDa) contained predominantly
pS, appeared to be associated
with
flagella
and was extracted under conditions
that extract outer arm dynein (OAD). The
other major motility-related
phosphoprotein
contained
predominantly
pT, had a
molecular weight of 130 kDa (named FP130),
and appeared to remain bound to the
axoneme after OAD extraction.
In these sperm, no phosphorylation
was detected at 56
kDa that would correspond to RII, either in the whole sperm, soluble material nor any
of the flagellar
fractions
(Bracho et al., 1998). Another important new observation
yielded
by the live sperm model is that the phosphoproteins
revealed at 20 sec of
activation
are the same after 20 min of activation.
This supports the hypothesis
that in
the intact sperm the signal transduction
kinases and phosphatases
are directed to a very
limited number of targets.
Role of signal

transduction

anchoring

proteins

In this regard, a family of proteins, AKAP, (A kinase anchoring protein)
that
anchor cAMP-dependent protein kinase to specific compartments of cells by binding to
RII, has been identified
(reviewed by Coghlin et al.,1993).
In mammalian sperm, the
major fibrous sheath protein has been shown to a member of the AKAP family
(Carrera et al., 1994). A role for AKAP in the regulation
of sperm motility
has been
suggested by recent work of Vijayaraghavan
et al. (1997a).
This group showed that a
permeable peptide that represents
the amphipathic
helical RII binding motif of AKAP
caused inhibition
of bovine sperm motility. A control peptide with identical
sequence,
except for a single proline substitution
that renders the peptide inactive, did not inhibit
sperm motility.
They also demonstrated
that the reversible
inhibition
of motility
by the
active AKAP peptide was dependent on the presence of external Ca2+. In addition,
they
found that inhibitors
of PKA did not inhibit basal motility
or stimulation
of motility
via
activators
of the PKA pathway. This latter result is in contrast to work demonstrating
an inhibitory
effect of permeable inhibitors
of PKA on sperm motility
(Leclerc
and

Gagnon, 1996b;
San Agustin and Witman, 1994; Brokaw, 1987; Tash et al, 1986;
Ishiguro
et al, 1982). It has been suggested
that the ability of inhibitors
of PKA to
affect sperm motility
depends on the timing of inhibitor
addition
relative
to activation
of motility,
as well as the ability
of endogenous protein phosphatases
to reverse
activation-dependent
phosphorylations
(Tash and Bracho, 1994; San Agustin and
Witman, 1994).
In experiments
described
in the preliminary
results,
we have
demonstrated
that sea urchin sperm motility
is stimulated
by the same AKAP peptide
that inhibit
bovine sperm motility.
In addition,
in studies performed in collaboration
with Dr. Stuart Moss (U. Pennsylvania)
we have identified
an 82 kDa AKAP in outerarm dynein containing
high salt extracts of the flagella as well as in the salt-extracted
axonemes. It should be noted that sea urchin sperm do not contain a fibrous sheath.
These new results emphasize
the need to study the role of AKAPs in signal
transduction
in sperm from different
species. The fact that AKAP inhibitors
showed
opposing effects in mammalian versus sea urchin sperm raise several questions:
1) Do
mammalian sperm also have AKAPs bound to the axoneme, and 2) do the axonemal
AKAPs help to target stimulatory
pathways for motility,
whereas the fibrous sheath
AKAPs target inhibitory
pathways for motility?
In interpreting
the results using these
AKAP inhibitors,
it must be noted that the protein sequence used to synthesize
these
inhibitors
is homologous to adrenal AKAPs rather than sperm AKAPs. Whether this
difference
in sequence homology is of functional
significance
also remains to be
determined.
Finally,
it should also be mentioned that the AKAP inhibitors
mentioned
above had no effect
on mouse sperm motility
(Vijayaraghavan,
personal
communication).
One possible
explanation
for the divergent
results could be that the fibrous
sheath
anchors predominantly
enzymes that inhibit
motility
such as protein
phosphatases.
On the other hand, the axonemal AKAPs may anchor stimulatory
enzymes such as cAMP-dependent protein kinase. AKAPs have been shown to bind
both kinases as well as phosphatases
(Vo et al., 1998; Scott, 1997; Lester and Scott,
1997; Klauck et al., 1996; Coghlan et al., 1995). The response to AKAP disruption
would be determined
by the prevailing
enzyme released from its docking site. For
example, since sea urchin sperm do not contain a fibrous sheath, the predominant
enzyme would be stimulatory
to motility.
In sperm with a fibrous sheath, the amount of
phosphatase
released may overwhelm the stimulatory
enzymes. This could also explain
why the stimulatory
effect of AKAP inhibitors
is very rapid, whereas the inhibition
of
motility
of mammalian sperm by these peptides
takes longer. In order to explore

whether such mechanisms indeed occur, it will be necessary to compare the molecular
structure of the axonemal and fibrous sheath AKAPs and directly
determine whether
these AKAPs differ with respect to the signal transduction
enzymes that they tether.
Evolutionary

