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SUMMARY

With long and intensive selection for a limited number of traits there is a 
risk of reaching biological limits and a reduction of further genetic gain. An 
example is the use of selection indices in pig breeding to improve growth, food 
efficiency and slaughter quality, resulting in a reduction of food intake capa
city if selection emphasis on growth is too low. A low food intake capacity may 
become a limitation for optimum improvement of lean tissue growth rate.

Probably, administration of recombinant porcine somatotropin (rpST) and, to 
some extent, transfer of (foreign) somatotropin genes have similar effects as 
long term index selection and can, therefore, possibly serve as a model with 
regard to the biological limits that could be expected with index selection. With 
both biotechnologies food intake capacity is reduced. Normal doses of rpST during 
the growing and finishing period did not indicate that limitations as leg 
weakness, stress susceptibility or health problems should be expected. However, 
rpST administration at older ages or very high doses of somatotropin, as arise in 
transgenic animals, coincide with serious problems concerning fertility, health 
and longevity. This illustrates that with application of new technologies and with 
classical index selection, sufficient attention should be paid to underlying 
biological processes.

To optimize selection for food intake capacity a biological approach is intro
duced, assuming a linear-plateau relationship between protein deposition and food 
intake. Economic weights were calculated for minimum fat to protein deposition 
ratio (R) and maximum protein deposition (Pdmax). The optimum food intake is the 
intake that is just sufficient for Pdn,ax. The optimum change of food intake 
capacity depends on levels and changes of R and Pdn^, and can be achieved by 
index selection based on desired gains, If food intake capacity is optimum, the 
total genetic response from selection for growth, food efficiency and slaughter 
quality is lower than before.

INTRODUCTION

Genetic improvement of growth and food efficiency in growing pigs is mainly 
based on the application of selection index theory in central test stations. This 
classic selection system undoubtedly resulted, and still results, in a steady 
genetic response (Smith, 1984). However, there are indications that with a fast 
genetic change of a restricted number of selection traits, other traits become a 
limiting factor for further progress. As examples of possible limiting factors in 
pigs leg weakness, health problems and stress susceptibility can be mentioned.

Less harmful for the animal, but unprofitable for the breeder may be the 
possible decrease in food intake capacity if selection is based on a breeding 
goal containing the usual production traits and economic values (Smith and Fowler, 
1978; Mitchell et al.. 1982; Ellis et al. 1983; Hong, 1985; Brandt et al.. 1985; 
Webb and Curran, 1986). This is probably caused by the relatively high economic 
values for carcass leanness and food conversion ratio compared with that for daily 
gain. Also the relatively high heritability of leanness contributes to a 
comparatively great selection emphasis on that trait at the cost of daily gain and 
food intake. Future improvement in overall economic value from reduction in
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fatness and in voluntary food intake is expected to be limited. On the long term, 
improvement should come from an increase in the rate of lean tissue deposition, 
which must be accompanied by a controlled increase in appetite (Fowler, 1986; 
Webb, 1986). Therefore, there is general agreement that food intake capacity (FIC) 
should not decrease further in order not to limit genetic response for lean tissue 
growth rate.

The examples above indicate that for optimum selection on the long term more 
knowledge is needed about the underlying biological processes responsible for 
production in pigs. If those processes are better understood, it may be possible 
to use them in selection and to avoid undesired surprises as effect of one-sided 
selection.
Undesired effects are particularly debatable when regarding possible applica

tions of molecular genetics, such as gene transfer, with the intention to improve 
production. Most of the present results of transgenic pigs carrying exogenous 
somatotropin genes clearly demonstrate that more knowledge is needed about the 
regulation of gene expression. Simulation experiments with administration of 
somatotropin to pigs of different ages and studies with transgenic mice will help 
to learn more about effect and framework of gene regulation.
This paper deals with some biology orientated approaches to improve production 

traits in growing and finishing pigs. Firstly, the use of a biological growth 
model will be demonstrated to get more insight in optimum selection for food 
intake capacity. Secondly, some desired and undesired results of somatotropin 
administration to pigs will be presented and effects of gene transfer in pigs and 
mice will be used to illustrate the risk for undesired effects if genetic changes 
are very drastic.

