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Abstract
Trypanosomosis, or sleeping sickness, is one of the most important livestock diseases in Africa. Some
West African cattle breeds show a degree of resistance to a trypanosome infection: they are
trypanotolerant. At the International Livestock Research Institute (ILRI) in Nairobi, Kenya, an F2
experiment has been established to unravel the genetic background of trypanotolerance. This thesis
had two main aims: First to determine the genetic background of trypanotolerance, and second to
investigate opportunities to incorporate this information in abreeding scheme to increase performance
of cattle in tsetse-infested areas. Based on the results from the F2 experiment, several traits were
defined, which reflected features of trypanotolerant cattle. Subsequently, based on preliminary results
from an analysis to determine chromosome fractions containing genes (QTL) involved in
trypanotolerance performed at ILRI, themode of expression ofthese QTL was investigated and one of
the QTL was found to be maternally imprinted. These QTL could be utilised in an introgression
scheme, but also for within breed selection. Both options were investigated. When introgressing QTL
for disease resistance the optimal number of backcross generations from genetic or economic point of
view was found to be different. The number of animals required is increasing very rapidly with
increasing number of QTL to be introgressed. Within breed selection to increase production under
constant infection pressure can be applied with or without aid of QTL for disease resistance. Mass
selection on production under infection can be applied if no QTL information is available. A nonlinear selection response is achieved in both potential production and disease resistance. Important
advantage of QTL information for disease resistance is that animals can be selected outside the
infected environment. In implementing a breeding scheme it is important to take into account that
social-economic values and environments are very different in large parts of Africa as compared to
Western countries. Thisthesishasdemonstrated that there aregood opportunities for using selection to
improve theresults of local farming systems.
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1. Bij constante infectiedruk en onvolledige resistentie resulteert selectie opproductie in
verbetering vanzowelproductie alsresistentie (ditproefschrift).
2.

Gezien het grote aantal genen datresistentie tegen slaapziekte bij rundvee bepaalt, is
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3.
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4.
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de werkelijkheid.
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General Introduction
frica is a continent with a very strong increase in human population and a

A:

..dramatic urbanisation, and as a consequence, the demand for meat and dairy

products is also increasing rapidly. Some countries import large amounts of dairy products
(Dempfle and Jaitner, 1999). Increase in African livestock production, therefore, would be
desirable. However, diseases like trypanosomosis have a seriously limiting influence on
production, as well as on animal welfare, in a substantial part of sub-Saharan Africa.
Trypanosomosis is the most important livestock disease in Africa and it is transmitted to
cattle, aswell asto many other types of livestock as for example sheep, goat (e.g.Murray et
al., 1984), fish (e.g. Mukherjee and Haldar, 1982), horses, donkeys, camels and also to
humans (Murray et al., 1990). On the other hand, many types of wildlife, like African
buffalo, oryxes, eland, and waterbuck are highly resistant to the disease (Murray et al.,
1984).Trypanosomesaremostly transmitted by thetsetse fly, which currently infests around
11million km2 of Africa, which is 37%of the continent, involving 40 countries (Murray et
al., 1991).Figure 1showsamap ofAfrica withthetsetse distribution and cattle densities.
Kristjanson et al. (1999) estimated that at present over 46 million cattle are kept in
tsetse infested environment, of which 17 million are treated with medication, at an annual
cost of $35 million. Including additional costs due to production loss, mortality, reduced
fertility, etc., annual costs for producers and consumers are estimated to exceed $1 billion
(Kristjanson et al., 1999). The trypanosusceptible Bos indicus breeds, such as the Kenyan
Boran, are not capable of handling the infection. They become anaemic, lose weight, show
reduced milk production and reduced capacity to work, lose fertility, often abort the foetus,
and, unless treated with medication, frequently die of the infection (Murray et al., 1991).
About 24% of the total African cattle population is related to trypanotolerant breeds, but
only 6% of the cattle is of pure trypanotolerant breeds, Bos taunts breeds such as the
N'Dama and the West African Shorthorn breeds. Members of those breeds are able to gain
weight and show a normal oestrus cycle and thus maintain reproductive capacity in areas
withmoderate infection pressure (Murray etal., 1991).
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Figure 1.Map ofAfrica withtsetsedistribution andcattledensitites (Bron:ILRI,Nairobi)

