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Summary

Pig breeding programs have been very successful in the improvement of animals by the simple
expedient of focusing on a few trails of economic importance, particularly growth efficiency and
leanness. Further reductions in leanness may become more difficult to achieve, due 1o reduced genetic
variation, and less desirable, due to adverse correlated effects on meat and eating quality. Best linear
unbiased prediction (BLUP) of breeding values makes possible the incorporation of data [rom many
sources and increases the value of including traits such as sow perlotmance in the breeding objective.
Advances in technology, such as clectronic animal identification. clecironic leeders, improved wirasonic
scanners and automated data capture at slaughter houses, increase The number of sources of informa-
tion that can be included in breeding value predictions. Breeding program struclures will evolve to
reflect these changes and a common siructure is Lkely to be several or many breeding larms gene-
tically linked by A.i, with data collected on a number of traits from many sources and integrated
into a single breeding value prediction using BLUP. Future developments will include the production
of a porcine gene map which may make it pessible to identify gencs conirolling economically valuable
iraits, such as those for litter size in the Meishan, and introgress them into nucleus populalions.
Genes identified from the gene map or from olher sources will provide insight into (he gepetic basis
of performance and may provide ihe raw material from which transgenic programs will channel

additional genetic variance into nucleus populations undergeing selection,
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Introductian

It is now virtually axiomatic that an efficient
animal breeding program consists of the definition
of breeding objectives, the selection of the hest
brecds with the optimum crossbreeding siructure,
followed by effective within breed improvement
by selection. Over the past 20 to 30 years most
countries have changed from producing slaughter
pigs from purebred lines to the use of some from
of crossbreeding. A system commonly used
world-wide is a bybrid FI female, usuafly Iarge
White (Yorkshire) X Tandrace crossed back to
a Large White sire or a sire of a third breed,
for example. Duroc. The staughter pigs are thus
either & backcross or a three breed cross. Such
systems are eflective because they utilize both the
complementarity of maternal and production
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characteristics of different breeds and the heterosis
found in breed crosses. The use of Pl females
is particularly important, because heterosis is
largest for maternal reproduction traits (Sellier,
1976).

The development of crossbreeding programs
has hecn complemented by relatively simple but
effective selection schemes within breeds, These
have focused selection eflorts largely on the
efficiency of lean growth, and in the U.K. it has
been estimated that this had led to rates of
genctic improvement of up to 2% per annum
in this trait (Mitchell et al., 1982). The improve-
ment of the efficiency of lean growth has been
achieved largely by improved partitioning of
energy intake away from fat deposttion towards
lean deposition, resulting in an improved lean
content of carcasses. Rclatively litlle selection
cffort has been expended on other tmportant
traits, such as litter size and meat quality. This
is becaunse the relative difficuliies of obtaining
accurale estimates of breeding values for these
traits has meant that overall economic cfficicney
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can be enhanced only slightly by their inclusion
mw the selection c¢bjective  (Clarke and Smith.
1979).

Several developments have combined to pro-
duce a reappraisal of breeding programs. In
Britain and Europe the success of selection pro-
grams in the public and private sector has greatly
reduced the fat caontent of pig carcasses. This
leads to the possibility that the improvement of
lean growth efliciency by the re-partitioning of
energy away from {at towards lean may become
mote difficult o achieve in the future. Further-
more, the reduction of carcass fat confent can
have adverse effects on mcal and eating quality,
suggesting that it may be possible to reach an
optimun levet ol fat content at which further
veductions are detrimental. These [actors make
improvement of other Iraits more economically
the same time. the estimation of
breeding values for Graits such as litier size is
hecoming less difficudt. The main reason for this
latter development is the stalistical mixed model
methodology, Best Unbiased Prediction
(BLUP), which can cnhance genclic  progress
particularty for traits of low heritability and traits
which are only expressed In one sex (ie. trails
which are scx-limited), such as litter size. The
application of BLUP technology is facilitated by
improved genetic links hetween herds which can
be achicved by an increased use aof
insemination. Other technologies which contribute
to improved breeding value estimation include
methods for better estimation of body compaosi-
tion, such as real-time ultrasonic  scanning
(Molenaar,1984) and X-ray computer lomography
(Vangen. 1984; Sehested and Vangen. 1989) and
the use of indirect measures of genelic merit, such
as snay be prowided by ovulation rate and pre-
uatal survival (Johnson et al, 1985).

[n the near future, further developments are
iikety ta stem from the recognition that breeds
other thav the relatively few, already widely
cxploiied, breeds of Western origin contain genes
of valne. Chief amangst these are the Chinese
Taihu breeds, particularly the Meishan, which
have genes of value for traits such as prolificacy,
carly puherty, docility and possibly other traits.
The Meishan has much to offer in terms of
research, but in addition, it is likely 1hal genes
from this breed wil' be used in practical breeding
programs.

altractive. At

Linear

artificial
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In general the sclection of a few genes of
value {rom one breed and their transfer to a
sccond may be problematic. In future this is likely
1o be facilitated by marker assisted selection.
Marker assisted selection requires the development
of a complete genetic map of the pig on which
valuable genes for quantitative traits can be
located and then selected by use of linked mar-
kers.

One final development will be the usc of direct
manipulation of the porcine genome via ‘transg-
encsis”. There s much o be learnmt on the targ-
eting of penetic manipulations, on the control
of expression of ‘transgenes’, and on which genes
to manipoiate. None the less, this techmique has
greal potential in breeding programs of the future.

The focus of this survey of possibilities will
largely on more intensive production
systems. However, opportunities for a diversifi-
cation of production systems will increase, and
are likely to lead ta some diversification of bree-
ding objectives. Such diversification may include
‘Tree-range’ systems, systems based on forage or
other low cost diets, systems based on organic
production and systems praducing product for
thc gourmet market, for example based on Wild
Roar crosses (Booth ¢t al., 1988). None the Jess.
it is in the more intensive syslems, capable of
producing pork at ‘value for money’ prices. that
the majority of pigs arc likely o be produced
for many years Lo conk.

remain

Current Possibilities
Breeding objeclives for praoduction traits

Performance testing-The focus of selection aver
the last 20-30 years has been largely on efficiency
of growth due to its economic value, its relative
ease of measurcinent and its moderate to high
heritabifity. This focus las resulted in rapid and
highly cost-effective improvements in economic
cfficiency (Mitchell et al, 1982). In addilion
carcass fal content has been reduced, making pork
a wmore atlraclive product for the consumer. The
ability to improve growth efficiency by the re-
partilioning of energy away from fat towards lean
is likely to continue [or some time. However,
as subcutancous fat levels decrease it may bhecome
more difficalt to improve pigs by the same route.
There could be little genetic variation in the
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efficiency of growth in the uabsence of genetic
variaticn for energy partitioning, as thce extent
of genctic variation in the efficiency of energy
conversich into lean tissue, in mainlenance energy
requirements and in other processes underlying
the overall cfficiency of growth is uncertain. Thus
it may become increasingly difficult to improve
the efficiency of growth by selection. Additionally
there arc indications that the declining fat content
of the carcass is accompanied by some reduction
it meat quality (Wood et al., 1986). Both of these
factors are likely to reduce the cmphasis of
improvement efforts on the efficiency of lean
growth and increase the emphasis on the rate
of lean growth, carcass and meat quality traits
and reproduction traits (Webb, 1988).

One aspect of the change in breeding objec-
tives will be an increased use of performance
testing under ad Zth, as opposed to restricted,
(eeding conditions. This will both allow cffective
selection for growth rate and for voluntary food
intake. Concern has been expressed that a decline
in voluntary food intake has occured which may
both jeopardise prospecis for long term impro-
vernent and compromise performance at several
stages of the life cycle (Webb, 1988; Ollivier et
al, 1990). Additionally, the clear eating quality
advaniages associated with ad ith feeding (Meat
and Livestock Commission, 1989) may increase
the emphasis on production systems based on
ad lib feeding In 1his latter case, performance
resting under an gd lib feeding regivne should
reduce the potential for genolype X cnvironment
interactions (see below) which could threalen the
dissemination of genetic progress from breeder
to producer.