significance

of important

regulators

of sperm motility

Recent studies in Chlamydomonas have identified
a 138 kDa subunit of inner
arm dynein 1 (IAD1)
whose phosphorylation
regulates
flagellar
beating
(King and
Dutcher, 1997; Habermacher and Sale, 1997). Furthermore, the function of this subunit
in the regulation
of IAD function appears to be regulated
by interplay
between cAMP,
Ca2+, and PP1 (Habermacher
and Sale, 1996). A major aspect of this interplay
that
must be mentioned is that cAMP inhibits
motility
in Chlamydomonas and Ca2+
stimulates
motility.
Thus, Chlamydomonas is not the best model to study regulation
of
flagellar
motility
that may also occur in sperm. We identified
a pT-containing
phosphoprotein
in sea urchin sperm flagella
whose phosphorylation
was rapidly
increased during initiation
of motility
(Bracho et al., 1998). This protein remained
tightly
bound to the sperm axoneme after flagellar
extraction
with 0.6 M NaCl.
Nonetheless,
whether the 130 kDa sea urchin protein is related to the Chlamydomonas
138 kDa IAD subunit or not is a question that merits investigation.
Our recent studies
suggest that human sperm have a similar protein (Tash and Bracho, 1998). Thus, it
appears that FP130 represents
a family of axonemal proteins of significance
to the
regulation
of flagellar
motility.
In order to be able to answer the ultimate question
regarding the physiological
importance of FP130 to sperm function, we have utilized a
sperm cell for which much has already been published
regarding
the mechanisms
involved in expression
of flagellar
motility.
In addition,
many mechanochemical and
regulatory
components of sea urchin sperm have been cloned and found to be relatives
to components in mammalian sperm or spermatogenic
cells (Neesen et al., 1997;
Milisav et al., 1996; Yuan et al., 1995). The sea urchin sperm also offers the ability to
provide investigators
with large quantities
of homogenous cells, which are an excellent
starting point for the purification
of FP130. Once purified,
the protein may then be
used to generate peptide sequence and immunochemical probes that can be used to
generate reagents for obtaining molecular information
not only in sea urchins, but can
be used to generate immunochemical and molecular information
in other species as
well, including
the mouse and human.

Conclusion
In summary, lesions in sperm motility
remain a major component of male
factor infertility.
Although
many soluble and insoluble
sperm phosphoproteins
have
been identified
that are correlated
with changes in motility,
identification
of flagellar
components that are the primary link between signal transduction
pathways and the
flagellar axoneme remained elusive. The development of new models for investigation
of the initiation
and modulation
of motility
in live sperm that have never become
motile
prior
to experimental
activation
will be a valuable
tool to identify
phosphoproteins
that are part of the signal transduction
pathway of initiation
of
axonemal function. Such new collection
and storage methods will prove useful in
developing
similar
technologies
for species,
such as the turkey, for which such
methods are not currently available.
A key and powerful aspect of the new model is
that phosphorylation
can be examined in live sperm where compartmentalization
is
intact. Our recent studies have demonstrated
that initiation
of motility
in sea urchin
sperm is associated
with very rapid phosphorylation
of pS and pT on very few proteins,
and that these proteins are flagellar, some of which are tightly bound to the axoneme.
In particular,
the evidence points to the axonemal protein, FP130, as an important
component of the signal transduction
pathways that couple protein phosphorylation
to
regulation
of sperm motility.
In addition,
evidence suggests that human sperm also
contain a FP130 homologue. The second messenger pathways that regulate FP130, the
localization
of FP130 within the axoneme, the presence and functional
identification
of
FP130-related
proteins in mouse and human sperm, how FP130 regulates
flagellar
function, its developmental
significance
with regard to normal spermatogenesis
and
ultimately,
the expression
of motility
in the mature sperm, and how the
phosphorylation
state and integrity
of FP130 are altered in sperm with reduced motility
and fertility,
are all questions
that can now be asked with a degree of certainty
than has
been heretofore not possible
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Abstract
The spermatogonial
stem cell is the foundation
of spermatogenesis
and it continues
to divide
throughout
the lifetime
of a male. It divides
to renew itself as well as to produce daughter cells which
sequentially
differentiate
into spermatozoa. Transplantation
of spermatogonial
stem cells from a fertile
mouse to the testis of sterile mouse has resulted in the development
of donor cell derived spermatogenesis.
In successful
cases, the recipient
mice have become fertile. Furthermore, spermatogenesis
of the rat and
hamster has occurred in the immunodeficient
mouse testis following
spermatogonial
transplantation.
It has
also been shown that spermatogonial
stem cells can be cryopreserved
for later transplantation.
These new
techniques
will be useful for basic spermatogenesis
research and for future application
to reproductive
technology.

Introduction
Spermatogenesis
is a complex
process
including
several
distinct
but
continuous steps of cell proliferation
and differentiation
which ultimately
lead to the
formation of spermatozoa. It can be divided
into three phases. First, expansion of
spermatogonia
occurs on the basement membrane of the seminiferous
tubule. The
spermatogonial
stem cells commit to differentiation
division
followed
by sequential
divisions
of progeny cells, which give rise to numerous differentiated
spermatogonia
in
the basal compartment of the seminiferous
tubules. The second phase consists
of
meiotic division
of spermatocytes
which move into the adluminal
compartment of the
seminiferous
tubules.
During the meiotic
division,
homologous
recombination
of
chromosomes takes place. The third phase, spermiogenesis,
is characterized
by
dramatic morphological
changes of spermatids
into spermatozoa. All these processes
are supported
by surrounding
somatic cells, especially
Sertoli
cells. Due to this
complexity,
it has not been possible
to reproduce this process in vitro even though a
number of trials have been done.
The foundation of spermatogensis
resides in the spermatogonial
stem cells that
are located
on the basement membrane of seminiferous
tubules as a subset of
spermatogonia.
They have an enormous potential
to keep renewing and to give rise to
differentiated
daughter cells throughout
the life of a male. One spermatogonial
stem