Reason for thedifference intrypanotolerance betweentheBos taunts andBos indicus
breeds isbelieved tobethat theBos taunts longhorn(the ancestor oftheN'Dama)may have
had time to adapt to trypanosomes infections as this species has arrived into the Nile Delta
about 5000 B.C. From there they followed the Mediterranean and subsequently travelled
south into West Africa and the tsetse belt. The shorthorn breeds have arrived in the Nile
Delta between 2,750 and 2,500 B.C, and from there they travelled south into East Africa
(Hanotte et al., 2000). The tsetse fly arrived before the wild bovidea, which came into the
area 20-40 million years ago (Murray et al., 1991). Wild bovidea, like the African Buffalo,
are resistant to trypanosomosis (d'leteren et al., 1998). The Bos indicus did not become
numerous inAfrica until after the Arabian invasion (A.D. 699) and, therefore, had less time
to adjust to the local circumstances such as the high infection pressure with trypanosomosis
(Murray et al., 1984). Furthermore, because they were less well adapted to tsetse infested
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environment and there was an alternative breed (the Bos taunts breeds), the Bod indicus
breeds were most likely not heavily introduced into such environment, resulting in a lower
selectionpressure to increase trypanotolerance.
Since the introduction, the trypanotolerant taurine West African breeds have adapted
themselves to the local circumstances such as distinct seasons with feed shortage, and
exposure to a diverse range of infections. Murray et al., (1981) reviewed that the "N'Dama
can show a considerable range in rectal temperature during the course of a day, behaving
more in the heterothermic manner of wild animals". This would suggest that they have
developed an increased capacity for water conservation, which is an important feature to
survive in dry savannah zones (Murray et al., 1981), andpartly explains why theN'Dama is
able to survive a severe dry season of 7 months under constant tsetse challenge (Murray et
al., 1991). Apart from trypanotolerant, the N'Dama is also resistant to several tick born
diseases such as dermatophilosis, heartwater, bovine anaplasmosis, and bovine babesiosis.
The breed shows alower prevalence to strongyle worm infestations, and when infected they
have lower egg outputs than zebu Gobra cattle (reviewed by d'leteren et al., 1998). It is
likely that the N'Dama is small and does not show a high absolute production level as a
consequence ofthechallenging environment, under which thebreed hasbeen kept.
As reviewed by Taylor (1999) it was surgeon/captain David Bruce who in 1894 was
ordered to Zululand in SouthAfrica to unravel themysterious cause of death of hundreds of
cattle in that region. He became the first to show that protozoa in the blood of sick animals
were causing the disease, that wild herbivores did not seem tobe affected by infection with
these protozoa and thus served as reservoirs of infection, and that tsetse flies {Glossina
species,) transmitted the disease. The type ofprotozoa David Bruce studied was later named
Trypanosoma Brucii (brucei). There are several types of trypanosomes, not all of them
infective in each type of host. In domestic livestock the three most important tsetsetransmitted types of trypanosomes are: Trypanosoma congolense, Trypanosoma brucei and
Trypanosomavivax. These are transmitted by 36 different species of tsetse fly, each adapted
todifferent ecological and climatic conditions (Murray et al., 1991).
There isnovaccine available touse in the field due to the ability of the trypanosome
to change its antigenic composition during infection in the host. Consequently,
trypanosomosis control often consists of controlling thetsetse fly population. Until recently,
tsetse controlwasmainly achieved by spraying of insecticides. Problems encountered inthat
type of control are the high costs, the lack of trained personnel to implement insecticide
controlprogrammes, the need to defend sprayed areas and prevent re-invasion, the need for
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constant surveillance since early detection is necessary, and the increasing demand for
restricted use of insecticides (Murray et al., 1991). Alternative strategies, like use of traps
and targets for tsetse flies, and apply odour-baited control (dipwash, spray or pour-on cattle
with synthetic pyrethroids) have been investigated (Murray et al., 1991).The exploitation of
trypanotolerant cattle will not take away the necessity of tsetse control programmes. It will
reduce costs of medication and production loss, but the tsetse population will remain
unaffected. Wildlife acts as a constant source of re-infection of the flies, so that infection
pressure for other livestock and man will remain present. However, a consequence of
introduction of livestock in tsetse infested areas is that there will be some bush clearance.
Bushisthenaturalhabitat ofthetsetse fly. Clearance ofbush mayhelpto decrease the tsetse
fly density, and thus decrease infection pressure. Bush clearance, on the other hand, has an
ecological impact onthe environment.
Trypanosomosis results in anaemia, which is the primary cause of death of infected
cattle(Taylor, 1999).Trypanotolerant animals show agreater ability to control infection and
a greater resistance tothepathological effects of theparasite (Tizard, 2000). They also seem
to compensate more efficiently for anaemia by increasing their red blood cell production
(reviewed by Taylor, 1999). The genetic background of trypanotolerance in cattle has not
been studied in detail yet because of lack of data. Under practical circumstances, the
trypanotolerant breeds such as the N'Dama are kept under local farm management, which
often implies small holder farming systems. In most cases no records are kept of the
pedigree ofthe individual animals or theperformance oftheindividual animals with regards
to the traits that could be selected on. Yet, some heritability estimates are available for
different traits related to trypanotolerance from experiments that were designed to
investigate the immunological and epidemiological background of trypanotolerance (e.g.
Trail et al. 1991).Due to insufficient number of animals in the data, these estimates are not
very accurate, but they demonstrate that there are genetic differences with regards to
trypanotolerance within thepopulation. This offers opportunities to setupbreeding schemes
toexploit these differences.
In 1987, Soller and Beckman proposed to set up an F2 experiment in cattle in an
FAO report. This experiment was to take place at the International Trypanotolerance Centre
(ITC) in Banjul, the Gambia, but could not be initiated due to insufficient resources. Teale
and Kemp subsequently designed an F2 experiment for cattle at the International Livestock
Research Institute (ILRI) in Nairobi, Kenya, which should lead to identification of
Quantitative Trait Loci (QTL) related totrypanotolerance (Teale, 1993).In 1992-1993 Teale
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and Kemp designed aparallel experiment inmice, also aiming at identifying QTL related to
resistance totrypanosomosis, and asatest case.The initial intention ofthe cattle experiment
was that QTL subsequently could be used in an introgression program to upgrade the
production level of cattle in tsetse-infested areas of Africa. Since the generation interval in
cattle is much longer than in mice, the aim was to accurately map QTL related to
trypanotolerance in mice, and, using these QTL, design an introgression experiment. Kemp
et al. (1997) first identified QTL related to trypanotolerance inmice. Subsequently Clapcott
et al. (2000) revealed evidence for genomic imprinting of one of those QTL. QTL related to
trypanotolerance incattlehave first been detectedbyHanotte et al(inpreparation).
Results and experiences from the mice experiment have taught us much about the
prospects and problems that may be encountered when setting up an introgression scheme
for themuch more expensive cattle. Goals of themice experiment were for example: would
the QTL come to expression outside the background genome of the donor breed; would
introgression of the three QTL that were detected in the mice experiment be sufficient to
create tolerant animals,andhow many animals andbackcross generations wouldbe required
to create high productive trypanotolerant cattle. Koudande et al (1999, 2000, and 2000a)
have addressed most of these issues in mice. An important conclusion from their work
related toutilising QTL inintrogression schemes incattle inthe future isthat a large number
of animals is required. This number is rapidly increasing with the number of QTL to be
introgressed, andwiththenumber ofbackcross generations.
Thisthesishad twomain objectives: 1.to define traitsrelated to trypanotolerance and
testthose on the data from the F2 cattle experiment inorder to determine the genetic factors
(heritability and QTL) involved in trypanotolerance, and 2. to explore alternative breeding
schemes to improvebothproduction anddisease resistance.
Before performing a QTL analysis it is important to have a definition at one's
disposal that accurately describes trypanotolerance. This enables definition of traits,
representing different aspects of trypanotolerance. In Chapter 2 results are presented of a
series of traits, based on the observations that are available from the F2 cattle experiment.
Once the traits have been defined, they can be combined with the genotypic information in
order to detect and characterise QTL affecting these traits (Chapter 3). The resulting QTL
couldbeused inabreeding scheme,for whichthere areseveraloptions.Oneoptionistouse
the QTL for introgression into a higher productive breed, so that trypanotolerance from one
breed can be combined with production potential of another (Chapter 4). Furthermore,
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improving production levelmaybe achievedby withinbreed selection inthe trypanotolerant
breeds. This can be achieved by phenotypic selection (Chapter 5), or with additional aid of
QTL in a marker assisted breeding scheme (Chapter 6). Whichever breeding scheme is
chosen, it is important to make sure that theresult, i.e. improved animals, successfully finds
its way to the farmers. Different steps involved in the implementation of breeding schemes
are described anddiscussed inChapter 7.
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An F2 Experiment to Determine Properties of

II

Trypanotolerance inAfricanCattle.