The ability to carry out performance testing
under ad lib feeding conditions has been greatly
enhanced by the development of electronic feeders
which allow group penning of animals with indi-
vidnal fecding and recording of feed consumed
and, in some cases, of weights of animals at
fceding. This new technology has the potential
to offer accuratc measuvres of food intake and
growth efficency with relative ease for the first
time under ad 1ib feeding conditions. With animal
weights tecarded it also offers the prospect of
selection directly on the growth curves of antmals,
and not just on the mean growth rate over a
period of time. Electronic feeders are already
being adopted by breeding companies in order
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to enhance their  selection programmes ( Brown
and Van der Steen, 1990).

Carcasy composition-Carcass composition (the
distribution of cuts) and meat gualily are likely
to receive increased attention in future. Methods
for the measurement of carcass composition have
become increasingly more  sophisticated, with
greater accuracy of mceasuremeni of lean content
(Allen and Vangen, 1989). Ultrasonic methods
used tn pig breeding programs were originally
pulse-echo techniques, which gave a simple
measure of fat depth. More sophisticated real-time
scanners give representations of cross sections and
allow some mecasuremen! of arcas of [at and lean
{fignve 1) The accuracy of prediction of lean
content by the use of real-ime, as opposed to
pulse-ccho, ultrasonic techniques can be markedly
increased (Molenaar, 1984).

A forther technique, X-ray computer tomo-
graphy, produces a 2-dimensional cross-scction
through the whele body and different tissue types
in the cross-section can be identified accuralety.
The use of X-ray computer tomography appears
capable of increasing the accuracy of prediction
of lean conient over the best ultrasonic techni-
ques. {(Vangen, 1984; Allen and Vangen, 1989).
Vangen's (1984) resnits suggest a further advan-
tage, that is, that the accuracy of prediction does
not fall off at low depths of fat {mcan of 10.2
mm) using X-ray computer tomography in the
way that it docs when using ultrasonic measure-
ment of fat depth. X-ray computer tomography
can also give some measures of the chemical
composition of tissue, and in the lang run it may
be possible to use it for obtaining measures of
meatl quality. The disadvantages of X-ray compu-
ter tomography are the immense equipment costs
(around £5 X 10° compared to £5 X 10° for
a real-time ultrasonic scanner) and runoing costs
and also the length of time it takes to measure
individual animals compared ta ultrasonic meth-
ods. Further techniques which are still experi-
menial as far as ia pive carcass assessment are
concerned including nuclear magnetic resonance
{which may be as accurate or mose accurate than
X-ray computer tomography, but is also very
expensive and slow) and electrical conductivity
(for which experimental results are sa far mixed)
(Allen and Vangen, 1989).

Undoubtedly 1cchniques such as X-ray com-
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Figure 1. A section through & mature purebred Meishan sow at the |ast rib position, tagether with the
same crcss-section recordec by a real-time ultrasonic scanner on tne live animal just prior
to slaughter, The fzl layers and the eye muscle can be ¢ early seen. Better scarners than
lhe one used 1o obtain this picture are now in use.

puler tomography show great promise, and their
cost may be justified in large improvement pro-
geams, for example for the fina! selection of boars
for wse at AL after preliminary selection based
on cheaper methods. Real-time ultrasonic scanning
is alrcady seeing more widespread use, and as
predictions based on it become more fully deve-
loped it should enhance sclection for carcass
composition.

It is possible that as staughter houses become
increasingly sophisticated, the need lor ir wivo
carcass assessment will be reduced. Carcass ass-
essment methods at the slaughter house are being
automated and becoming increasingly accurate
(Walstea, 1989). This fact in itsclf is likely to put
increasing financial dividends on improvements
in carcass conformation and lean content. The
information collected at the slaughter house is
of little direct use to the breeder whilst it cannot
be connected with individual animal identities.
However, micro-miniaturization of animal identi-
fication systems, lor example the implantation
of miniaturized transponders, makes the automa-
ted collection and return of information on
carcass and meat quality to the breeder a future
possibility. This information can be incorporated
in the evaluation of relatives of slaughtered
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anfmals. Alternatively, with collection of semep
prior (o slaughter of boars, il could be used to
select amimals to usc as sires aller potengsal
candidates had been slaughiered.

Meat and eating quality—The improvements
in carcass Jcan content that have becn achieved
in Europe may have been accompanied by some
slight decline in meat quality as measured by
objective indices (Christensen et al., 1986; Ollvier,
1986). In leaner genotypes subcutaneous fat tends
to be softer, with a greater tendency to separate
and with a higher proportion ol unsaturated fat
(Wood and FEnser, [989). Wihiist (at from lean
pigs may be healthier, it may be unappealing to
the consumer both in appearance and in handling
qualities. Lean meat from lean carcasses is de-
teclably less juicy than lean meat from [lauer
carcasses, but this may not be reflected in the
averall acceptability of the mcat as judged by
consumers or taste-panelists (Kempster et al., ]
986; Wood et al, 1986). The amount of fat
within the lean mecat in the form of marbling
does appear to vary independently of overal
fatness, but a clear association between this and
measurcs of eating quality has yet to be cstabl-
ished (Wood and Enger, 1989).
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Measures of meat quality are included amongst
the objectives in a number of breeding programs
in Europe (Lundstrdm et al., 1989). BLUP
methodology  provides a meuns of ncluding
measures of meat quality in breeding programns
and new methods of assessment are being utilized
(Lundstr8m et al, 1989). With the points listed
in the previous paragrapb in mind, it is clear
that further research is required lo clarify exactly
what constitutes good meat and eating quality
and how this is geneueally related to measures
of growth and carcass composition. It is not yet
clear what weight should be given to measures
of meat and cating qualily in present and future
breeding programs. However, the minimum shouid
perhaps be to monitor and possibly eliminate
genes wilth a known major deleterious effect on
meat quality. Two of these are known, the halo-
thane gene (Webb et al, 1982) and the gene
alfecting ‘Napole’ yield, which may be at a high
frequency 1n the Hampshire breed (Sellier, 1988).

Whilst it may not yet he clear what emphasis
to place upon meat and eating guality in breeding
programmes, it is apparent that some aspects at
least are amenable te enviropmental manipulation,
both via treatment around slaughter and via
factors such as the diet (Wood and Enser,
1989; Meai and Livestock Commission, [989).
As noted earlicr, the ahility to improve meat and
eating quality via the use of ad /ib feeding could
emphasize the use of this [eeding regimen in
performance testing programmes.

Specialized maternal lines

Until recently, specialized dam line sclection
objectives have not been utilized, and little selec-
tion pressurc has been put on malernal traits.
One reason for this has been that the Jow heri-
tabifity for litter traits (far example, 107, for litter
size, Haley et al., 1988) meant that predicted
rates of improvement werc slow us;ng traditional
techniques. Additionally, the rclatively high eco-
nomic values and heritabilities of growth and
carcass trails led Lo very little increase in the
overall rate of economic improvement when
maternal traits were included in the selection
objcctives. However, now it may become more
difficult to improve lcanness and growth clficiency
in some of the very lean modern lines which may
be reaching optimum fat Jevels (Hill and Webkb,
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1982). Also, ncw sclection techniques have heen
developed which mean that litter size can be
increased more rapidly. Taken together, these new
devclopments mean that the value of including
malernal traits, particularly litter size, in the
selection objective is increased, as is the value
of developing specialized dam lines.

The selection method adopled depends npon
the improvement scheme into which (hey have
1o be incorporated (for example, central bucleus
herd or progeny testing scheme), but several basic
schemes have been suggested :

Family selection-In the simplest of schemes
far improving litter size, replacement hoars and
gilts are selected based upon the farrowing per-
formance ¢f their dam. However, in cvery herd,
all individvals have many rclatives, and the
accuracy of selection of replacement boars and
gilts can be increased by combining infermation
on the litter sizes of relatives of the sire and dam
in a selection index. For example, with three gilts
per litter every sow has two female full-sibs and
cvery boar three female full-sibs and if each boar
sires 10 litters, every individual has 27 female
half-sibs (although some of these may be farro-
wing in multiplier herds). Theoretically combining
this information in a selection index can almost
double the rate of increase in litter size 10 nearly
half a piglet per litler per year (table 1), although
this assumes thal there is no selection for other
traits. Simulation studies suggest that these pre-
dictions may be over-optimistic, particularly in
small populations, due to the reduction in genetic
variance caused by sclection and the correlated
family structure not accounted for in the theore-
tical prediclions (Toro et al., 1988). Another
problem may be inbreeding, which increase with
selection on a family index and may be 2 to 3
times that predicted assuming no selection (Toro
ct al., 1988). However, although inbreeding may
depress performance in the nucleus herd, as
commercial sows and slaughter pigs are crossbred,
inbreeding is of limited practical importance.