OPTIMIZATION OF SELECTION FOR FOOD INTAKE CAPACITY

Introduction
A major problem regarding the selection for food intake capacity (FIC) is the 

quantification of its economic weight, especially on the long term. This is 
difficult because the economic value of FIC seems to be far from linear and it 
depends to a large extent on the levels of other performance traits. Optimal 
weights of breeding goal traits are usually derived with an economic model. With 
such a model, FIC has a negative economic value, because extra food increases 
costs of production.

Kalm and Krieter (1985) and Krieter (1986) discussed four genetic ways to avoid 
a further decline of food intake capacity:
1. Restricted selection index with response for daily food intake restricted to 

zero change.
2. Higher economic weight on daily gain.
3. Selection for lean tissue growth rate.
4. Different weights on food intake in different parts of the growing period 

(higher at the beginning, lower at the end).
Krieter (1986) stated that at present the simplest way to counterbalance reduc
tion in food intake is to put more emphasis on growth rate. According to Brandt 
(1987), direct use of FIC in a selection index is not possible because there is 
no economic weight available for this trait. In biological growth models a lot 
of knowledge about biological processes in animals can be combined. This could 
probably help to optimize selection for FIC.

The linear-plateau concept
Whittemore and Fawcett (1976) and Whittemore (1983) presented the so called 

linear-plateau relationship between daily protein deposition (Pd) and daily food 
or energy intake (Figure 1), which has been confirmed to a large extent by
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Campbell et al. (1985). In this relationship four parameters can be distinguished: 
food intake (FI), maintenance require
ment (M), maximum protein deposition 
(Pdju^) and minimum ratio of fat to 
protein deposition (R) which is related 
to the slope a. FI0  (optimum FI) is the 
lowest FI resulting in Pdmax.
Assuming a constant protein gain 

during the growing and finishing period 
and M to be a function of protein mass 
in the body, Kanis (1988) presented a 
relatively simple growth model to 
estimate production costs at various 
levels of FI, Pd,,,^ and R. From those 
production costs economic values for 
FIC, Pd^gjj and R could be derived. When 
regarding FIC, Pd^^ and R as possible 
breeding goal traits, strategies can be 
developed to optimize selection for FIC 
in combination with selection for Pd^j^ 
and R.

Economic values
To calculate production costs, certain assumptions had to be made for, among 

others, metabolizable energy needed per kg of protein and fat deposited, percent 
gut fill, percent protein in lean body mass, dressing percentage, percent lean in 
lean body mass, fat mass at start of the growing period, costs of pigs and food 
and the differential income per percent lean in the carcass. Meat quality aspects 
were not incorporated.

The effect of FI on total production 
costs per pig corrected for carcass 
lean percentage (CPC) is presented in 
Figure 2 for R-l and Pd,,,^ is 100, 130 
or 160 g/d. The break-points in the 
curves coincide with FIQ . The effect of 
a higher Pdj,,^ is that FIQ occurs at a 
higher FI and is accompanied with lower 
costs. From Figure 2 the economic value 
of FI (with ad libitum feeding FIC) can 
be derived. The effect of one unit 
increase of FI on CPC with fixed R and 
Pd^ax depends on the location of the 
break-point in the Pd curve. If 
FIC<FIQ , then an increase of average 
FIC of 0.1 kg/d reduces CPC by about 
10 Dfl (at R-l and FIC-2), which cor
responds to an economic value for FIC 
of 100 Dfl per kg/d. This value is 
higher at low levels of R and FIC, and 
does not depend on Pdj,^. If FIC>FI0 , the economic value of FIC is about -40 Dfl 
per kg/d (with P<Vax“P3° and FIC-2.3). This value does not depend on R, and 
becomes less negative at higher levels of FIC and more negative at higher values
° f  P< W

levels of Pd̂ jgj; (g/d) and R equal to 1.0.
-------- = pdmax-10°; ........ =
Pdmax-13°: .......  : Pdmax-lSO.