Some WestAfrican Bos taurus cattle breeds (N'Dama and WestAfrican Shorthorn) are tolerant of
trypanosomosis. In literature, changes inPCV andgrowth ratefollowing infection are considered to
be indicators for trypanotolerance. The current paper focuses on description of changes in, and
relations between Packed red Cell Volumepercent (PCV), body weight andparasite count following
an infection with a single clone of Trypanosomacongolense IL1180. In an experiment 214 F2 cattle
(Gambian N'Dama x Kenyan Boran) were infected by the bites of infected tsetseflies. Body weight,
PCV, and parasite counts were recorded on a weekly basisfor 150 days post infection. Seventeen
derived traits weredefined based on thedata recorded. Theaverage ofF2 animals were intermediate
between the N'Dama andBoranfor all traits, and the highest and lowest responders in the F2, when
selected on maximum drop inPCV oron maximum drop in body weight, were equal to the average of
the Boran and N'Dama breeds. Themost trypanotolerant animalsfollow similar courses to the purebred N'Dama animals and the most susceptible animals follow the pure-bred Boran. There are
moderate to low phenotypic correlations (0.00 to 0.32) between average log(parasite count) or
number of times an animal was detectedparasitaemic, and the PCV and body weight derived traits.
There are low to moderatephenotypic correlations (0.02 to 0.74) between and (0.01 to 0.96) within
PCV and body weight derived traits. Most of the traits defined in this study are heritable.
Heritabilities rangedfrom 0.01for PCV recovery, to 0.88,for initial PCV. Some F2 animals seem to
be able to control anaemia and have a higher average body weight and body weight gain than the
pure-bred N'Dama. Body weight gainfollowing infection seems an appropriate and easy to measure
indicatorof trypanotolerance.
Keywords: trypanotolerance, N'Dama, Boran, F2 experiment, trait definition, Trypanosoma
congolense

Introduction
isetse fly transmitted trypanosomosis affects around 11 million km 2 (37%) of the
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African continent, affecting human and their livestock in 40 countries. In
1

susceptible animals a trypanosomosis infection results inpoor growth, weight loss, low milk
yield, reduced capacity to work, infertility, abortion, and death(Murray et al., 1991). There
is no vaccine for trypanosomosis, and currently the most important means of controlling the
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Chapter2
disease isprophylaxis andtreatment withtrypanocidal drugs. SomeWestAfrican Bos taurus
cattlebreeds suchastheN'Dama and several of the WestAfrican Shorthornbreeds, are able
to remain productive under natural challenge without treatment with medication. These socalled trypanotolerant cattle are small by comparison with many susceptible African zebu
and European breeds, though under trypanosome challenge their productivity is greater
(ILRAD, 1989; Murray et al., 1990). The trypanotolerant taurine breeds account for 5% of
the cattle inhabiting the infested areas of Africa (ILRAD, 1989). Research to date suggests
that trypanotolerance is a complex of traits, likely to consist of a component describing the
clearance of parasites and a component describing the ability of an animal to control
anaemia and to remain in good condition, despite infection. Efficiency in clearance of
parasites is difficult to describe because available techniques for their quantification are
imperfect and, additionally, they give no indication of parasite turnover. The number of
times an animal is detected parasitaemic over a series of observations, also has obvious
limitations,but itis amorerobustmeasure thanparasite counts inblood samples, andhas an
influence onPCV-relatedtraits(Trail et al., 1991).
Trail et al. (1993) and Trail et al. (1994) have tested some criteria for
trypanotolerance and their effect on reproductive performance in N'Dama cattle under field
conditions. There is evidence that Packed red Cell Volume percent (PCV), a measure for
anaemia, is a good indicator for trypanotolerance (Trail et al., 1992, Dwinger et al., 1994).
According to Murray et al. (1991), live weight gain and change in PCV after infection are
good indicators for trypanotolerance. One of the most commonly used definitions is that
infected trypanotolerant animals are capable of efficiently recovering their PCV after
infection and to gain live weight at the same rate asuninfected animals (Paling & Dwinger,
1993; Trail et al., 1992; Murray et al., 1991). The heritability of trypanotolerance related
traits has not been studied in detail yet, mainly due to lack of pedigree information, or
limited size of data sets. However, Trail et al. (1991) have estimated some heritabilities on
data obtained from N'Dama under field conditions, and Rowlands et al. (1995) have
estimated someheritabilities for trypanotolerance related traits inzebu cattle.
An F2 population of cattle was established at the International Livestock Research
Institute (ILRI), Nairobi, Kenya, to follow segregating alleles related to trypanotolerance in
a cross between trypanotolerant and susceptible cattle (Soller and Beckman, 1987; Teale,
1993; Teale, 1997). The purpose of the present study is threefold: first to describe the
consequences of a first infection with Trypanosoma congolense in controlled experimental
conditions and using naive animals on parasitaemia, anaemia and growth in N'Dama x
10
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Boran F2 animals and in pure bred N'Dama and Boran animals; second, using this
information, to define a series of traits describing these changes in parasitaemia, anaemia
and growth;third toestimate heritabilities andphenotypic correlations betweenthesetraits.