An alternative source of family information
is from progeny. and Skjervold {1983) and Leu-
kkunen (1984) have considered the use of progeny
testing with nucleus herds for liller size improve-
ment. The system requires extensive use of ALl
combined with recording of sow pcrformance.
Males are sclected by progeny test on the nationa:
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TABLE 1. PREDICTED ANNUAL INCREASE IN LITTER
SIZE USING SELECTION BASED ON FAR-
ROWING RECORDS OF RELATIVES (AVAL 0S
AND SMITH, 1987) AND SIMULATED
RESPONSES IN A 100 SOW NUCLEUS
POPULATION (TORO ET AL., 1988)

Annnal genetic change

Relatives included (pigs/litter/year)

o  Predicted  Simulated
Dam’s record only 0.27 0.25
Dam and dam’s [amily 0.35 0.31
Dam and dam and sire 0.46 0.34

families

sow population. Females are selected in the
nucleus herd using a family index of farrowing
records [rom their female relatives. The genetic
merit of the national sow population wonld fcllow
that of the nucleus population due to the use
of nuclens boars via Al.  Avalos and Smith
(1987) have investigated theoretically the rates of
progress possible when selecting only for litter
size using progeny testing and they predict that
these rates would be similar to thosc possible
using records from sibs and hall-sibs.

Hyperprolific selection-Large scale sow 1eco-
rding schemes aliow the identification of sows
from large populations which have repeated high
performance for litter size (e.g. sows with an
average litter size over 4 [arrowings of at least
14). Such sows may represent the top 1 or 29
of the population and after selection may be
mated to sons of other such ‘hyperprolific’ sows
10 start a ‘hyperprolific’ line (Legault and Gruand,
1976). This selection has been used successfully
several limes, for example, in both France and
Britain (Legault, 1985; Bichard et al,, 1985). Litter
size increases ol almast 1 pig per litter have been
recorded, which is at the level predicted (Avalos,
1985) from a heritability of 10%,.

Searching a population for hyperprolific sows
can provide a uscful lift for the initiation of a
dam line. However, as many as seven years are
needed to re-populate the national herd and
accumuiate safficicat records on sows o allow
another round of hyperprolific selection. This
means that the predicted annual rale of impro-
vement is guitc low, varying between 0.05 and
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0.22 piglets per litier (Avalos and Smith, 1987).

Fconomics ol selection for maternal [Lraits-
There s no gencral answer 1o the question of
how much selection effort should be put into
the improvement of reproductive perlormance at
the expense of other traits. The balance is affected
by the costs and relurns of pig production, the
usage of the improved lines (i.e. general purpose,
maternal or sire lines) and the expected rate of
genelic response.

It has been demonslrated
specialized sire and dam lines is always at least
as efficient as sclection of & single generalized
line and specialized sire and dam lines are often
more efficient (Smith, 1964). However, at the time
of Smith's (1964) study the advantages of specializ
ed sire and dam lines were not large cnough
to suppert the cost of setting up specialized sire
and dam Jlines. However, with the new techniques
for breeding valuc cstimation, there are substantial
advantages to serting up specialized lines. Avalos
and Smith (1987) estimated that, under British
economic conditions, the economic advantages
of including a family index of litler size in the
selection objectives were 2 to 5% in general lines.
but as much as 10 to 18y in specialized dam
lines. This was when compared (o selection for
just growth and carcass traits in general purpose
lines,

The Dbenefits may be even greater if it is
assumed that making improvenients in growth
and carcass trails may become more difficult, 1f
no further improvement in lean growth was either
possible ar desirakle, the mcrease in the economic
response obtained from selecting sirc and dam
lines rather than general purpose lines could be
as high as 22% (Webb and Bampton, 1988).

that sclection for

Physiological indicators of reproduclive perfor-
mance It would ke possible to increase rates of
response to scleetion il an individual’s genetic
merit for reproduction traits conld be measured
more accurately. Walkley and Smith ()980) have
demonstrated how the use of physiological in-
dicators of reproductive performance can be used
in this way to enhance seleclion responses. The
value of the components of lilter size; the number
of eggs shed (ovulation rate) and the proportion
that survive 1o be born as piglets (prenatal sur-
vival), as indirect indicators has been explored
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by Johnson et al. (1984). Selection for ovulation
rate on its own is largely ineffective at increasing
litler size, due to a negative genctic correlation
between this trait and prenatal survival. ‘this
correlation means that prenatal survival declines
as ovulation rate increases, resulting in no signi-
ficant mcrease in  litter size with an increase tn
ovulation rate. However, an index combining
gvulation rate and prenatal survival measured
at day 50 of pregnancy was predicted to be more
effective at increasing litter size than selection
for litter size itsell (Johnson et al., 1984). This
prediction rests on the assumption that the genetic
correlation between the number of [etuses mea-
sured at day 50 and litter size is high. A recent
re-assessment suggests (hat this may not be the
case, and the responses in litler sizc may be lcss
than originally predicled. although putting opti-
mum emphasis on the ccmponents of litter size
may stll be more effective than direct sclection
(Johnson and Neal, [988).

The development of BLUP methodologies (hat
incorpotale mformation from many relatives can
potentially enhance selection responses and thus
recuce the relative benefits of using physiological
predictors of litter size by comparison. However,
in sach a scheme physiological predictors will
allow more accurate evaluation of an individual's
genetic ment. This will tend to  rcduce the em-
phasis placed on information {rom relatives which
will help alleviate inbreeding. Thus the search
for usable indicators ol genctic merit for repro-
duction remains worthwhile. One possibility is
that an understanding of the mechanisms by
which some Chinese breeds achieve their prolifi-
cacy will lead to - physiological indicators that
can be used within European breeds.

Prolific Chinese breeds-The Chinese breeds
which have attracted attention in the West in
recent years are the ‘Taithu’ breeds, which have
an average number of piglets born alive of over
14 in later parities (Bidanel ¢t al.,, 1989; Haley
and Lee, 1990). Individual sows have recorded
exceptionally over 22 piglets born aljive on average
aver nine parities and up o 40 piglets born alive
in one litter. Another featurc of Taihu breeds
is their carly sexual maturity. Both sexes reach
puberty at around 3 months of age, some 3
months hefore Western brecds. With a similar
gestation length to Western brecds, Taihu heeeds

311

are capablc of farrowing at seven months of ape.
However, Taihu breeds are relatively slow grow-
ing, inefficient and fat when compared with
European breeds.

Research on Chinese pigs in Europe has bren
performed in France on two Talhu breeds, the
Meishan and the Jiaxing and 32 Meishan pigs
have also been imported into Britain for reseirch
purposes, There arc four ways in which the
prolific Chinese hreeds may be ol benefit (0 pig
breeding progrars,
thcy provide on the genctics of litter size and
other lraits; (2) by the provision of one or more
major (3) in crossbreeding programs;
{4) in a ‘synthetic’ linc.

(1) through the information

genes;

Providing informalion for the improvement
of European breeds-Research in Britain is desi-
gned 10 show how the Meishan achieves its high
litter size. Com- parative study of the Meishan
and less prolilic European breeds may indicate
traits which can be developed as physiological
predictors of litter size for use in selection pro
grams in European pigs. [ the penes in the
biochemical pathways which are responsible can
be identified, there is a real possibility that this
knowledge could bc used to increase litter size
in European bhreeds. With the development of
modern molecular genetic techniques it is possible
that the changes necessary could be engineered
directly in the genome of European pigs, avoiding
the problem of the fat carcass and slow growth
of the Meishan.