cell

theoretically

can produce

4,096

spermatozoa

(Russell

et al.,

1990),

although

more

than half of them will disappear
mainly through apoptotic
cell death (Tegelenbosch
and de Rooij, 1993; Barratt,
1995). Nonetheless,
the number of spermatozoa produced
from a single stem cell is considerable.
While a single spermatozoon transmits
only a
defined set of genetic information
to the offspring
through fertilization
of an oocyte,
the spermatogonial
stem cell carries
the entire genetic
code of the male. Through
meiotic recombination,
resultant
haploid
cells acquire genomic diversity.
Therefore,
any two spermatozoa from a single animal could be different
in terms of their genetic
composition.
A spermatogonial
transplantation
technique
has been developed
in rodents by
Brinster
and colleagues
(Brinster
and Zimmermann, 1994; Brinster
and Avarbock,
1994). Through this technique,
spermatogonial
stem cells can be collected,
maintained
in vitro, then transplanted
to recipient
testes to establish
spermatogenesis.
The recipient
mouse became fertile and produced offspring
carrying the donor genotype.
Development of Spermatogonial
Transplantation
The spermatogonia
of a fertile mouse can be transplanted
to the testis of a
sterile mouse (Brinster
and Zimmerman, 1994). The testis cells of a donor mouse were
collected
using a two-step enzymatic digestion
protocol to make a cell suspension. The
cells were then introduced
into the seminiferous
tubules of a recipient
mouse testis.
The donor cells migrated
to the basement membrane of the recipient
seminiferous
tubules
and formed colonies
that developed
spermatogenesis.
Recipient
mice were
treated with busulfan to eliminate
endogenous germ cells prior to the transplantation.
Mice carrying
the white spotting
mutation (W) were also available
as recipients
because they lack germ cells due to a mutation in the c-kit proto-oncogene
receptor
which is essential
for germ cell development
during embryogenesis.
In successful
cases of spermatogonial
transplantation,
the recipient
mice became fertile
and had
offspring
through mating with females. Some offspring
showed the donor haplotype
which indicated
that donor derived spermatogenesis
was complete to form functional
sperm in the recipient

testis

(Brinster

and Avarbock,

1994).

Procedure of Spermatogonial
Transplantation
Transgenic
mice or rats that carry the lacZ gene as a marker were used as

•Ž
•Ž).

donor animals

in most cases to help distinguish

the donor cell derived

spermatogenesis

from residual endogenous spermatogenesis
of a recipient.
In an experiment where the
hamster was used as donor animal, histological
examination
was performed to
distinguish
morhpological
differences
between
hamster
spermatogenesis
and
spermatogenesis
of the recipient
mouse (Ogawa et al., 1999)
because transgenic
hamsters carrying a lacZ marker gene are not available.
The testis
cells of donor animals were collected
by a two-step enzymatic
digestion
(Bellve
et al., 1977).
Briefly,
decapsulated
testis tissue was treated with
collagenase
to remove interstitial
tissues,
followed
by trypsin and EDTA digestion
for
making single cell suspensions
from seminiferous
tubules. The cells were suspended in
DMEM+10% FBS at concentrations
between 20 - 200x106 /ml. This cell suspension
includes

different stages of germ cells and some somatic cells.
One of the key preparations
for spermatogonial
transplantation
is to render
recipient
mice devoid of germ cells. Busulfan treatment proved to be one of the best
methods to eliminate
germ cells including
stem cells. Busulfan at a dose of 40 mg/kg
or more was given intraperitoneally
to the recipient
mouse 40 to 60 days prior to the
transplantation.
W mutant mice are also available
as recipient
mice because they lack
germ cells due to a mutation in the c-kit receptor (Brinster
and Zimmermann, 1994).
The procedure of donor cell injection
into the seminiferous
tubules
of a
recipient
mouse can be performed through
different
routes:
direct
injection
into
seminiferous
tubules, injection
into the rete cavity, or injection
through the efferent
duct (Ogawa et al., 1997).
In case of xenotranplantation,
immunodeficient
mice, nude or SCID, were used
as recipients
to avoid immunological
rejection:
Several months after transplantation,
the recipient
mouse testes were taken out for lacZ staining.
The seminiferous
tubules
containing
donor spermatogenesis
expressing the lacZ transgene will stain blue which
makes it possible
to unequivocally
identify donor-derived
spermatogenesis.
Donor testes cells can also be frozen in the same way as cultured somatic cells
for later use in transplantation.
Briefly,
collected
testis cells were suspended in DMEM
+10% FBS followed
by drop-wise addition
of freezing medium (FBS, DMEM+10%
FBS, DMSO in a ratio of 1:3:1)
in a volume equal to the original cell suspension.
Cells
were aliquoted
1.0 ml per freezing vial, placed in an insulated
container at -70
more than 12 hours and then moved into liquid nitrogen
(-196
The thawed

for
cells

were resuspended
in DMEM+10% FBS and introduced
way as freshly collected
cells.