MaterialandMethods
Thestudy population
An F2 population was created consisting of a cross between N'Dama (Bos taurus) x
Boran (Bosindicus). TheF2-animals,wereproduced attheInternational Livestock Research
Institute (ILRI), Kenya. Four N'Dama sires (origin ITC, the Gambia, transferred to ILRI as
embryos (Jordt et al., 1986)) were mated to four "improved" Kenyan Boran dams (ILRI,
Kapiti farm), resulting in four full-sib Fl-families. The N'Dama bulls were typically
trypanotolerant (Paling et al., 1991) and the Boran cows were typically susceptible (Teale,
Kemp and Kennedy, unpublished). Eleven males and 15females were selected from the Flanimals to produce the F2-generation. Matings between full-sibs were avoided, resulting in
seven major full-sib F2 families (22-41 animalsper family) and seven minor families (21F2
animals in total). One of the Fl sires of a minor family (one offspring) was also the sire of
one of the major full-sib families. Two of the Fl sires of the minor families were sires of
three families each, varying in size from one to three offspring. The minor families
consisted of five Fl males, mated to eight Fl females, resulting in families of one to three
offspring each. For producing the seven major families, offspring of one pair of
grandparents were mated to the offspring of another pair of grandparents, resulting in four

ND7 x 1419

NB8 NB9 NB11 NB36

Fam 1

Fam2

ND8 x 1688

NB2 NB20 NB16 NB30

Fam5

Fam6

ND9 x 1801

NB66 NB65 NB69

Fam 3

ND10x2094

NB88 NB87 NB89

Fam4

Fam7

Figure 1.Schematic overview of the F2family structure. All N'Dama's (ND) are males and all
Boran (e.g. 1419)arefemales. ND8 and ND10 arefull sibs. In the Fl, NB8, NB9, NB16, NB30,
NB66,NB65 andNB89 arefemales. Number ofanimalsper F2family is40 infam 1,26 infam 2,
22 infami, 23 infam 4,22 infam 5,23 infam 6and25 infam 7.
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major families descending from twopairs of grandparents and three major families from the
two other pairs of grandparents. Figure 1provides an illustration of the family structure of
the seven major families.
Both Fl- and F2-families were produced by multiple ovulation and embryo transfer.
Embryo's were collected in one to 14 flushings per donor. On average 4.2 embryo's were
collected per flushing, ranging from 0 to 13. F2-embryos were transferred to randomly
assigned Boran recipients in groups per flushing over a three-day period, but because of
differences in gestation length calves were born over aperiod of three weeks. Calves were
born allyear round onthe ILRIranch (Kapiti Plains Estate),which is a trypanosomosis free
environment and were weaned at eight months of age. They were moved from the ranch to
the central facilities at ILRI, Nairobi when they were 10months of age. In total 23 groups
were formed, containing 3 to 18 animals each. Group composition remained constant
throughout the experiment at ILRI.The F2 animals,both atKapiti and inNairobi, were on a
complete diet,i.e.norestriction, artificial starving or any food deficiency was applied.
Challengeanddata collection
After two months adaptation to the experimental facility, all 12 months old animals
(214 F2-animals plus 6 Boran and 6 N'Dama for control) were challenged in the same
groups as in which they were weaned. The challenge was performed by bites of eight
infected tsetse flies (Glossina morsitans centralis), with a different fly for each animal. The
flies were carrying a with a single clone (IL 1180 (Geigy et al., 1973)) Trypanosoma
congolense, mimicking a light to moderate infection pressure. Body weight was measured
twice each recording day, and the average recorded for that day. If the difference between
both measurements was more than 2kg, a third measurement was taken and the two closest
measurements were used to calculate the average. PCV was measured by centrifugal
techniques (Dargie et al., 1979). Parasites were visualised injugular venous blood samples
by dark ground phase contrast examination of buffy coats (Murray et al., 1977). Unit of
measurement was the number ofparasites counted in the blood sample. Body weight, PCV,
and parasitaemia were recorded weekly. Measurements were taken on the same day within
group, but between groups the number of days between measurements was not always
equal. The recordings started three weeks preceding infection, with the last recording 150
days post infection. Therefore, there were on average 25 (ranging from 23 to 26 between
groups) observations on body weight, PCV, and parasite levels per animal that finished the
experiment. Those animals, in which clinical examination suggested the infection had
12
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become life threatening, and/or PCV fell below 12, were treated with medication and
recording for those animals was stopped. The observations that were subsequently not
available as a result of treatment were treated as missing. In total 35 of the F2 animals
needed medical treatment prior to the end of the recording period, with day of treatment
ranging from 44to 145.
Traitdefinition
A commonly used definition of trypanotolerance is that trypanotolerant animals are
capable ofefficiently recovering theirPCV after infection andofgaining weight atthe same
rate asuninfected animals (Paling &Dwinger, 1993;Trail etal, 1992;Murray etal, 1991).
Apart from the control of anaemia and the ability to gain weight following infection, the
control of parasites is also assumed to be a feature of trypanotolerance. However, there is
evidencethatparasite control is different from the other aspects oftrypanotolerance (Trail et
al., 1991,Paling et al., 1991). Traits have been derived from phenotypic observations for
PCV, body weight and parasitaemia in F2-animals. Table 1 contains a list of all traits
defined andtheir abbreviations.
"Average Value"isthe average level for PCV orbody weight over the 150days post
infection. "Starting Value" is an average of three or four pre-challenge observations, the
observation onthedayof infection nottaken intoaccount.The average wastaken inorder to
reduce the measurement error. "Lowest Value" is the absolute lowest level recorded after
infection. Some animals did not loose any weight following infection and for those the
lowest value often was equal to one of the first observations. "Maximum Decrease" is the
absolute decrease in PCV or body weight during challenge and is calculated as "lowest
value"minus "starting value"."Slope Decrease"isthe linear trend inchange inbody weight
orPCVuntilminimumlevelisreached andiscalculated as"maximumdecrease"divided by
number of days until the minimum level was reached. Both in case of maximum decrease
and slope decrease ofbody weight, the trait value was set to zero for those animals that did
not show any decrease following infection. "Final minus Minimum" is the difference in
PCV orbody weight between minimum and final level, and is calculated as the recording at
day 150 post infection minus the "minimum level". For animals that were treated with
medication before day 150,day oftreatment was considered the final observation. "Relative
Change totalperiod"istherelative change inbody weightor PCVcompared tothe "starting
level" and is calculated as "change total period" divided by "starting level". Survival is the
ability of an animal to survive the infection during the recording period without requiring
13
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treatment with drags. All animals got value 150, unless they were treated with trypanocidal
drugs, in which case day of treatment was assigned as value. "Parasitaemia" is the average
of the lOlog (parasite count+1) in the blood samples during the 150 days post infection.
Finally, "Parasitaemia detected" represents the number of observation during which an
animal is detected as parasitaemic. The proportion of times an animal was detected
parasitaemic was also investigated, though the trait was highly correlated to parasitaemia
(0.95),and is,therefore, notmentioned intheresults.
Table 1. Traits and their abbreviations for traits related to PCV, body weight and parasitaemia,
following infection
Trait