FIG. 1. The linear-plateau relationship 
between protein deposition and food 
intake. M is food intake with zero 
protein deposition and FIQ is minimum 
food intake to realize maximum protein 
deposition (PcL ).
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The effect of P ^ax on CPC, with 
different FICs is in Figure 3 (R-l). If 
FIC<FIc (e.g. FIC-1.7 kg/d and Pdmax>90 
g/d), then the economic value of Pd^x 
is zero because Pd^gx has no effect on 
Pd with low FI. If FIC>FI0 , the econo
mic value of Pdjggx depends on the level 
of Pdjggx and the level of FIC (higher 
at lower levels). A value of 1 Dfl per 
g/d appears to be reasonable for the 
economic value of Pdjggx (with Pdgjgx-130 
and FIC-2.3).

The effect of R on CPC is in Figure 
4  <for Pdmax-13°. FIC-1.8; P d ^ - n O ,
FIC—2 . 6  and Pd^-ieO, FIC-2.6). If 
FIC<FIQ , R has effect on Pd (see Figure 
1) and the economic value of R is non
zero. With increasing R, FIQ also 
increases and may become greater than 
FIC, resulting in a non-zero economic 
value for R. At R—1, Pdmax” 130 and FIC—1.8, the economic value of R is about -70 
Dfl per unit, and this will be more negative at lower values of R.

The economic values were derived for 
ad libitum feeding (FI-FIC). If 
FIC>FI0 , then restricted feeding can be 
economically attractive. Assuming that 
the (restricted) feeding level is al
ways kept at the optimum (FI-FIQ), 
economic values for Pdmax and R can be 
derived for restricted feeding. An 
increase of Pdmax from 130 to 131 g/d, 
with R-l, decreases minimum production 
costs from about 294.50 to about 293.70 
Dfl which corresponds to an economic 
value of 0.80 Dfl per g/d. This is 
lower than with ad libitum feeding for 
FI<FI0  because FI should increase with 
increasing P d ^ ^  and fixed R. Similar
ly, the economic value of R, with 
Pd^ax”!-^ is about -23 Dfl per unit.
This is less negative than with ad 
libitum feeding for FIC<FIQ because Pd 
does not increase with increasing R and 
daily gain decreases due to the lower FI. With restricted feeding, the economic 
value of FIC is zero.

Selection strategies
It is clear from Figures 2 to 4 that both, the traits and the economic values 

in the breeding goal depend highly on the level of FIC in the population relative 
to FIQ . If average FIC in the population is below FIQ , then the breeding goal 
should contain R and FIC, the latter having a positive economic value. If average 
FIC in the population is greater than FIQ , then the breeding goal should contain 
Pd^ax anc* FIC, now having a negative economic value. If FIC is equal to FIQ or 
close to it, then selection should be for a combination of R, Pd^^ and FIC, such 
that FIC remains equal to FIQ . Economic values of R and Pd^^ are then as with 
restricted feeding. The desired change in FIQ depends on the levels and changes

combinations of P d^^ (g/d) and FIC
(kg/d). --------  : PtW-130, FIC-1.80; -
......  : PcW-130, FIC-2.60;
: PdT>.ax-160. PIC-2.60.

FIG. 3. Effect of P d ^ x  on corrected 
production costs for three levels of FIC
(kg/d) and R equal to 1.0.
FIC-1.70; ........ :FIC-2.30;
FIC-3.00.

259



in R and Pd_ax, but is normally positive. Kanis (1988) showed that selection for 
FIC can best be done with a desired gains index. The optimum breeding goal for 
different levels of FIC is summarized in Table 1.

Table 1. Composition of the breeding goal and economic values (Dfl per unit) at 
different levels of FIC relative to FIQ .

Breeding goal traits

Level of FIC
FIC (kg/d) P< W  (g/d> R (g fat/g protein)

FIC<FIq 1 0 0 not -70
FIC-FIq §) 0 . 8 -23
FIC>FI0 -40 1 . 0 not

§) Value depends on level and expected response of R and Pd^^

Table 1 demonstrates that it is quite important to adjust the breeding goal if 
FIC reaches the level of FIQ . For example, if, by selection, FIC becomes less 
than FIQ , then the protein deposition will decrease and the production costs will 
increase rather fast. It can be demonstrated that expected total genetic progress 
is lowest if FIC“FI0  (compared to FIC<FI0  or FIC>FI0), indicating that in future 
financial returns from selection for production traits will decrease.