into recipient

Xenogeneic

and
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testes

in the same

Cryopreservation

of

Spermatogonial
Stem Cells.
In 1996,
Brinster
and colleagues
reported
that rat spermatogenesis
had
proceeded in the immunodeficient
mouse testis (Clouthier
et al., 1996). The success of
xenogeneic
spermatogonial
transplantation
has expanded
the possibility
for
applications
of this technique
to animals other than mice. In addition,
they also
reported that spermatogonial
stem cells could be cryopreserved
in the same manner as
somatic cells (Avarbock
et al., 1996).
Considering
the species
specific
protocols
necessary for sperm cryopreservation,
the comparatively
easy preservation
of stem
cells
will
be beneficial
for animals
for which reliable
procedures
of sperm
cryopreservation
have not been developed.
Spermatogenesis
of each species has a unique defined duration from the onset
of stem cell differentiation
to the completion
of spermatozoa formation. It is also
known that the length of each step of spermatogenesis
is rigidly
determined.
Based on
numerous observations
and experimental
results on the relationship
between germ cells
and Sertoli
cells, it has been supposed that Sertoli
cells are regulating
almost every
detail
of spermatogenesis
including
the length
of the spermatogenic
processes.
Combining
the classic
[3H]-thymidine
incorporation
method and the new xenogeneic
spermatogonial
transplantation
technique,
it has been shown that rat spermatogenesis
in the mouse seminiferous
tubules is supported
by mouse Sertoli cells and proceeded
with the timing typical for rat spermatogenesis.
This result demonstrated
that the cell
differentiation
process of spermatogenesis
is regulated
exclusively
by the germ cells.
Sertoli
cells are indispensable
but they do not regulate the duration of spermatogenesis
(Franca et al., 1998).
Very recently, Brinster and colleagues
have successfully
transplanted
hamster
testis cells that resulted in spermatogenesis
in the recipient
mouse testis (Ogawa et al.,
1999).
Considering
the phylogenetic
distance
between mouse and hamster, which 1.6
times longer than that of mouse and rat, the results might suggest that xenogeneic
spermatogonial
transplantation
is also possible
in other animals for production
of
donor spermatozoa. In addition,
frozen hamster testis cells transplanted
to mouse testes

also resulted
in spermatogenesis.
Taken together,
it might be possible
to freeze the
testis cells of a particular
species,
and at a later time the cells can be thawed and
transplanted
into the testis of not only the same but also a different species.
Conclusion
The technique
of spermatogonial
transplantation
both in the same species and
inter-species
has tremendous
potential
for development
of future applications
to
reproductive
technologies.
I expect that cryopreservation
of diploid
spermatogonial
stem cells can be achieved in a broad, if not universal, range of species. Therefore, the
spermatogonial
transplantation
technique
together
with
cryopreservation
of
spermatogonial
stem cells would be a powerful tool in conservation
of genetic
resources, such as endangered species and valuable agricultural
animals. Now we can
preserve spermatogonial
stem cells from those animals for future transplantation
when
the recipient
animal systems become available
to support donor spermatogenesis
and
subsequent transmission
of genetic material.
One of the next important steps is the development
of a culture system for
spermatogonia
which will allow expansion of spermatogonia,
leading to their genetic
modification.
Then it will be possible
to make genetically
modified
animals through
spermatogonial
transplantation
in combination
with other assisted
reproductive
technologies.
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Abstract
Spermatogenic

cells are male germ cells that undergo mitosis,

meiosis,

and spermiogenesis

in the seminiferous
tubules. Due to recent advances in micro fertilization
techniques, spermatogenic cells
at certain stages have been used to construct diploid zygotes that subsequently
develop to term. Using
round spermatids, the youngest haploid germ cells, normal births have been reported in the mouse,
rabbit, and human. Secondary and primary spermatocytes have also been demonstrated to support full
term development after incorporation
into mature or immature homologous oocytes. The techniques not
only provides oppotunities
of treating
infertile
males, but also provides valuable information
on
gametogenesis

including

spermatogenesis,

meiosis,

and genomic imprinting.

Introduction
In mammalian seminiferous
tubules, there are five types of germ cell
(spermatogenic
cells):
spermatogonia,
primary and secondary spermatocytes,
spermatids
and spermatozoa. Although the testicular
spermatozoa have already
completed the morphological
changes that are needed to carry paternal genomes safely,
they acquire the ability to fertilize
oocytes as they pass through the epididymis
and
mature. Due to advances in micro fertilization
techniques, however, these days the term
'fertilizing
ability ' means the ability of male germ cells to form normal diploid zygotes
after transfer into oocytes. In this context, elongated and round spermatids,
and
secondary and primary spermatocytes have fertilizing
ability, as demonstrated by recent
micro fertilization
studies. The clinical and biological
significances
of microfertilization
with spermatogenic
cells have been published
elsewhere (Ogura and Yanagimachi,
1995; Tesarik et al., 1998; Ogura and Yanagimachi, 1999). In this paper, I review
micro fertilization
with spermatogenic
cells in mammals, with special emphasis on its
technical aspects that differs remarkably from those of micro fertilization
with mature
spermatozoa.