Studies in the UK on the causcs of prolificacy
in the Meishan are in their early stages. The
Meishan appears to have a similar refationship
ketween ovulation rate and prenatal survival as
European pigs, with prenatal survival declining
as ovulation rate increases. However. the mean
prenatal survival at a given ovulation rate s
higher in the the Meishan than it is in the Large
White (fipure 2) and this dillerence is due te
genes which are acting in the mother and not
in the cmbryo (Haley and Lee, 1990). The im-
mediate cause of this difference is not yet appa-
rent, but is actively being Investigated (Wilmut
et al,, 1990a).

Using a wmajor gene-A possible explanation
for the high litter size in Taihu breeds is that
they differ by a single major gene lor hitler size
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FigLre 2. Preratal sutvival and ovulation rate in
Meishan ( « ) ard Large White (Yorkshire)
{0} pgs and the F1 cross { x ) between
them. In all three genotypes prenatal
survival decreases at the szmre vate as
ovulation rate increases, but th¢ mean
level of prenatal survival for a given
ovulaton rate is higher in the Meishan
and the F1 cross. This difference between
genotypes is causec by genes actng in
the mother of & litter, not in the piglets
therrselves.

from other breeds, a situation found in the
prolific Booroola shcep. If this gene exists, the
crossbreeding results suggest that it is 4 dominant
gene acting in the mother, not in. the litter
(Bidanel et al., 1989; Haley and 1l.ee, 1990). In
this case, it would be expected that the gene
wauld segregate in backcross females produced
hy crossing, for example, F1 (Large White X
Meishan) animals {o purebred Large White. Thus
hall backcross females of this type would be
heterozypotes carrying the gene and have high
litter sizes and half would be homozygotes not
carrying the pene and have normal litler sizes.
Due to the large amount of variation in litter
size which is normally found, it is likely to be
difficult to discriminate between females carrying
the gene and those which do not just by looking
at litter size. Thus, in our research, we will be
looking at not only litter size, but also at both
the number of eggs produced and the proportion
which survive, as well as at any repraductive
haormones which differ betwcen the breeds. Even
with the aid of such physiolagical traits it may
be difficult to detect the segregation of a major
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gene, but the task will be greatly facilitated by
the use of marker genotypes in a pene map as
discussed later.

If a major gene is discavered it could be
backcrossed inte European breeds to increase their
litter size. Backcross females of the type described
above only contain 25% Meishan genes. If carriers
are identified and crossed again to Large White
sires, thelr progeny only contain 12.5%, of Mei-
shan genes. Yach time this procedure is repeated
the proportion of Meishan genes is halved. In
this way a line could be produced which was
as prolific as thc Meishan, but had growth effi-
ciericy and carcass gualities almost as good as
European breeds. As shown Dbelow (figure 5),
markers flanking a prolificacy gene could be used
lo enbance its introgression into a European
breed.

Crosshreeding-Possible  systems include the
crossing of the Meishan to a reasonably prolific
Europcan breed to produce a maternal F1, which
would in turn be crossed to a lean terminal sire
breed to produce the salughter pigs (figure 3a).
Such a system ulilizes the high level of heterosis
for hoth reproduction and growth traits in crosses
between the Meishan and European breeds
(Bidanel, 1988; Bidanel et al., 1989, D’Agaro el
al., 1990; Haley and Lee, 1990). However, for
long term use, it requires a nucleus of purebred
Meishan pigs which are selected on a maternal
index, which will be costly because of the poor
economic performance of the Meshan as a
purebred. The relative benefits of such a system
compared to the traditional system will vary
between countrics depending upon the perfor-
mance of tocal breeds, the relative value of fat and
fean and the overheads of pig production. Much
of the work in France has looked at the use of
the Taihu breeds, especially the Meishan, in
crossbreeding (Bidapel, 1988). The prolificacy of
F1 (Meishan X European breed) females is lar-
gely offset by the poorcr lean growth of their
progeny (table 2).

In summarizing the results from France,
Bidancl (1988, 1989) concluded that there was
little advantage in using the Mcishan at present,
bul that if a pure Meishan line were selected for
growth and carcass traits the advantages on a
15 year time scale would be great. However, it
is not known how much genetic variation exists



FUTLRE PIG BREEDING PROGRAMS

in the Meishan for growth and carcass traits and
there may be problems performance testing such
a sexually precocious breed which make selection

TABLE 2. THE PERFORMANCE OF F1 (MEISHAN X
EUROPEAN BREED) FEMALES AND THEIR
?25% ME SHAN CFFSPRING COMPARED
TO STANDARD CONTROL CRCSSES (BRUEL

difficult (Sellier and Legault, 1986).

In countrics where there is little premiwn paid
for lean meat, as is the case in the USA at
present, the use of the Metshan in crossbreeding
programs may be more inmediately attractive.
Several options have been explored ty McLaren
(1990) by simulation using the genetic parameter
estimates currently avaslable and under the eco-
rnomic conditions of the midwestern USA.
Mclaren (1990) concluded that the best cross-
breeding system which utilized genes from unim-
proved Meishan pigs  outperformed the best
system not utilizing Meishan gencs by about 67,
This conclusion must be regarded as tentative
until estimates of genelic parameters obtained
under US condilions are available.

Synthetic lines-One possible use of the Taihu
breeds would be as a component of a synthetic
line which also contained genes from Western
breeds. This maternal line would be selected on
a maternal index including both growth and

ET AL, 1986)
Fl (Meishan Contral
Trait x European dam
- dam) -

Number of litters (total) 22
Number born alive 133 10.4
Number weaned 11.0 9.0
Numter of animals 76 77
Daily gain (g) 836 858
Feed conversion ratio 307 3.00
Killing out (%) 77.1 778
Carcass lean (%) 49 4 53.6

a) Meishan x Large White

|

Terminal sire x FlI $
{Pictrain) J

Slaughter pigs

b) Meishan x Large White

FI & x FI %

1
| (Selection on a
: malernal index)
'
Terminal sire x Synthetic line £
(Pietrain)

Slaughter pigs

<) Meishan x Large White

Transgenic sirc x FI £
(Homozygous for
growth hormaone
transgene)

Slaughter pigs
{Hemizygous for
growth hormone
transgene)

Figure 3. Possible crossirg programs for the Ltilization of the Meishan pig. a) As one half af a mate-
rnal F1 crossed to a lean terminal sire to produce slaughter pigs. b) As a compcnent of a
synthetic lire seected on a maternal selection index and crossed to ‘ean termrinal sire to
precuce slaughter pigs. ¢) As pant of @ maternal line {an F' is shown here, but a synthetic
ine would be an alternative) crossed to a sire homozygous fcr a growth hormone transgenc
to produce slaughter pigs hemizygous for the transgene.
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carcass and maternal (raits. The staughter pigs
would be produced by crossing the maternal line
to a lean terminal sire (figure 3b). The advantages
of a svnthetic line over a purebred Meishan line
would be that it would be less costly to maintain
and select and there would be no shortage of
genetic variation, and possibly more than in either
purebred line. The preliminary estimates from
France and the U.K. suggest that a systhetic line
cantaining 50% Meishan genes and 509, European
genes would be expected ta maintain about 75
% of the Ntter size advantage of the Meishan
(i.e. have a litter size equal to that of 75%, of
that of the Meishan plus 25% of that of the
other breed in the synthetic population). The
carcass composition s likely (o be intermediate
between that of the synthetic line and that of
the terminal sire, but some heterosis for growth
rate is cxpected. Bidapncl (1988, 1989) concluded
that the creation of such a line is the best so-
lution in the medium term and it is known that
synthetic lines incorporating Meishan genes are
being produced in France (Krapoth. 1990; Looft
el al, 1990; Naveau, 1990).

senolype X environment interaction

Of increasing concern in recent years has been
the possibility of the existence of pgenotype X
environment interactions and their implication
for breeding programs (Webb and Curran,
1986). In the presence of genotype X environment
interactions the relative genetic merit of animals
may vary depending upon the environment in
which they are performing, and thus the genctic
correlation hetween the performance of the same
genotypes in different environments is low. Hence
animals selected in a nwocleus herd or at a central
testing facility may not provide genes which are
the hest passible for the commercial environment,
and genetic progress made in the nucleus herd
may not be seen in ¢ommercial herds. Possible
causes of genotype X cnvironment interaction
include differences hetween test and commercial
environment in feeding level (ad b versus res-
tricted), diet (cnergy and protein content), num-
bers in a pen {individual versus group housirg),
disease status and ages at measurement.