PCV

Body Weight

1.Average Value

AV-PCV

AV-BW

2. STarting value

ST-PCV

ST-BW

3. Lowest Value

LV-PCV

LV-BW

4. Maximum Decrease

MD-PCV

MD-BW

5. Slope Decrease

SD-PCV

SD-BW

6. Final minus Minimum

FM-PCV

FM-BW

7.Relative Changetotal period

RC-PCV

RC-BW

8. Survival

SURV

9.mean log(Parasite count +1)

LOGPAR

10.number oftimes Parasitaemia Detected

PARADET

Model
Due to the data structure, genetic parameters were estimated based on within and
between family variances. Because embryos were randomly assigned to recipient dams, it
was assumed there was no maternal effect within offspring of one pair of Fl parents.
Dominance variance and variance due to common environment were assumed tobe zero.A
generalised linear model (PROC-GLM, SAS, 1997) was used to determine which effects to
include in the model to estimate variance components. The fixed effect of group was
significant for both body weight and PCV related traits (p<0.001 in least squares analysis).
The fitting ofgroup effect adjusts thedata for seasonal changes (Dwinger etal, 1994)due to
14
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differences in feed quality, average daily temperature, etc. It also corrects for possible
differences in challenge level thatmay have occurred over time. The fixed effect of sex was
only significant for body weight related traits (p<0.001 in least squares analysis). However,
itwasalso included inthemodel for PCV andparasitaemiarelated traits in order tokeep the
model identical for all traits. The model used for variance component estimation for all
traits,therefore, becomes:
Yyk= H +gi+ Sj +ak+eijk

(1)

where giisthe fixed effect ofgroup i, Sj isthe fixed effect of sex j , akistherandom additive
genetic component of animal k, and e;jk is the random error term. An animal model was
applied and the traits were analysed using ASREML (Gilmour et al., 1998). This program
uses restricted maximum likelihood techniques including the average information matrix as
second derivatives in a quasi-Newton procedure (Gilmour, et al., 1998) with a convergence
criterion of 1* 10"8.For checking consistency of heritability estimates, model (1) was also
applied in a least squares analysis using SAS (1997), but as a sire model. Heritability
estimates obtained with the least squares analysis were similar to the maximum likelihood
estimates and aretherefore notpresented intheresults section.

Because phenotypic observations were only available on the F2 animals, the Fl
should be considered the base generation. The estimated genetic variance in the F2
population thus is equal to the genetic variance among the Fl parents. Animals in the Fl
generation are heterozygous for more alleles than expected in a normal outbred population,
due to linkage disequilibrium between loci. The linkage disequilibrium variance appears in
the within family (i.e. Mendelian segregation) variance. This leads to underestimation of
the genetic variance in the Fl and subsequent generations. It also leads to a slight
underestimation of the average genetic variance in the pure bred parental breeds, due to
inflation ofresidual variance.
Multivariate analysis
Subsequent totheestimation ofvariancecomponents andheritabilities, amultivariate
analysis using maximum likelihood techniques was performed (also using ASREML) to
estimate phenotypic correlations between all traits considered. Genetic correlations could
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notbe determined inmany cases dueto the limited size of the data set, and are therefore not
presented intheresults.