Technical
aspects
1. Collection
of spermatogenic

cells

Spermatogenic
cells should be collected
from testicular
tissues,
although
sometimes in humans, round spermatids could be collected from the ejaculates
(Tesarik
et al., 1995). In general, we can readily obtain suspension of testicular
cells containing
>80% spermatogenic
cells by either enzyme treatment or mechanical separation with
pipetting
(Ogura and Yanagimachi,
1993). The remaining nucleated
cells in the
suspension include Sertoli cells, Leydig cells, and leukocytes. Although there are several
ways to prepare spermatogenic
cell suspensions
with more purity, we can correctly
identify
spermatogenic
cells before micro fertilization
by their morphology
or
chromosome analyses, as described
below.
2. Identification
of spermatogenic
cells
Most spermatogenic
cells can be identified
by their size and morphology, but
some experience is needed. For more precise identification,
presumptive cell types are
injected into Met II-arrested oocytes (the mouse oocyte is most suitable)
and then the
chromosome ploidy is determined
(Kimura and Yanagimachi,
1995a).
3. Method of nuclear transfer
Unlike mature spermatozoa, most spermatogenic
cells are round cells with a
decondensed
nucleus. Therefore,
they can be introduced
into oocytes by either
intracytoplasmic
injection or electrofusion.
Electrofusion
is thought to be less traumatic
than intracytoplasmic
injection,
but generally less efficient
(compare Ogura et al. 1994
with Kimura and Yanagimachi,
1995a). Each nuclear transfer method has inherent
advantages and disadvantages
(Table 1).
4. Oocyte activation
and the timing of nuclear transfer
Round spermatids and younger spermatogenic cells in mouse and hamster have
little or no capacity to activate oocytes (Ogura and Yanagimachi,
1993; Kimura and
Yanagimachi,
1995a). Therefore, oocytes should be activated artificially
at or around
the time of transfer of spermatogenic
cell nuclei. Mammalian oocytes can be activated
by chemical treatment or electric stimulus. The method of oocyte activation,
as well as
its timing,
may affect subsequent
embryo development.
The combination
of
spermatogenic
cells and oocytes that would result in the formation of diploid
zygotes
is shown (Table 2). These protocols workbest in mouse experiments because premature
chromosome condensation
of the spermatogenic
cell nuclei can readily be induced in
mouse oocytes. This character allows the chromosome pairs to segregate correctly and,

Table 1. Comparison of electrofusion
spermatogenic
cell neuclei into oocytes
M e th o d

E ffic ie n c y

E le c tro fu s io n

L o w to m o d e ra te

In tra c y to p la stic
in je c tio n

H ig h

Table 2. Combination
S p e rm a to g e n ic c e lls

and intracytoplastic

C e ll v ia b ility
H ig h
M o d e ra te to h ig h

of spermatogenic

injection

for introduction

In c o rp o ra tio n

d oInn te
o rsrm a in
n dg lin
o o gc yotef s

In ta c t c e lls

S lo w

ru
Isop tu
la te
r edd nc ue clls
le i o r

Q u ic k

cells and oocytes for microfertilization

S ta g e o f o o c y te s

Sh pa ve ec ieb se einn re
w hp ico rte
h ndo rm a l b irth

M e ta p h a s e II
M e ta p h a s e II (P C C )
T e lo p h a se II

H u m a n , R a b b it
M ou se
M ouse

S e c o n d a ry
sp e rm a to c y te

M e ta p h a se II (P C C )

M o u se

P rim a ry
s p e rm a to c y te

M e ta p h a se II (P C C )
M e ta p h as e I (P C C )

M o u se
M o u se

R o u n d s p e rm a tid

of the

PCC: Premature chromosome condensation

very recently,

we demonstrated

that the spermatid

nuclei

could

support

full

term

development following premature condensation of their chromosomes in Met II-arrested
oocytes (Ogura et al., 1999).
In the case of round spermatids
from human and
cynomolgus monkeys, oocytes are activated at the time of spermatid injection
because
they probably
contain oocyte-activating
factor(s)
(Sousa et al., 1996; Ogura et al.,
1997a).

Historical

overview
Since the first attempt to fertilize
hamster oocytes with round spermatids
(Ogura and Yanagimachi, 1993), micro fertilization
with spermatogenic cells has become
an important technique for studying the mechanisms of mammalian fertilization
and for
treating male factor infertility
in humans (Tesarik et al. 1998) and animals (Ogura et
al., 1996a; Tanemura et al., 1997). Its history is summarized in Table 3. Very recently,
normal mice were born after microinsemination
with primary spermatocytes,
the male
germ cells before the first meiotic division (Ogura et al., 1998). This indicates
that, at
least in some male germ cells, the epigenetic
modifications
needed for normal embryo
development are completed before meiosis I. Cryopreservation
of spermatogenic
cells
has become possible in some mammalian species including
humans (Ogura et al.,
1996b; Ogura et al., 1997a; Antinori et al., 1997). This avoids the repeated collection
of testicular
samples and may increase the chance of rescuing endangered species.
Recently we have succeeded in obtaining fertilized
oocytes in mastomys, an
African rodent, using round spermatids as male gametes (unpublished).
Although
induction
of superovulation
and embryo culuture in vitro is relatively
easy in this
species (Ogura et al., 1997b),
it is extremely
difficult
to fertilize
oocytes in vitro
(Nohara et al. , 1998) or to inject spermatozoa into oocytes due to technical problems
(e.g., large sperm head) and the character of their oocytes. After round spermatid
injection,
however, about 90% of oocytes survived the injection
procedure and most
(>90%) of them formed the male pronucleus. These oocytes fertilized
with round
spermatids
developed
to the blastocyst
stage, although
so far no pups have been
obtained after embryo transfer.
Future prospects
The fact that round spermatids
and spermatocytes
can be used to fertilize
oocytes has several implications
for basic research as well as for human clinical

Table
Y ea r

3. Microinsemination

with spermatogenic

S p e rm a to g e n ic c e lls u s e d

S p e c ie s

cells by intracytoplasmic

injection

M e th o d

D e v e lo p m e n t

(ICI)

or electrofusion

(EF)

R e fe re n c e
O g u ra a n d Y a n a g im a c h i

19 93

g o ld e n h a m ste r

ro u n d s p e rm a tid

IC I

2 ‑c e ll

19 93

h a m ste r, m o u s e

ro u n d s p e rm a tid

EF

2 ‑c e ll

O g u ra e t a l.

m o use
ra b b it

ro u n d s p e rm a tid

E F

te rm

O g u ra e t a l.

ro u n d s p e r m atid

IC I

te r m

S o fik itis e t a l.