Whatever the causes of genotype X cnviron-
ment interaction, the magnitude of the problem
has vet (o be resolved. Earlier data reviewed by
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Webb and Curran (1986) reports some low genetic
cotrelations beiween test and commercial environ-
ments, but often such studies were siall and used
less good statistica) methodology than is now
available. Recent studies in large populations have
produced countrasting results. Merks (1989a) found
that, for daily gam, the genetic corrclation be-
tween animals tested centrally and on farm was
only low to moderate {0.30 1o 0.65), and that
between animals tested centrally and amimals
commercially fattened was very low or zero
(-0.4¢ to 0.17). For depth of back-fal Merks
(1989a) found low to moderate genetic correlations
between central and on-farm tested animals (0.3
to 0.7) and moderate genetic correlations (0.57
to 0.64) tor carcass characteristics measured
in central lest and umder commercial fattening.
On the other hand. Yan Dicpen and Kennedy
(1989) cstimaled correlations between central test
and on-farm (est of above 0.85 for backtat depth
and of 0.74 lor growth ratc. These latter corre-
lations were estimated using the latest statistical
technology with a large amount of data and
provide the best estimates to date. Crump et al.
(1990) used similar statistical tcchriques and
estimated thc genetic correlations between malces
and females reared in different environments for
measures of growth rate and ultrasonic fut depth.
All the cstimates of hetween-sex genetic corrcla-
tions within a trait were very high, averaging 0.9
for measures of fat depth and 0.91 for growth
rate, praviding little evidence for th¢ impartance
of genotype x enviranment interaction.

The conscquence of genotype X environment
interactions for pig breeding programs depends
upon their magnitude. If genetic corrclations
between central testing and the commercial en-
vironment are high, as estimated by Van Diepen
and Kennedy (1989) then they are of littde con-
sequence, and breeding programs based around
centrally tested pigs or nucleus populations will
be effective for the improvement of commercial
pigs. Alternatively, i’ the penelic correlations arc
only moderate or low, as estunaled by Merks
(1989a), then brecding programs will require ta
be redesigned to make them morc cffeetive. The
consequences of genotype X environment interac-
tion for the structure of breeding programs have
been considered by Brascamp ci al. (1985) and
Merks (1989b). Merks (I1989h) concluded that,
with thc magnitude of genotype X environment
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interaction he estimated, supplementing centrally
tested boars with paternal hall-sibs tested on-farm
could make approaching three times more genetic
progress Lhan the use of central testing afone.
With a single nucleus population, as in a breeding
company. large genotype X environmeni interac-
tions would make the use of A.L from nucleus
boars on commercial farms, with collection of
performance data on-farm, worthwhile. It s
fortunate that BLUP technology makes the in-
tegration ofitnformation from these several sources
feasible, at least in principle, although, to the
author's knowledge, no programs ol this type
have been initiated as yet. Fimally, as discussed
below, large genotype x environment interactions
would increase the relative worth of integrated
selection and production sysiems.  Whether ge-
nolype X environment interactions are of sufficient
magnilude to merit the redesign of breeding
programs will have to await the results of further
population and experimental studies, such as that
currently under way in the UK (Webb and
Curran, 1986, Cameron et al., 1988).

Breeding program struclure

Population structures in current use vary quile
widely. Breeding companics typically have a singlc
nucleus for each hreed, in which pervfarmance
testing, selection and breeding lakes place in a
single cnvironment. This nuclcus provides gene-
tically tmproved stock to the producer via one
or- more multiplier herds (Wehb and Bampton,
1988, figure 4a).  National schemes vary, but
usually ammals from scveral or many breeding
herds are evaluated at central testing [acilities,
with selected males often used on the national
herd by A.l. (Christensen ¢t al,, 1986, figurc
4b).

Several studies have demonstrated the additi-
onal improvement that can be gained by use of
BLUP breeding valuc cstimation, both in closed
nucleus herds (Belonsky and Kennedy, [988;
Wray, 1988) and in the context of a  national
program {Sorenscn, 19&&). These  benelits
derive from: (1) improved use of information {rom
relatives; (2) improved climination of bias due
to environmenital effects and genetic progress when
making comparisons bkelween animals and (3)
optimization ol replacement strategies (i.e. rep-
lacement of hreeding animals when animals of
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improved genetic merit hecome availahle). The
predicted rate of genetlic improvement using BLUP
compared to selection indices could be increased
by up to 25% for traits of low heritability
(Sorensen, 1988, Wray, 198%; Robhe et al., 1990).
However, in an  aheady well  designed breeding
program the increased genetic progress obtained
by the use of BLUP may be no more than 5
to 109,

BLUP allows improved .rafes ol genetic im-
provement within current breeding programs, but
il also permits a wider range of structures to be
feasible (Webb and Bampton, 1988). With con-
nections between different herds provided by genetic
links, for example by A.l.,, BLUP allows unbiass
ed comparison aof animals from different herds
and genetic information 1o be accumulated over
herds. In a breeding company, this allows the
nucleus to be expanded (0 a ‘group nucleus’,
incorporating scveral herds and including what
were formerly multiplier herds (Webb and Bamp-
ton, 1988). This Jarge nucleus of around 1000
sows now provides sufficient information [rom
relatives for accurate evaluation of traits of low
heritability. such as litter size or sow longevity.
At the same time, group nucleus herds are of
sufficient sizc to reduce problems of inbreeding
which might otherwise accompany the use of large
amounts of family information. This makes
possible the adoption of seleclion schemes as
suggested by Avalos and Smith (1987) and thus
facilitates the development of specialized dam
lines.

In a national breeding program BLUP could
make the traditional role of central testing stations
absalete (Sorensen, 1988; Webb and Bampton,
1988). With adequate links belween producers’
farms by A.l, BLUP makes possible unbiassed
selection following on-farm performance testing
and sow performance recarding. This may allow
an incrcase in the rate of genetic progress of
around 207% (Sorcnsen, 1988). Additional advan-
lages will, accrue if genotype X environment
intcraction is important, as integration of on-farm
data will enhance the prediction of breeding
values for the {arm environment (Merks, 1989b).
Whether central test facilities would have a role
in such a scheme, for cxample to provide more
accurate measures of carcass conformation or to
link herds together more firmly, is uncertain.
However, as BLUP and electronic ideptification
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Figure 4. Current and future structures of e pig breed ng prograr. a) Typical breeding company struc-

ture with a single nucleus populatior for each line where performance testing and selection
takes place and seéveral multiplier Ferds producing puretired and crosshred animals for sale
to commercial farmers. b) An example of a nationa! breeding program with a number of
breeding farms for each line which produce purebred an'irals (and possibly crosshred fema-
les) for commercial farmers. The breeding famms select their owr female replacements and
provde males to central testing stations. Males se ected aftcr central festing prov de genes
to the breeding and commercial farms via Al. ¢) A potential future struciure fcr bcth breedirg
companies and national breeding pragrams with a numher of breeding farms for each line
providing purebred males and crossbred fema'es to commercial farmers. The breeding farms
are genetically lirked through selected mazales used at an Al centre and this cenfre may also
provice geres to the commercial farmer. Selecticr of females within breeding farms and males
across breeding farms is by BLUP, with information on all aspects of performance being
co lected from all levels ¢f the structure including the slzughtar house.

and recording systems become further advanced
the role of centrai (est facilities may become
further marginalised, with carcass and meal
quality data bcing automatically coliected at the
slaughter house and integrated into breeding value
prediction.
Ultimately,

the and

sttucture  of  pationdl

company breeding programs could converge. Both
might coasist of a2 number of herds genctically
linked by AL in which selection takes place
and which produce breeding stock for commercial
farmers, Breeding value prediction for a given
fine will take place centrally with data from a
number of sources (eleciranically recorded per-
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lormmance test and 2 vivo carcass assessment from
the breeding flavm, slaughter house carcass and
meat quality data, data or reproductive perfor-
mance. data from commercial farms, etc.) being
incorporated as appropriate for the line in ques-
tion (i.e. maternal component ov sire line) ustng
BLUYP (figure 4c). National and company pro-
grammes will still differ in scale, in the stimulus
they receive from outside competition, their ability
to respond to changed circumstances, the degree
of control they can excicise over Ihe breeding
programme and the extent to which they are
answerable to the commercial farmer and the
consumer. Although national schemes may have
the potential to out perferm company schemes
in consequence of their shear scale, whether they
ever have the stimulus and flexibility to da so
is uncertain.

of national
or breeding compaay is that of sclf-contained
farms where selection takes place in house
{Hargreaves, 1984; McPhee, 1984). The advantages
of such a system include lower costs of replace-
ment stock and less potential risk of disease as
no animals are beught in. A further advantage
may be thal as animals are selected in the same
environment as that in which the staughter pigs
are producad, problems of genotype X environ
ment interactions are minimized (sece above),
Howevcer, the selection objectives may be limited
by the dilfliculty of measuring tratts and the cost
of setting up and supporting such a scheme may
be prohibitive for the smaller producer lacking
specialized breeding knowledge. In the smaller
herd it is not possible 1o maintain and select
imore than a single breed and two-breed synthetics
may be uscd und then some loss of helerosis is
experienced. In a tarm with several hundred or
thousands of sows these limuations do not apply
and turnover iy likely 1o be sufficient to support
selection in two breeds allowing the nse of I¥1
sows and backcraoss slaughter pigs.