Results
Phenotypic description ofthedata
There is substantial variation in the degree to which F2 animals are affected by
trypanosomosis. To illustrate this, 12 F2 animals were selected based on their performance
related tobody weight change (RC-BW), anaemia control (MD-PCV) andparasite clearance
(LOGPAR) following infection: the six highest, and the six poorest performing animals for
each trait. For each of the categories of animals (i.e. F2 high performing, F2 poor
performing, N'Dama, and Boran), the average performance was determined for each of the
traits identified and reproduced inFigures 3a to i.The first column of figures (Figures 2a, d,
and e) represents the change in body weight, PCV, and log parasite count for F2 animals
that were selected on theirperformance for RC-BW. The second column of figures (Figures
b, e, and h) show performance of F2 animals selected on MD-PCV, and the last column of
figures (Figures c, f, and i) show performance of F2 animals selected on the average of the
log of their parasite count. The performance of the N'Dama and Boran are in each column
of figures. In the figures, thelastrecording day ofF2-animals thatneeded medical treatment
before the end of the recording period is indicated below the horizontal axis. Five of the
Boran needed medical treatment before the end of the recording period, one at day 64, one
at day 78, one at day 92, and two at day 127, and were subsequently removed from the
experiment. These days oftreatment arenot indicated inthe figures. Because not all animals
within a category (e.g. N'Dama, poor performing F2) were challenged in the same group,
not all observations were taken on the same days post infection. Within category the
averages were taken for those days where at least five out of the six animals (should have)
had an observation (days after treatment were considered as days as well). This has resulted
in difference in day at which the average is calculated across categories, but this will not
affect thedifferences between categories.
Figure 2a shows the average course of change in body weight following infection.
The F2 animals in this figure were selected on their (dis)ability to grow following infection
(RC-BW).Four of thepoorperforming F2 animals needed medical treatment before the end
of the recording period. The initial body weight of the high performing F2 animals is in
16
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between those oftheN'Dama and the Boran, where that of thepoor performing F2 animals
is just above that of the Boran. Interestingly, the high performing F2 animals are able to
continue growing following infection with the largest increase in body weight during the
first three weeks following infection, whereas the N'Dama do not start to grow until around
day 45. During the entire recording period, the high performing F2 animals show a larger
growth rate than the N'Dama, and at the final recording day their body weight has reached
the same level as that of the last Boran that managed to survive without treatment with
drugs.Thebody weight of thepoorperforming F2 animals starts to drop around day 25post
infection and becomes lower than that of the high performing F2 animals around day 50.
The Boran animals continue to grow until around day 30, and subsequently start to loose
weight.The course ofthechange ofbody weight intheBoran is abit hard to follow because
oftheremovalof five animals duringtherecordingperiod, which affects the average.
Difference with F2 animals that were selected on the lowest/highest values of
maximum decrease inPCV following infection inFigure 2b are that the highperforming F2
animals show a lower growth rate compared to figure 2a, now comparable to that of the
N'Dama. Stillthe averagebody weight oftheseF2 animals is about 15kg higher than in the
N'Dama. The poor performing F2 animals in this figure again have initial body weight at
comparable levelto thatof the Boran and about 20kg higher than the of thehigh performing
F2animals.Thepoorperforming F2 animals are able to continue growing until day 50, after
which they start to loose weight and have lower body weight than the high performing F2
animals from approximately day 75 onwards. In contrast to Figure 2a, only two poor
performing F2 animals needed medical treatment before the end of the recording period. In
Figure 2c the F2 animals were selected on the average parasite count. Difference in body
weight at onset of the challenge period between high and poor performing F2 animals is
minimal. The average initial body weight for the high performing F2 animals is about the
same inallthree Figures.Both highandpoorperforming F2 animals loose weight following
infection. The body weight of the high performing F2 animals stabilises around day 100,
whereas that of the poor performing F2 animals continues to decrease. Three poor
performing animals neededmedicaltreatmentprior tothe endoftherecording period.
Figure 2d shows the course of change in PCV following infection for N'Dama,
Boran, and F2 animals that were selected onRC-BW. For all four categories PCV started to
drop almost immediately after infection. The drop in the N'Dama and high performing F2
animals seems to be a bit earlier and more severe at first than in the Boran and poor
performing F2animals.However, from approximately day 25 onwards,theN'Dama and
17
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high performing F2 animals start to stabilise their PCV values, and manage to do so from
approximately day 50 onwards, whereas the poor performing F2 animals and the Boran
continue to drop in PCV until day 50, after which they also manage to stabilise their PCV.
The stabilised PCV inthepoor performing F2animals and theBoran ismuch lower (around
15)compared to the high performing F2 animals (around 20) and the N'Dama (around 23),
and very close tothe critical value of 12,below which the anaemia becomes life threatening
and the animals were removed from the experiment. The N'Dama and high performing F2
animals start to recover their PCV from approximately day 70 (F2) and day 85 (N'Dama)
onwards.None of the animals is able to fully recover their initial PCV within the recording
period.
Differences with F2 animals that were selected on their MD-PCV level in Figure 2e
after day 50 are small. High performing F2 animals now show an even more similar course
of change in PCV following infection as theN'Dama, whereas poor performing F2 animals
show a very similar course of change in PCV as the Boran. However, prior to day 50 there
are some distinct differences in Figure 2e compared to 2d. The poor performing F2 animals
start at amuch higher PCV level than infigure 2d.However, that is what they were selected
on. The minimum PCV level remains the same, otherwise they would have been removed
from the experiment, so an increased difference in initial versus minimum PCV can only
exist by ahigher value for initial PCV. More interesting is that high performing F2 animals
only show a slightly lower initial PCV level compared to Figure 2d, and that they
subsequently show a very similar pattern to that of the N'Dama. The PCV pattern of the
N'Dama following infection may be an upper limit in this F2 cross. In Figure 2f are PCV
patterns of N'Dama, Boran, and F2 animals that were selected on high or low average
parasite count. Until day 25 following infection PCV patterns are very similar. Then the
N'Dama starts to stabilise their PCV level, whereas both groups of F2 animals and the
Boran continue to drop in PCV. The poor performing F2 animals show a drop in PCV
slightly before the Boran and the high performing F2 animals. The Boran and the high
performing F2 animals also start to stabilise their PCVjust before the poor performing F2
animals, around day 40. From approximately day 50 onwards the PCV of the Boran is
slightly lower than that of the poor and high performing F2 animals, the last being able to
start recovering PCV from approximately day 100 onwards, at the same speed, though at
lower level thantheN'Dama.
Figure 2g shows the average course of change in log (parasite count) during the
recording period. The F2 animals were selected on their performance with regards to RC19
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BW. Most important feature of parasitaemia in case of trypanosomosis in general are the
repeated peaks inthe parasite count, which occur due to the ability of the parasite to change
antigen within the host, and thus induce a new parasitaemia peak unless the previous is
cleared completely. All animals showed parasitaemia during second week following
infection. The difference in day of onset of parasitaemia in the figure is caused by the
difference inrecording day across groups inwhich the animals were challenged. The course
of log(parasite count) ofthe Boran is influenced by thefact that animals wereremoved from
the experiment during therecording period,but it is still obvious that on average they havea
problem controlling theparasitenumberbefore thenextpeakpresents itself.Untilday 64 all
Boran are still present. The N'Dama and the high performing F2 animals are able to
considerably decrease their parasite load during the recording period. The poor performing
F2 animals are also better able to control their parasite load compared to the Boran, though
they stillshow amuch increasedpeak aroundday 120,around which four of the six animals
neededmedical treatment.
Differences with F2 animals that were selected on their MD-PCV level in Figure 2h
are that bothpoor and highperforming F2 animals are less able to controlparasite numbers.
However, the high performing F2 animals show a more drop in parasite count after the
secondparasite wave.Bothhigh andpoorperforming F2animals show adistinct decrease in
sizeofpeaks across therecording period.Also inthis figure thepoorperforming F2 animals
show arelatively large peak around day 120,though more distinct than in Figure 2g, where
is was a rather broad peak. Again, around this peak two a poor performing F2 animals
needed medical treatment. The F2 animals in Figure 2i were selected on their average
parasite count. The poor performing F2 animals show a high initial peak, and are very
poorly able to control parasite burden across the recording period. One poor performing F2
animals needed medical treatment at day 48, where two others again needed medical
treatment around day 120, where a distinct peak again is visible. The high performing F2
animals show parasitaemia patterns that are comparable to that of the N'Dama, apart from
the fact that their initial peak was lower, and the second peak occurred approximately 20
daysafter the secondpeak intheN'Dama.
Descriptive statistics
Descriptive statistics for all traits considered in the univariate analysis are presented
inTable 2. Someofthe traits arenotnormally distributed but skewed tothe right (e.g.MDBW) or to the left (e.g. SURV). On average minimum body weight was reached61 days
20
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post infection while some of the animals already reached the minimum weight after 7.4
days. On average minimum PCV was reached 72 days post infection. The animal with the
largest decrease in PCV reached lowest PCV at day 59, while the animal with the smallest
decrease inPCVreached its lowestPCV atday 68.Starting bodyweight
Table 2 Minima, maxima, means, adjustedphenotypic standard deviations, andR2for the model
includingthefixedeffectsfor alltraitson214F2animals
Min.