It is likely that if FIC-FIQ , further selection should result in an increasing 
FIC. For the long term, in a population with an initial FIC>FI0 , it may be 
interesting not to use the optimum index (which is optimum for the short term 
and reduces FIC quite fast), but to apply a selection strategy resulting in a 
lower reduction of FIC or even a slight increase. This can be achieved by using 
a desired gains index. Kanis (1988) showed that even with discounting of future 
results such a desired gains approach can result in lower cumulative production 
costs during 2 0  generations than use of indexes based on the breeding goal 
definitions in Table 1.
Application of the presented model (Figure 1) in pig breeding is not easy for 

several reasons. It is impossible tQ find the correct relationship for individual 
animals, because it is not possible to feed an animal on different levels at the 
same time. Moreover, if FIC<FI0 , P c^^ can not be determined at all. So, Pd^^ and 
R can not be used as traits in an index which, therefore, has to be based on usual 
traits as daily gain, food intake, backfat thickness and body composition. For 
determination of the breeding goal, population averages of M, Pd^,^ and R should 
be estimated. This can, for example, be done by means of nitrogen balance experi
ments with a sufficient number of animals receiving different amounts of good 
quality food, varying from just above maintenance requirements to ad libitum. 
Another problem connected to selection is that heritabilities for Pd^x and R as 
well as their genetic correlations with production traits are not available.

The advantage of the biological model is that it is based on biological 
processes concerning the conversion of food into protein and fat, and therefore 
gives more insight in the possible consequences of selection.

ADMINISTRATION OF SOMATOTROPIN IN RELATION TO BREEDING

General
One of the key hormones in the regulation of growth and body composition is 

growth hormone or somatotropin. In domestic pigs the level of porcine growth 
hormone is higher than in wild boars (Claus et al. . 1990). However, direct selec
tion for a higher growth hormone level is expected to be not very successful
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(Joakirasen en Blom, 1976). It has been demonstrated that administration of recom
binant porcine somatotropin (rpST) to growing and finishing pigs results in a 
dramatic improvement of daily gain, food conversion efficiency and body compo
sition. pST is a natural component in the body with a genetic basis and affecting 
a wide range of physiological processes. So, it is likely that with classical 
selection for production traits in pigs, effects similar to those of rpST admini
stration can be expected. Therefore, it is useful to detect undesired effects of 
rpST administration and to find methods to prevent them to become a bottle neck 
in classical selection.

Results of rpST administration
The most striking results of rpST administration from about 60 to 100 kg live 

weight are the improvement of growth, food conversion and lean proportion in the 
carcass. Those effects are roughly similar to what can be obtained by selection 
after a large number of generations. Further, very often in pST experiments a 
decrease in ad libitum food intake is found. This corresponds to the findings with 
selection emphasized on food conversion and lean percentage. With rpST, the 
improvement in food conversion and carcass lean proportion from 60 to 1 0 0  kg, as 
proportion of their (estimated genetic) standard deviation is often much more than 
in daily gain. In Table 2, this is illustrated by results after Kanis et al. 
(1990). Table 2 shows that food conversion ratio, ultrasonic backfat thickness 
and lean tissue percentage were relatively more improved than daily gain and that 
food intake decreased after administration of rpST.

Table 2. Estimated phenotypic s.d. (<7p)^^, assumed heritability (h^), genetic 
s.d. (o„) and effect of rpST in absolute units (d) and in units of o_ from 60 to 
100 kg (after Kanis et al., 1990).