The spread of BLUP and eiectronic recording
iechnology may make the integrated breeding and
production farm more widespread. Computerized
herd recording schemes are already coimmon place
and records of sow performance in these Combin-
ed with simple performance recording  would
provide the data for an effective improvement
program. Electronic feeders are already finding
their way onto farms and further developments

A further structure outside that
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on these are under way to make them capable
of recording feed intake and weights of individual
animals, providing information on both prowth
rate and feed conversion efficiency. This could
be further enhanced by the use of ultrasonic fat
measures.  As slaughter houses become mote
advanced, further information on carcass confor-
mation and meat quality is being collected. With
effective animal ideantilication this information
can be returned to the farmer and incorporated
into a hreedimg value prediction pragram. There-
fore the information will be available to produce
cffective improvement programs on-farm  and
B1.UP technology will be capable of integrating
this information in the most effective way. Fur-
thermare, within a gtven structure {i.e. population
size, hoar to sow ratio ¢tc.) BLUP can auloma-
tically optimize progress hy dictaling replacement
of breeding animals when others of higher
breeding value become available. Thus the com-
bination of clectronic recording and BLUP may
mean that farms of a reasonable size can run
their own breeding programs without a great deal
of specialized knowledge.

Future Possibilities
Genome mapping

A genetic map would be made up of linked
polymcrphic marker loci approximately cvenly
distributed through the genome and is made
possible by the availability of large numbers of
genetic markers based on DNA polymorphisms
(e.g. RFLPs and VNTRs). There are several very
good reasons for the production of a genetic map
of the pig, thc polential benefits include :

— It can be used to help us understand the
causes ol genetic variation in economically im-
portant quantitative traits and the contributions
and interactions of individual gencs, This could
lead to improved methods of selecting animals.
— It can be used lo improve breeding stock by
the manipulaticn of idenlified quantitative 1ratl
loci (QTLs) within and hetween breeds using
marker assisted selection (i.e. by selection of
markers linked to valuable genes rather than by
direct selection of the genes or of the phenotype
they produce).

— It may he possible to use the map position
of QTLs and other genes as a starting point from
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which to clone these genes using ‘reverse genetics’.
This will enable study of the action af these genes
and provide the raw material for future transgenic
programs.

— The map will allow the study of the compa-
rative genome organization of the pig and other
mammals to be studied and evolutionary relation-
ships to be investigated. Tt may also allow the
development of porcine models of human disease
which will ultimately benefit the treatment of these
diseases.

It 15 expected that the genctic map length of
the pig will be found to be about 30 Morgans
(i.e. similar to that of man) and thus 150-200
polymorphic molecular genetic markers will ulti-
mately be needed for a map with 20 centiMor-
gans between markers. In addition to IINA
polymarphisms, all other polymorphic loci (e.g.
blood groups or proteins) could be mapped, many
far the first time. As the map is being constru-
cted, or at a later date, individuals are measured
for a varicty of performance traits {e.g. growth
rate, litter size, disease resistance, ¢lc.) which
enables identification of QTls linked to the
marker loct. Physical mapping, using hybrid cell
lines and in siu hybridization, is used to place
detected linkage groups on particular chromo-
sames or chromosomal regions.

Our understanding of the genclic architecture
of variation for economically important traits is
very poar. Present technigues are not capable
of showing whether appropriale models should
be based on a few genes or a few tens of gencs.
Using the genetic map and statistical techniques
currently being developed (Lander and Bot-
stein, 1989) it will be possible to delect and map
QTLs of maoderate or large effect. This will show

for the first time Lhe extent to which genes of

this size contribute to genelic variation in econo
mically important traits and will also tell us the
genomic orpanization of the loci involved. At first

the techniques will be applied to the study of

the large genctic differences which exist between
breeds. As the genetic map and techniques become
mare rcfined, it will also be possible to study
the causes of genetic variation within breeds or
lines and show whether this is controlied by the
same loci as between breed variation.

The identification and measurement of linkage
relationships between QTLs and marker loc
allows the use of marker assisted selection
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(Soller and Beckmann, 1987). Animals are selected
on therr genotypes at marker loci as well as on
their phenotypes. Marker loci could be used to
dclimit those portions of the genome that are
required Lo be (ranslerred [rom onc breed to
ancther. This method might he used to transfer
genes for [itter size or early puberty f{rom the
Meishan breed into lcaner Western breeds, or
genes for diseage resistance, etc. from other bree-
ds. The method used would be to idenlify
markers flanking the QTL of interest and then
backcross the QTL allele into the uucleus popu-
lation. Selection on the markers is used to sclecl
the scction of chromosome c¢ontaining the QUL
allele of inlercst whilst at the same time main-
taining the majority of the genome from (he
nucleus population (figure 5} This is much morc
cfcctive than relying on phenotypic selection to
maintain the frequency of the QTL allele (Soller
and Heckmann, 1987). The technique is already
finding use in plant breeding, for example, a
RFLP based geactic map has been produced
for lomatoes and has been used to map QTLs
of commercial importance with a view lo pro-
ducing a commereial variety by combining the best
alleles from two species (Paterson ¢t al., }989).
The potential valne of Ihis technique is large
for example if the gepetic map enables genes
controliing half the additional prolificacy of the
Meishan te ke transferred into European pigs
(i.e. increasing the size of their litters by 2 pigs),
this would reduce pig production costs by over
£30 X 10° per annum in the UK. and by over
£200 x 10° per annum n the counlries of the
EEC. As techniques improve, marker assisted
selection could be applicd within breeds, poten-
tially leading to significant improvements in selec-
Lion responses.

In the longer term, it may be possible to
isolate and clone QTLs known oniy by their map
position. Such ‘reverse genetics’ has been success-
fully applied 'to clone disease loci in man (e.g.
as has been done for cystic fibrosis, Riordan et
al, 1989). Once claned, the siriuclure, expression
and (unction of the foci can be studied. This
lechnique wiil rcveal some of the genes which
have yet Lo be located {estimated to he more than
959, of all genes) and provides potential material
for other developments, such as transgenic pro-
grams. Additionally, the alignment of the porcine
and human maps will allow (he development of
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— T —TTr—1=] one another and sclect
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Ab AdE FGHI I introgressed gene using the
flanking markers

Figure 5. The intregression of a valuable quantitative trait locus (QTL) using marker zssisted selecton.
A genetic map of markers {A, B, D, E, F, G, H, ', J) has been produced. The QTL (A, &) has
heen lacated between the B and D marker laci (e. g., by study of & large F2 population, note
that individuals can not he genotyped for the QTL directly). The QTL has an alele of value
() in the P2 line, which needs to be introgressed into the P* line. Repeated backcross.ng
with selection on alleles framr the P1 ine for ali markers except those flank.ng the QTL ach-
ieves this efficiently.

models of human disease which can be experi Producing a genctic map of the pig-A preli-
mentally manipulated, as s already happening minary RFLP map of man has been produced
with maljgnant hyperthermia {(halothanc sensiti- {Donis-Keller et al., 1987). This provides a fou-
vity/PSE in pigs). ndation upon which to build genelic maps ol
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other mammalian species as human DNA probes
are likely to detect homologaus DNA scgucinces
in other marumals, but the propartion that detect
RFLPs has yet to be determined. Conservation
of linkage relationships between man and other
mammals (Nadcau, [989) enables human DNA
probes to be selected which are distributed evenly
across the genome. However, mapping other
mammalian genomes will be a major project
requiring collaboration between lahoratories in
several countries.