Mean

Max.

Phen. sd.

R2

AV-PCV

17.7

23.9

32.7

3.00

0.35

ST-PCV

29.5

38.5

51.5

3.36

0.29

LV-PCV

10.9

16.4

27.1

2.92

0.26

MD-PCV

-36.0

-20.9

-8.13

3.82

0.32

SD-PCV

-0.64

-0.30

-0.12

0.11

0.13

FM-PCV

0.00

4.97

15.6

3.87

0.29

RC-PCV

-0.73

-0.44

-0.04

0.16

0.24

AV-BW

80.6

150

230

26.21

0.39

ST-BW

91.8

154

242

24.54

0.41

LV-BW

74.0

140

218

25.26

0.38

MD-BW

-60.7

-14.3

0.00

12.6

0.30

SD-BW

-0.79

-0.15

0.00

0.13

0.22

FM-BW

-1.33

8.10

47.3

8.87

0.17

RC-BW

-0.30

-0.04

0.29

0.13

0.30

SURV

44.0

144

150

19.7

0.17

LOGPAR

0.19

1.02

1.93

0.34

0.53

PARADET

3.00

11.5

22.00

3.79

0.51

Trait*

forabbreviationsseeTable 1.
washigher than averagebodyweight during therecording period, indicating that on average
the F2 animals lost, rather than gained weight following infection. The same but more
severely canbe observed inPCV.Growthrateranged from 30%loss,to29%gain over the
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Properties ofTrypanotolerance inCattle
entire recording period, with an average of 4% weight loss.None ofthe animals was able to
completely recover their initial PCV, which is illustrated by the difference in the maximum
decrease inPCV (MD-PCV) andthePCVrecovery (FM-PCV).For PCV therelative change
ranged from 73% to 4% PCV loss, with an average of 44%. During the 150 days post
infection 13.5%of the F2-animals were treated with drugs, the first on day 44 and the last
on day 145. On average an animal was detected parasitaemic in 45% of the observations,
ranging from 10to 80%.The model (1) accounted for 13%for the slope of decrease in PCV
(SD-PCV),to 53% ofthephenotypic variation for themean ofthe log(parasite count+1).
Phenotypic correlations between alltraitsconsidered arepresented inTables 3and4.
In Table 3 are the phenotypic correlations within the group of traits related to body weight
orPCV following infection. Also inthis table arethe correlations between survival, average
log( parasite count +1), and the number of times an animal was detected as parasitaemic,
and the rest of the traits. Phenotypic correlations range from -0.62 (between ST-PCV and
MD-PCV) to 0.96 (between AV-BW and LV-BW). Average PCV is highly correlated with
the lowest value (0.84), but not with the maximum decrease or the slope of the decrease (0.19). The initial value for PCV is moderately correlated with the maximum decrease in
PCV following infection (-0.62). This correlation is negative, indicating that a higher initial
value for PCV is associated with a greater decrease in PCV following infection. This is due
to the nature of the trait: there is a lower threshold for PCV to which an animal can drop,
below that itwillbe treated with medication and removed from the experiment. The relative
change inPCV following infection is highly correlated with the lowest PCV reached (0.74)
and not to initial PCV (0.02). Survival is moderately correlated with the lowest value of
PCV (0.45).There is no correlation between survival and PCV recovery due to the fact that
allanimals thatweretreatedbefore the endoftherecording period automatically got a value
of 0.0 for PCV-FM, because inthose cases the final value was equal to the minimum value.
The log of average number of parasites is uncorrelated with maximum decrease (-0.06) or
slope of the decrease in PCV (0.04), but moderately correlated with the average PCV (0.22), the PCV recovery (-0.22), the relative change in PCV (-0.32), and survival (-0.23).
Correlations between the PCV related traits and the number of times an animal is detected
parasitaemic generally are low, except for the correlation with the slope in decrease of PCV
following infection (0.25) and with survival (0.31). Both parasitaemia traits are highly
correlated (0.71).
The traits RC-BW and ST-BW are uncorrelated (-0.02), indicating that growth
following infection isindependent ofthestartingweight ofthe animal.There isahigh
23
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correlation between the average body weight during recording period and the lowest value
reached (0.96), and between the starting weight of an animal and the lowest value reached
(0.85).Also the correlationbetween growth following infection (RC-BW) and the maximum
decrease in body weight is high (0.88). The correlations with the slope of the decrease in
body weight are lowfor sometraits(averagebody weight, starting weight, lowest value,and
maximum decrease following infection). However, for other traits the correlations with the
slope of the decrease inbody weight are moderate (the relative change during the recording
period, survival, parasite count, or number of times detected parasitaemic). The relative
change in body weight following infection is moderately correlated with average body
weight (0.34), the lowest value reached (0.46), and the slope of decrease in body weight
(-0.36),butuncorrelated withthenumber oftimes detectedparasitaemic (0.00). Correlations
between survival and therecovery inPCV andbody weight following infection do not exist
because ofthefact thatthere isno variation for survival in combination with observations of
thesePCV andbody weight related traitsthataredifferent from zero.
Table 4 Phenotypic correlations (standard errors) between Body Weight related traits'* and PCV
related traits'*, estimated through multivariate analysesfor 214 Franimals
AV-BW