°P

CM-C d d/<7g

Daily gain (kg/d) 0.113 0.30 0.062 0.042 0.679
Food intake (kg/d) 0.272 0.30 0.149 -0.130 -0.873
Food conversion ratio 0.233 0.30 0.128 -0.270 -2.116
Backfat thickness (mm) 1.721 0.50 1.217 -2 . 0 0 -1.643
Lean tissue (X) 1.785 0.50 1.262 2.50 1.981
1) S.d. corrected for effects of strain, sex, treatment and interactions

On the other hand, results of rpST administration from 100 to 140 kg live weight 
suggest that, in lean animals (Pietrain and Yorkshire x Landrace crossbreds), much 
genetic progress in daily gain can be obtained at higher weights, accompanied by 
an increase in food intake capacity (Table 3). Other correlated selection 
responses that can be predicted from experiments with rpST are a decline in 
dressing percentage due to an increase in weight of most organs and a possible 
deterioration of meat quality due to a decrease of the intra-muscular fat 
percentage. This means that meat quality deserves more attention in the breeding 
goal on the long term. Frequencies of problems concerning health and leg weakness 
are usually not increased with administration of normal doses of rpST during the 
fattening period, indicating that those are probably no major limitations for 
genetic progress.
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Table 3. Estimated phenotypic s.d. assumed heritability (h^) , genetic
s.d. (t7g) and average effect of rpST in absolute units (d) and in units of a 
from 10Q to 140 kg for Pietrain and Yorkshire x Landrace crossbreds (after Kanis 
et al., 1990).

h 2
a s

d d/CTg

Daily gain (kg/d) 0.145 0.30 0.079 0 . 2 0 2 2.543
Food intake (kg/d) 0.400 0.30 0.219 0.245 1.118
Food conversion ratio 0.385 0.30 0 . 2 1 1 -0.790 -3.746
Backfat thickness (mm) 2.139 0.50 1.513 -3.40 -2.248
Lean tissue ( X ) 2.075 0.50 1.467 4.45 3.033
1) S.d. corrected for effects of strain, sex, treatment and interactions

DEVELOPMENT OF TRANSGENIC PIGS

Introduction
Transfer of extra (foreign) somatotropin genes in pigs may result in similar 

or stronger effects than rpST administration. Molecular genetics make it possible 
to isolate and clone somatotropin (or other) genes and to transfer them into 
fertilized eggs of other species. In many cases expression of foreign genes has 
been demonstrated. In theory it is possible now to select among genes for a 
certain trait in different species in stead of only selecting among whole animals 
within a species as is the case with classical breeding.

In a few institutes transgenic pigs carrying one or more extra somatotropin 
genes have been developed. In most cases those transgenic pigs have a much better 
carcass composition than normal pigs. Growth is sometimes improved (Pursel et al. 
1988, Vize et al. , 1988) and sometimes not (Pursel et al. , 1987b, Wieghart et al. , 
1989). However, in most experiments undesired effects were observed like shorter 
life span, low fecundity, lethargy, stress susceptibility and gastric ulcers 
(Pursel et al.. 1987b and 1988; Wieghart et al.. 1989). In general this has been 
imputed to an uncontrolled regulation of the transferred somatotropin genes. 
Pursel (1987) concluded that tight control over the level of somatotropin 
production is essential to obtain only the positive effects of transferred 
somatotropin genes on growth performance.

Simulation studies with administration of different doses of rpST at different 
ages may help to get more knowledge about the optimum regulation of transgenes. 
Further, the effects of different promoters and other regulatory DNA sequences 
should be studied in transgenic mice, rather than in pigs because of economical 
and ethical reasons.

Simulation studies with rpST administration
It has already been argued that frequent treatment of fattening pigs with a 

low dose of rpST during the growing and finishing period usually not results in 
adverse effects. However, administration of rpST to reproducing sows or to mature 
animals may result in undesired effects. Bryan et al. (1989) found negative ef
fects on ovary development and oestrus in gilts. Kirkwood et al. (1988) reported 
a decreased number of gilts showing a second oestrus when rpST treatment started 
after the first oestrus. Treatment of lactating sows increased milk production and 
decreased food intake, resulting in a decline of backfat thickness and live weight 
(Day et al.. 1989). Effects on subsequent reproduction cycli are not yet avail
able. Administration during late pregnancy resulted in an increased mortality of 
gilts and sows around farrowing (Kveragas et al. . 1986). Mature animals showed 
inactivity and a reduced food intake after rpST injections (E. Kanis, unpublished
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results). In young piglets no effects on growth and food efficiency were found 
(Ender et al.. 1988).
Those examples indicate that an increased level of pST in older animals is 

probably undesired. For the development of transgenic pigs this means that the 
regulation of foreign growth hormone genes should be such that the expression 
can be stopped after a live weight of about 140 kg and probably also before birth.