T'he pig has several advantages far gene
mapping such as a short generation iaterval and
large full-sib family size. Unlike cattle, sheep and
poultry, the pig has a well defined and easily
determined karyotype with high resotution hand-
ing, making physical mapping more tractable,
especially by in situ hybridization (Yerle et al.,
1986; Chowdray et al., 1989). Finally, the forward
looking pig breeding organizations in Europc
mean that advanced techaiques, such as marker
assisted selection, are likely to be exploited [n
future.

An ideal tool for the production of a genetic
map is a cross between two diverse strains which
differ in allele frequencies at individual marker
loci. This increases the number of animals which
provide information on linkage in the F2 (at the
extreme, when the two strains are fixed for dif
ferent alleles at a marker tocus, all Fi matings
are informative). Additionally, a large phenotypic
strain difference means that QTLs sepregaling
in the F2 cross between strains can be mapped.

Three diverse pg stocks are the Chinese
Mecishan, Europcan commcreial Jines and  the
Enropean Wild Boar, [nsufficient information is
avatlable to compare the 3 stocks directly, but
the genctic distance between the Meishan and
European breeds is large (Qishi et al., 1989). At
the phenotypic level, the Meishan differs from
European breeds for many traits (409, pgreater
litter size, with advantages in ovulation rate and
prenatal survival, puberty at less than half the
age. resistance to stress and K88 K. eopli, docile
temperament, slow growlh rate and tiwice the
sihhcutaneous fal thickness, Bidanel ¢t al,
1989), and the European Wild Boar is dilfferent
again for traits inciuding litler size and seasonality
(Spitz, 1986). Therefore crosses between pairs of
these breeds will provide a good foundation for
the production of a marker map and the mapping
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of QTLs. Ultimately, there js the possibility of
studying the function of individual QTLs or of
using marker assisted sclection (o cross potentially
valuable Meishan or Wild Boar QTLs into
European breeds {or vice versa).

The Furopean PIGMaP project-Researchers
in 16 laboratories in Europe are just initiating
a collaborative project to produce a genc map
of the pig (Haley et al, 1990). An outline and
timetable of the Pig Gene Mapping Project
(PitiMaP) is shown in figure 6.

For genelic mapping the fust priority 1s the
accumulation ol cloned NNA sequences (probes)
detecting RFLPs between the foundation breeds.
These probes would be a mixture of porcine
coding sequences and heterclogous sequences, the
former would be isolaled using standard techni
ques (Schumm et al.. 1988; Bowden ct al., 1989)
and the latter would be largely from man and
which had already been placed on the human
map. The markers detected wouid largely be
di-alielic, but their human map position and
assumed human/pig syntenic .conservation would
enable them to be selected so as to be approx-
imately cvenly spread through the pig genome.
These markers would be used lo assess the degree
of genetic divergence between the foundation
breeds (European commercial stocks, European
Wild Boar and Chinese Meishan). This would
determine the most usefui crosses and the degree
of complementarity between the various crosses.

Ultimately, the genetic map should be com-
posed of highly polymorphic loci in order to make
it informative lor work within breeds as well as
between breeds. VNTRs, either based on mini-
saleflite or microsatellile sequences, provide such
loci. Minisatellite sequences would be used to
screen  pig genomic libraries to provide locus
specific probes Tor the detection of RFLPs on
Southern blots (Jeffreys et al, 1985, Nakamura
et al, 1987). VNTR loci based on sunple oligo-
nucleotide scquences (microsalellite sequences) are
also highly polymorphic and may have a more
random distnibution than minisatellite sequences,
arc amenable to PCR typing and are found in
many specics (Litt and Luly, 1989, Wcher and
May, 1989; Tautz, 1989).

Di allelic and VNTR markers . would be a-
ssessed on F2 reference familics (50-100 F2 indi-
viduals per pgroup) to confirm monopenic segre-
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Meishan and Large Write).

gation of the markers and to detect close linkage
or allelism between markers. Polymorphic markers
would be exchanged between collaborating groups
and linkage accumulaled over all
groups af reference families. This wauld provide
a powerful tesi for linkage and allow comparison
of distances in different types of crosses (e.g
Meishan x Large White versus Wild Boar X
[arpe White) to provide further information on
comparative genomic organization.

Physical mapping will be performed using two
techniques JFn sie hykridization cf cloned genes

information
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In crosses between diverse strains (e.g.

on metaphase or prometaphase chromosomes
allows precise localization of cloned genes within
chremosomal regions. The ratonalizalion of the
panels of hybrid ccll lines which contain different
cembinations of porcine chromosomes makes il
possible to rapidly assign cloned seguences te
chromaoscmes. The availability of porcine cell lines
and animals carrying chromosomal translccahans
will he particenlarly useful.

The porcine karyotype is particularly snited
tc FACS chromosome sorting (Grunwald et al.
1989) and a dnal laser FACS sorted fow kar-
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yotype will be developed within the project. This
will enable the distribution of (ilters carrying
FACS sorted chromosotes to participants 1o
allow rapid assignment of cloned sequences to
chromosomes. The isolation of chromosome
specific markers and future attempts to isolate
coding sequences associated with QTLs will be
geeatly aided by chromosome specific libraries,
and the production of these for selected chro-
mosomes will also be undertaken.

The final part of the project will be the ini-
tiation of {he experiments required to map QTLs.
This involves the development of the computer
technology, the coordination of the traits lo be
measurcd at participating centres and the initiation
ol the crosses. It is anticipated that the genoty-
ping and perfonmance testing of the animals in

this part of the project and (he mapping of QTLs
will be undertaken in the years 1993 to 1993,

Transgenesis

The impacl of direct manipufation of the
genome by molecular genetic means of animal
breeding prograins could be large in the longer
term  (Pursel et al., 1989; Clark, 1990). At
present techniques in (arm animals are linited
to the additton of extra genes o the germ line.
This is achieved by direct injection of scveral
hundred copies of a gene construct directly into
the nucleus of an early embryo. The percentage
of injected embryos which sarvive (o become
‘transgenic’ offspring is low, making the techni-
quc expensive, . and expression of the inserled
genc is variable. Research is being pursued to
overcome the limitations of the techniques avail-
able for farm ammmals (Wilmut and Clark, 1990).
In future the techniques are likely to become
morc cffective and it may became possible to
more precisely target changes, fo turn off or
downregnlate endogenous genes and to regulate
expression of (ransgenes,

The techniques for genciic engineering arc
gradually becoming available, but as yet there
are very [ew genes that are potential targets for
wanipulation. Maost of the work in pigs so far
hag followed the lead provided by the demons-
tration of the dramatic effects on growth of
additional copies of the growlh hormone gene
in mice. Thus constructs used have largely been
based on growth hormone or growth hormone
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releasing factor {Pursel ¢l al., 1989). Pigs expre-
ssing growth hormone transgenes have been found
to grew up to 15% faster, be up to 8% more
efficient, and have markedly reduced levels of
subcutaneous fat compared 1o litier mate controls.
However, at tlie samc time these animals have
depressed  appetites and a marked decline in
general fitness (Pursel et al., 1989).

The effects of growth hormone transgenes are
similar in magnitude to the effects of injections
of expgenous growth hormone (Evock et
1988). The improvements in efficicncy achieved
by additional growth hormone are probably duc
largely to improved partitioning of energy from
{at to lean deposilion and bencfils may be less
in the (eaner genotypes used in Jiurape than they
are m the U.S.A. However, the benefits ot exo-
genons growth hormone are at least as great in
pigs containing a praportion of genes  from in-
digenous Chinese breeds as they are in U.S. breeds,
with increases in feed cfficicncy of up to 30%
and no significant decrease in feed intake (McL-
aughlin et al, [988). This sugpgests that an effe-
ctive route to the utilization of prolific Chinese
breeds could be their combination with growth
hormone transgenics. For example, an F! mate-
rnal cross of which one component is the Mei-
shan pig could be complemented by a transgenic
sire line, with piglets produced in large Dhiters
with low overhead costs but growing rapidly and
efficiently (figure 3¢).