IC I

te rm

K im u ra a n d Y a n a g im a c h i

1 99 5

m o u se
hum an

ro u n d sp e rm a tid
e lo n g a te d sp e rm a tid

IC I

te rm

F isa h e l e t a l.

19 9 5

hum an

ro u n d s p e rm a tid

IC I

te rm

T e s a rik e t a l.

1 99 5b

m o use
b o v in e

s e c o n d a ry s p e rm a to c y te

IC I

te rm

K im u ra a n d Y a n a g im a c h i

c u ltu re ‑d e riv e d sp e rm a tid

IC I

b la s tc y st

G o to e t a l.

m o use
hu m an

fro z e n ‑th a w e d sp e rm a tid

IC I

te rm

O g u ra e t a l.

199 7

f ro z e n ‑th a w e d s p e rm a tid

IC I

A n tin o ri e t a l.

199 7c

m o u se

p r im a ry s p e rm a to c y te

E F

o n g o in g p re g .
b la sto c y st

O g u ra e t a l.

te rm *

S a sa g a w a e t a l.

19 94
19 94
19 95 a

1 99 6
199 6b

199 8

m o use

p rim a ry s p e rm a to c y te

IC I

199 8

m o use

p rim a ry s p e rm a to c y te

EF

te rm

O g u ra e t a l.

199 8

m o use

M e t I sp e rm a to c y te

IC I

te rm

K im u ra e t a l.

199 9

m ouse

ro u n d sp e rm a tid * *

IC I

te rm

O g u ra e t a l.

p o rc in e

ro u n d s p e rm a tid

IC I

b la sto c y st

K im e t a l.

m a stm y s

ro u n d s p e rm a tid

IC I

b la s to c y st

199 9

Pups died before

wearing.

** After premature

chromosome condensation.

practice. Its application
for generating transgenic animals is an example. The offspring
derived from spermatogenic cells with exogenous DNAmust carry the expected genes.
The culture of spermatogenic
cells in vitro, which is still extremely difficult,
would
facilitate
the use of spermatogenic
cells as male gametes in future studies.
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Introduction
Genetically
engineered animals could be the subjects for study of human
diseases and therapy (Sharp and Mobraaten, 1997). Thus, the number of genetically
engineered animals, especially
mice, has increased to the point where it became a
serious financial
burden to maintain them. Maintaining
all genetically
engineered
animals in breeding colonies has potential disadvantages:
the loss of animals due to
(a) impaired
reproductive
efficiency,
(b) disease or catastrophic
accidents and (c)
genetic drift. The most commonly used alternative
to the maintenance of numerous
mouse strains and mutants is to cryopreserve
preimplantation
embryos and later
used them when they became needed. Many potentially
important strains of mouse,
as well as genetically
engineered
mice, have been "banked" using embryo
cryopreservation
technique.
While embryo cryopreservation
is an alternative
to
maintain breeding
colonies,
it still requires
significant
physical
facilities
and
financial
backup. Many females are required to obtain sufficient
numbers of
embryos to be frozen. Thus, many laboratories
are looking for more cost effective
means of preserving important mouse germplasm.
To maintain a particular
strain of mouse, approximately
100 females are
required to provide sufficient
numbers of embryos. In contrast, only one or two
males would be enough to preserve that strain. Although sperm cryopreservation
is
well advanced in animal husbandry
and human reproductive
medicine,
cryopreservation
of mouse spermatozoa has not been very successful.
This
contrasts
to the highly
successful
cryopreservation
of mouse oocytes and
preimplantation
embryos. Poor sperm survival after freeze-thawing
is due, at least
in part, to the fact that mouse spermatozoa are extremely sensitive
to osmotic
(Willoughby
et al., 1996) and mechanical
shock damages (Wakayama et al.,
unpublish
data). At present, the rate of sperm survival after freeze-thawing
is rather
low, yet it is possible
to use these spermatozoa for in vitro fertilization
to obtain

•Ž,

ƒÊl)
•Ž
•Ž).
•Ž
ƒÊl

ƒÊl)

•Ž)