Simulation studies with transgenic mice
Many transgenic (somatotropin) mice carry a metallothionein (MT) promoter linked 

to a human or bovine structural somatotropin gene. In most trials it appears that 
those gene constructs can almost double the daily gain (a.o. Palmiter et al. . 
1982; Pursel et al.. 1987a; Nieuwhof en Kanis, 1988). In transgenic mice more or 
less adverse effects are found, similar to those in transgenic pigs, i.e. in
creased mortality, decreased fertility and varying effects on organ weights (Brem 
and Wanke, 1988).

Pursel et al. (1987a) demonstrated that extra heavy metals added to the drinking 
water increased the somatotropin level, but not the daily gain. Apparently the MT 
promoter is able to maximize growth response without the induction by extra heavy 
metals and it seems not to be possible yet to slow down the expression of the 
transgene.
McGrane et al. (1988) published results from mice carrying the phospho-enolpyru- 

vate carboxykinase (PEPCK) promoter, linked to a bovine somatotropin structural 
gene. PEPCK is an enzyme involved in the gluconeogenesis and produced primarily 
in the liver, kidney cortex and adipose tissue in mammals. They showed that at a 
carbohydrate level in the food of 81.5%, the bovine somatotropin level in the 
blood decreased to 5% of the base level. It is not known how long this can be 
maintained.

Conclusions from transgenic animals
Gene transfer is a new approach to improve growth and food efficiency, but to 

some extent it can also be used to study effects of selection. Apparently the 
effect of transfer of somatotropin genes from other species into mice and pigs is 
very drastic. This may be due to the fact that somatotropin has effect on a lot 
of different physiological processes# in the animal. It can be concluded that with 
transfer of somatotropin genes, apart from positive effects, a number of biologi
cal problems arise. Therefore, down regulation of gene expression is necessary. 
There are signals that with extra porcine somatotropin genes the effects in pigs 
are less adverse than with human or bovine somatotropin genes (Vize et al. , 1988). 
It might also be interesting to focus on the transfer of growth hormone releasing 
factor (GRF) or insulin like growth factor (IGF). With transfection of hGRF or 
hIGF-1 genes in mice in general a lower, but significant, growth response is found 
of about 30% (Hammer et al.. 1985; Pursel et al.. 1987a). Fertility seems to be 
not affected in those mice.

GENERAL CONCLUSIONS

Traditionally in animal breeding biological processes in an animal do not 
receive much attention. Very often selection is straight forward based on pro
duction traits. It is hoped that physiological balances in the animal are not 
disturbed so that no biological limitations emerge for further genetic progress. 
With a relatively low genetic progress this hope is probably justified. However, 
there are situations where biological limitations can be expected.
Firstly, heavy selection carried out during many generations for a limited 

number of traits can lead to biological limits. In selection lines of mice, 
continued genetic response for fertility has been shown to be limited because of
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increased embryonic mortality (Buis, 1988). A shift in selection emphasis is 
necessary to get further progress. In pigs a decreased food intake capacity may 
be considered as a potential biological limitation for further progress if the 
breeding goal is not adjusted at the right time.

The second situation where biological limits can be expected is when a limited 
number of principal traits is drastically changed in a short time, for instance 
in one generation. This is undoubtedly the case with transgenic (somatotropin) 
pigs. Here, shortage of knowledge of biological processes (i.e. all effects of 
somatotropin, regulation of gene expression) in an animal is a serious limitation 
for further genetic progress. Therefore, both in classical breeding and when 
aiming at transgenic animals, use of a more biological approach should be 
recommended to improve growth and food efficiency in order to better maintain the 
necessary biological balances between the different characteristics of animals.
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