Other prospects for the use of transgenesis
in pig breeding programs are available. Disease
resistance may be amenable to genetic manipula-
tion, and a gene for resistance (0 influcnza type A
has been isolated {rom mice. This strain of
influcnza also infects pigs, causing growth retar-
dation and, rarely, mortality. Attempts are now
being made to produce pigs ransgeric Jor the
Imouse resistance gene which are themselves res-
istant 1o the virus (Brem et al, 1988; Brenig et
at, 1990).

Another possibility may be the enhancement
of the pigs digestive capabililies 1o enable i1 to
digest lower quality feceds and wasle products
more efficiently. Pigs are monogastric and digest
cchulose poorly, however, genes for the enzyme
cellulase. which breaks down cellulose to simpler
polysaccharides, have been isolated from bacteria.
Attempts are now being made at our institute
to produce transgenic mice which produce ceilu-

al,
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lase specifically in the pancreas for secretion into
the small intestine. If this proves successful, it
could be a route to enhancing digestive efficiency
in pigs (Hazlewood, 1989).

Prospects {or the improvement of porcine
reproduction via transgenesis are currently distant,
Although it can ke envisaged that ovulation rate
might be increased by maolecular genetic manipu-
lation, thiy is ualikely w increase litter size
because, as discussed earlier, prenatal survival
is the main limiting faclor in pigs. Research has
indicated some areas of promise, in particular.
the profiles of estradiol and progesterone may
be associated with the recognition of pregnancy
and prenatal suervival, additionally, genes of major
effect on prenatal survival linked to the porcine
major histocompatability comiplex may exist
(Wilmut ct al, 1990b). However, all of these areas
require further research before larget genes for
transgenic programs can be identified.

Inlegration of transgenics in brecding progr-
ams-Al present it is only possible to cenvisage
limited goals for transgenic programs. [t is |likely
that molecular genetic techniques will be used
to tackle specific problems, whilst at the same
time selection utilizing the latest statistical and
computing technology will be used to improve
the remainder of the genome, This in itself will
reguire some agility by animal breeders, as po-
tentially large changes to single (raits may radi-
cally change selection objectives in the remainder
of traits and may cven alter genelic parameters
and genelic relationships between traits {Smith
et al., 1987). If growth hormone transgenics prove
viable in breeding programs, selection effort is
likely to shift away from lean growth efficiency
towards Improvements in reproduction, meat
quality and gencral health.

The introgression of (ransgenes into a nucleus
population already under selecticn will nced to
be done with care. Until transgeaic technology
has heen radically improved, cach (ransgenic
animal is unigue, with the effects of the transgene
depending upon insertion site, expression and copy
number.  Several different transgenic founder
animals may be produced with the same gene
construct and the effects of the particular trans-
gene will rcquire to be tesied and compared in
both their hemizygous and homozygons form i

descendants of the founder animals (Smith,
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1988). The selected transgene can be backcrossed
into the nucleus population, but this will requirc
several generations In order to rccombine the
transgene from its background genoclype and avoid
inbreeding.

Smith et al. {1987) consider that, with rates
of genetic improvement tn the nucleus of 1-3%,
per annum  achievable by selection and several
generations required 1o test @ transgene and
introgress it into the nucleus, an economic imp-
rovement of at least 5-10% due to the transgene
is required before its use is worthwhile. Tlis may
be too pessimistic. for the backcrossing phasc
wil) reduce the genetic lag betrween the transgenic
stock and the nucleus population (figure 7).
During the period of introgression, sclection would
be continuing in the nucleus population and the
intensely  selected the nucleus
population would be crossed to hemizygous (ra-
nsgenic females and the backcrossing repealed
with their daughters. Producing (ransgenic animals
in stock from the nucleus population reduces the
number of rounds of backcrossing required, but
transgenes contained in less advanced stock can
be introgressed in a similar manner by several
rounds of backcrossing to  nucleus  males.
After the backcrossing phase a final round of
inter s¢ mating 15 required to preduce homo-
zygous animals, in this gencration, selection opp-
ortunittes will be absent in females and limited
in males. Nonetheless, the total genetic lag is
likely to amount to less than (wo generalions
whether the transgene was orviginally present in
nucieus stock or in less genetically advanced
stock. With cconomic merit increasing by the
order of 1.8%, per annum (gencration) in the UK
{Mitchell et al., 1982), transgencs which improve
cconomic merit by the arder of 5% would be
viable. Additionally, when a porcine penetic map
is available, polymorphic markers flanking the
sitc of insertion of the transgene can be used
to aid the recombination of the transgene from
the genetic background of the founder animal
in order to further minimize genetic lag and speed
the introgression of the transgene into the nucleus
population.

males used in

Conclusions

The main focus in pig selection programs has
been on the efficicncy of lean growth. This has
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F gure 7. The introgression of @ transgene in a pig nucleus population. Economic merit in the narmal

nucteus populatian is increasing at 225 per annum. The first transgenic animals are born In
generation | end 2re progeny of e'ite srées and dams from the rucleus populztion, In gene-
rations 2 to 4, trarsgenic animals are performance tested ir hemizygous and homozygous form
and a transgene of net eccnomic benefit 424 in hemizygous form and &%z in homoz) gous form
is selected. In generation 4, transgenic females are backcrossed to elite siras, their transgenic
femaie offsping selected ard the process repeated up to generation 7. In generation 7, hemi-
zygous males and females are selected and mated, and homozygous transgenic offspring used
to praduce the new transgenic nuc'eus in which selection continues. In this exampgle kackeross-
ing occurs after the testing of transgenic arimals, but it would be passible to perform the
two processes simultareously in generations 2 to 4, Although this wculd nat réduce the ulti-
mate genetic lag tetween the nucleus population and the background genotype of the trans-

genic animals, the time taken for the introgression process would be reduced.

resulted in pigs which convert feed more efficiently
and thus produce cheaper pork, which is aiso
fcaner and more altractive to the consumer, The
advent of new technolagy is having the effect
ol broadening the objectives in breeding proprams.
Chief amongst these new [echnologies is best
linear unbiased prediction (BLUP) of brceding
valaes, which in principle allows information to
he incorporated from many sougces in an opti-
mum way, BLUP is now beginning to be incor-
porated into pig brecding programs. Specialized
sire and dam lines are being deveioped and BLUP
facilitates the (ncorporation of litter size and other
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reproduction traits in the objectives for dam lines.
Genes from prolific Chinese pigs such as the
Meishan are likely to be incorporated into dam
lines 1o further enhance their performance. Tech-
niques for carcass assessment are becoming more
refined, and it is [ikely that carcass, meat and cating
quality will become increasingly important objec-
tives in brecding programs. This trend will be
further stimulated by increased automation of
carcass grading in slaughter houses, with identi-
fication of individual carcasses and payment to
the producer based on quality.

BLUP combined with genetic links achieved
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through Al increases flexihility in the design af
breeding prograins. This will be fortunate if
further research proves thal genatype x environ-
ment interactions are a major problem, as incor-
poratian of performance data from several tiers
of the breeding pyramid may bhe required to
eftectively predict the hreeding value of nucleus
animals.

Future developments are hikely (o include the
use of marker assisted sclection and the
paration of transgenics inta hreeding programs.

meor-

Marker assisled selection has the ability to faci
litate the introgression of genes of wvalve from
cne hreed into another, but requires the develop-
ment of a gene map of the pig. Several labora
taries acound the world are working on a porcine
gene map, and its completion on a five year fime
scale can he envisaged. Few genes are currently
use in
several possihilities are being explored Growlh

available for transgenic programs, bul
hormene transgenics have increased efficiency and
content. If it proves
control cxpression, growth hormone transpenics,
possibly combined in a
Meishan pigs could prove tc be a practical sys
tem. However, testing and cvalualion of systems
mvolving transgenic animals will require 1o be
carefully carried out and only transgenes providing
improvements

reduced fat possible  to

system  with prolific

reasonable  overall i ccopomic

returns will he viable.
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