normal offspring
(Nakagata et al., 1996; Songsasen et al., 1997).
Wereport that mouse spermatozoa that had been frozen or freeze-dried
without cryoprotectants
are all dead (or almost all are dead) in the conventional
sense, yet they are capable of supporting
normal embryo development when they
are injected
microsurgically
into oocytes (Wakayama et al., 1998; Wakayama and
Yanagimachi, 1998).
Materials
and methods
Sperm collection
For each experiment, two caudae epididymides
of a mature B6D2F1 male
were used. While applying
finger pressure to each epididymis,
its distal portion
was punctured with sharp forceps. A dense sperm mass oozing out of the
epididymis
was transferred
into a 1.5 ml polypropylene
tube containing
1 ml of a
test medium. After incubation
for 30 min at 37.5
the upper 0.3-0.5 ml of the
sperm suspension was removed from the tube and used for each experiment. Over
90% of spermatozoa in this suspension (approximately
3-10x106 /ml) were actively
motile.
Freeze-thaw experiment
Sperm suspensions were placed in CZB, PBS or isotonic NaCl with or
without raffinose.
Aliquot (50
of each suspension were dispensed
into 1 ml
cyrotubes and place directly into a -15
or -50
freezer or liquid nitrogen (-196
All samples were stored for 1 day to 18 months. Just before experiment, tube
were removed from freezer or liquid nitrogen and placed in water or air at 24-26
for about 10 min. Then 5
of sperm suspension was thoroughly mixed with 50
Hepes-CZB containing
12% (w/v) polyvinylpyrrolidone
(PVP, average Mol. wt.
360,000;
Sigma).
Freeze-drying
experiment
Two major test solutions
were CZB medium (Chatot
et al., 1990)
without
EDTA and Dulbecco's
modified
Eagle's
medium (DMEM; Sigma
Chemical Co, St. Louis, MO) supplemented
with 10% (v/v) fetal bovine serum
(Hyclone;
Logan, UT). An aliquot (100
of the sperm suspension was put in a 2
ml ampul (Wheaton Scientific,
Millville,
NJ; cat. no. 651506)
which was plunged
directly
into liquid
nitrogen.
Ten minutes later, ampules were placed in a precooled (-50
freeze-flask
attached to a freeze-dry system (Model 10-020, VirTis

•Ž.
•Ž)
ƒÊl
ƒÊl
ƒÊl

•Ž

•Ž

Co., Gardner, NY). Inlet pressure was approximately
1 milli torr. About 12 h later,
the flask was removed from the system after it had been filled with argon supplied
by way of a gas-drying jar (Fisher
Scientific,
Pittsburgh,
PA; cat. no. 09-204). Each
ampul was connected to a vacuum pump and frame-sealed after >99% of the gas
was pumped out it. Ampules were individually
wrapped with aluminum foil and
stored at room temperature (about 25
or at 4
All samples were stored for 1
day to 3 months. Just before experiment, the ampul was broken and 100
of
distilled
water was added to the dried spermatozoa. Then 5
of sperm suspension
was thoroughly mixed with 50
Hepes-CZB containing 12% (w/v) PVP.
Sperm viability
test
Sperm viability
was assessed using a commercially available cell viability
test kit (Live/dead
FertiLight;
Molecular
Probes,
Eugene, Oregon)
which
differentiate
between plasma membrane-intact (live) and -damaged (dead) cells
according to fluorescence
staining pattern under a UV microscope. The nuclei of
"live" spermatozoa with intact plasma membranes fluoresced green whereas those
of "dead" spermatozoa fluoresced bright orange-red.
Oocyte preparation
and sperm injection
Mature B6D2F1 females were induced to superovulate
by consecutive
injections
of pregnant
mare serum gonadotropin
and human chorionic
gonadotropin
(hCG) 48 h apart. Fourteen hours after hCG injection,
cumulusoocyte complexes were collected from oviducts and treated with bovine testicular
hyaluronidase
(300 USP units/ml)
in Hepes-buffered
CZB medium (Hepes-CZB)
for 3 min to disperse cumulus cells. Before sperm injection
the oocytes were rinsed
and stored in CZB medium for up to 4 h at 37.5
in an atmosphere of 5% CO2 in
air. A single spermatozoon was aspirated
into an injection
pipette attached
to a
Piezo electric
pipette-driving
unit (Kimura and Yanagimachi,
1995). After the
sperm head and tails were separated by applying
a single or a few Piezo pulses to
the neck region, each head alone was injected into each oocyte. All injections
were
performed in Hepes-CZB at room temperature within 1 h of sperm rehydration.
Sperm-injected
oocytes were incubated in CZB at 37.5
under 5% CO2 in air and
examined 5-6 h later. Those with two distinct
pronuclei and a second polar body
were considered normally fertilized.
Embryo transfer

•Ž
•Ž,

•Ž
•Ž

•Ž;
•Ž),

Normal fertilized
eggs were cultured for 4 days and those reaching the
morulae or blastocyst
stages were transferred
into the uterine horns of recipient
CD-I females (albino)
which had been mated with vasectomized
CD-1 males three
days previously.
A mean number of eight morulae/blastocysts
was transferred into
each horn. Females were allowed to deliver and raise their surrogate offspring
(with black, brown or gray coats). Some mature male and female offspring
were
randomly selected and mated to examine their fertility.
Results

and Discussion
After thawing or rehydrating,
almost all (frozen)
or all (freeze-dried)
spermatozoa were motionless and judged to be dead by live/dead
cell staining.
Electron microscopy revealed that sperm plasma membranes and the acrosome
were extensively
disrupted.
The majority of the oocytes fertilized
by the spermatozoa frozen in CZB
medium developed to blastocysts
(about 90%, Fig.1). Embryonic development was
poor when the oocytes were fertilized
by spermatozoa frozen in PBS and isotonic
saline, especially
when they were frozen in the absence of raffinose.
When
spermatozoa were suspend and frozen in CZB medium and stored for 1 month at
-15
-50
or -196
then injected
into oocytes, almost all of the oocytes
developed
to the blastocyst
stage (Fig.2).
The proportion
of two-cell embryos
developed
into live offspring
after transfer to foster mothers are summarized
(Figs.3 and 4). Normal offspring were obtained after all treatments. The best results
were obtained when spermatozoa were suspended and frozen at -50
or -196
in the absence of raffinose
(Fig.3).
Spermatozoa
could participate
in the
development of normal offspring after 18 months storage at -15
(Fig.4).
Freeze-dried
spermatozoa were rehydrated
and their heads were injected
individually
into oocytes. Most oocytes were fertilized
normally regardless
of the
type of sperm-suspension
medium (CZB, Fig.5; DMEM, Fig.6), and the storage
temperature
(room temperature
24-26
4
and periods
of freeze-dried
spermatozoa (1 day to 3 weeks). The majority of fertilized
eggs could develop into
morulae/blastocysts
in vitro. When transferred
to foster mothers, many embryos
developed
into normal offspring
which grew normally. The effects of storage
temperature and period of freeze-dried
spermatozoa on the embryonic development
to term are shown (Figs.7
and 8). Embryonic
development
(from morulae

•Ž,
•Ž

Fig. 1. Effect of sperm freezing
media on embryo development.
Spermatozoa were
stored in LN2 for 1 month. Sperm were frozen without raffinose
(• )
or with raffinose
(•¡).

Fig. 2. Effect of storage
temperature
on embryo development.
Spermatozoa
frozeN in CZB medium and stored for 1 month. Sperm were frozen without raffinose
or with raffinose (•¡),
and stored at -15
-50
or LN2.

were
(• )

•Ž
•Ž

Fig. 3. Effect of sperm freezing media and storage temperature on the development of
live young. Spermatozoa were frozen without raffinose (• ) or with raffinose
(•¡) and
stored for 1 month.

Fig. 4.
Effect
of storage period
at -15
on the development
of live young.
Spermatozoa were frozen in CZB medium and stored at -15
up to 18 months. Sperm
were frozen without raffinose
(• ) or with raffinose
(•¡).

•Ž

Fig. 5. Effect of the storage period of freeze-dried
sperm on embryo development.
Spermatozoa were suspended and freeze-dried
in CZB medium. Freeze-dried sperm were
stored at room temperature (• ) or at 4
(•¡).

•Ž

Fig. 6.
Effect
of storage
period of freeze-dried
sperm on embryo development.
Spermatozoa were suspended and freeze-dried
in DMEM medium. Sperm were stored at
room temperature (• ) or at 4
(•¡).

•Ž

Fig. 7. Effect of storage period of freeze-dried
sperm on embryonic development to term.
Sperm were suspended and freeze-dried
in CZB medium, and stored up to 3 month at
either room temperature (• ) or 4
(•¡).

•Ž

Fig. 8. Effect of storage period of freeze-dried sperm on embryonic development to term.
Sperm were suspended and freeze-dried in DMEM medium, and stored up to 3 month at
either room temperature (• ) or 4
(•¡).

•Ž

/blastocysts
to live young) was better when freeze-dried
spermatozoa were stored
at 4
than at room temperature, regardless
of the type of medium used for the
suspension of spermatozoa (CZB, Fig.7; DMEM, Fig.8).
Although
the techniques
require further improvement,
the results
of
above experiments suggest that spermatozoa
do not need to be alive, in the
conventional
sense, to support normal embryonic development when injected into
oocytes microsurgically.
Conventional
sperm preservation
is expensive in the long
run because of the need for the constant supply of liquid nitrogen. If we can prefect
the techniques
of sperm freeze-drying
and are able to store spermatozoa at ambient
temperature
or in ordinary
refrigerators,
the reduction
in the cost of the
maintenance and shipment costs of spermatozoa would be immense.
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SHOJI MIYAZAKI
Genetic Resources Coordinator,
National Institute
of Agrobiological
Kannondai 2-1-2, Tsukuba, Ibaraki 305-8602,
Japan

Resources

I wish we could have more time to continue this interesting
discussion.
But, since we have already used up time, we would like to close this workshop
now.On behalf of the organizing committee of the workshop, I should deliver a
few words. I heard that worldwide conservation of native breeds and land-races of
animals related to agriculture
is at a relatively
early stage of development
compared with plants and microorganisms.
But during this workshop, a large
amount of data and impressive results from many years of research have been
presented by invited speakers.
I am very conscious that in Asia meat consumption is increasing
rapidly
as people across the region have greater spending
power. Rapid economic
development is resulting
in a rapid increase in demand for livestock
production.
The research on the conservation and improvement of domestic animals are really
important subjects. It will require international
efforts not only to conserve animal
genetic resources but also to conserve the rural culture, since local breed has
strong relationship
to the conservation
of rural culture. Sometimes modern
farming resulted
in the environmental
problem. We often hear the words
'Sustainable
agriculture'.
Local breeds can help maintain sustainable
agriculture
systems.
The MAFF International
Workshop on Genetic
Resources aims
promoting
research
exchange and collaboration
on the development
of
technologies
and global strategies
for conservation and use of genetic resources in
national programs and international
research institutions.
This workshop has been
of a small scale, but I anticipate
that by continuing
these efforts in the future, we
will contribute
to the promotion of research and collaboration
in conserving and
evaluating
animal genetic resources. As with previous workshop in this series, the
proceedings
of this workshop, including all papers, will be compiled into a book.
This will enable a wider audience to benefit from what has been presented here
over the past two days.
I have learned much over the last two days of intensive discussions.
I
thank everyone for your wholehearted
participation.
I thank my colleagues here in
Japan for their hard work in preparing
papers for this meeting. I would like to

thank all the cooperating
institutes
in Japan and the Agriculture
Forestry and
Fisheries
Research Council for their support.
To friends who have come from abroad it has been marvelous to have
you with us. We look forward to collaboration
and interaction
in the years to
come.Wewish you a safe journey home when you leave at the end of the week.
It is my honor to close the 6th MAFF workshop.
Thank you very much.
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