ST-BW

LV-BW

MD-BW

SD-BW

FM-BW

RC-BW

AV-PCV

0.34(0.08)

0.11(0.08)

0.39(0.07)

0.22(0.10)

-0.14(0.11)

0.33(0.09)

0.66(0.05)

ST-PCV

0.20(0.09)

0.12(0.09)

0.18(0.08)

0.00(0.11)

0.00(0.11)

0.10(0.11)

0.16(0.09)

LV-PCV

0.36(0.07)

0.13(0.08)

0.39(0.07)

0.26(0.10)

0.08(0.11)

0.43(0.09)

0.64(0.06)

MD-PCV

0.05(0.08)

0.00(0.08)

0.07(0.08)

0.27(0.11)

0.17(0.11)

0.21(0.10)

0.27(0.09)

SD-PCV

0.07(0.09)

0.16(0.08)

-0.05(0.08)

0.07(0.11)

0.59(0.07)

0.03(0.11)

-0.31(0.08)

FM-PCV

0.49(0.08)

0.02(0.01)

0.02(0.01)

0.46(0.09)

-0.02(0.11)

0.00(0.11)

-0.18(0.07)

RC-PCV

0.34(0.07)

0.09(0.08)

0.39(0.07)

0.25(0.10)

-0.25(0.10)

0.12(0.11)

0.74(0.04)

11

for abbreviations see Table

In Table 4 are the phenotypic correlations between the PCV and the body weight
related traits. The average value for PCV following infection is moderately correlated with
the relative change in body weight following infection (0.66). The starting level of PCV is
only lowly to moderately correlated with the traits relating to the change in body weight
following infection (0.00 with SD-BW and MD-BW, to 0.20 with AV-PCV). The
correlation between the lowest value reached for PCV and the relative change in body
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weight following infection is reasonably high (0.64). The maximum decrease in PCV
following infection isonlylowlytomoderatelycorrelatedwiththebodyweightrelatedtraits
(0.00with ST-BW to 0.27 withMD-BW and RC-BW).The slope of the decrease inPCV
following infection ismoderately correlated withthe slope ofthe decrease inbody weight
(0.59), and with RC-BW (-0.31). PCV recovery (FM-PCV) is moderately correlated with
average body weight (0.49), and with the maximum decrease in body weight (0.46),but
uncorrelatedwiththerecovery inbodyweight.Relative change inPCVfollowing infection
ishighlycorrelatedwiththerelativechangeinbodyweight(0.74).
Geneticanalyses
InTable5aretheheritability estimateswithstandard errors for alltraits considered
intheanalysis.Theheritability for ST-PCVisveryhigh(0.88),incontrasttotheheritability
for ST-BW(0.08).Lowheritabilities arealsofound formostbodyweightrelated traitsand
forFM-PCV,RC-PCV,andnumberoftimesdetectedparasitaemic.AV-PCV,LV-PCVand
SD-PCV, survival, and LOGPAR have moderate heritabilities. Standard errors of the
estimatesarehigh,whichisduetothelimitedsizeofthedataset.
Table5 Heritability estimatesfor alltraits (standarderrors) on214F2 animals
Traits *

h2 (s.e.)

Traits y

h2 (s.e.)

AV-PCV

0.31(0.19)

AV-BW

0.11(0.11)

ST-PCV

0.88 (0.24)

ST-BW

0.08(0.11)

LV-PCV

0.26(0.17)

LV-BW

0.07 (0.09)

MD-PCV

0.14(0.13)

MD-BW

0.12(0.11)

SD-PCV

0.18(0.15)

SD-BW

0.09 (0.09)

FM-PCV

0.01 (0.08)

FM-BW

0.06 (0.09)

RC-PCV

0.09(0.10)

RC-BW

0.14(0.12)

SURV

0.19(0.14)

LOGPAR

0.18(0.15)

PARADET

0.09(0.11)

forabbreviationsseeTable 1

25

Chapter2

Discussion
The current paper presents properties of traits related to of trypanotolerance of 214
F2cattle (N'Dama xBoran cross) that were challenged with Trypanosoma congolense in an
experimental setting. Results from thepresent study are unique in that an experimental data
set of the current size, with such a wide range of observations related to trypanotolerance
has not been presented before. The results indicate that there is a moderate correlation
between level of PCV and growth following infection. But even under these highly
controlled conditions the best R2 between PCV and body weight traits indicated that only
55% of the variation in RC-BW was predicted by RC-PCV (and vice versa). The
parasitaemia related traits are low to moderately correlated with the PCV and body weight
related traits. Results also indicate that there is large variation within the traits considered in
theF2 population.
The performance of F2 animals ranges between the average levels of the N'Dama to
those oftheBoran animals.Table2 showsthatnone oftheF2-animals were ableto maintain
orto recover their original PCV level during the 150day recording period nor the pure-bred
N'Dama. This is in contrast to results of Paling et al. (1991), where the N'Dama recovered
their original PCV levels within two to four months following an infection with
Trypanosoma congolense under experimental settings. Murray et al., (1981) reported a
severe drop in PCV in both Zebu and N'Dama cows under natural field challenge, and so
did Roberts and Gray (1973) for young first infection N'Dama and Zebu animals, though
both studies were based on very limited numbers of animals. In the present study PCV
started to decrease in all groups of animals (i.e. F2, N'Dama and Boran) approximately at
the day the first parasite peak occurred. This feature was already reported by Murray et al.,
(1981).The lowest PCV level inthe F2 animals ranged from 10.7to 27.1with an average of
16.4,which islower than results by Trail et al.,(1992)whoreported an average lowest PCV
value of 23.0 for pure bred N'Dama cattle that were detected parasitaemic. The population
ofN'Dama referred toby Trail et al.,(1992) was exposed to afirstinfection, being anatural
challenge of medium infection pressure, in Gabon. Because the F2 animals are a cross
between trypanotolerant N'Dama and trypanosusceptible Boran, it is according to
expectation thattheaverage oftheF2 islowerthan ofpurebredN'Dama cattle.
Similar differences canbe observed from the average PCV values, which is equal to
29.1 inTrail et al., (1992), and areranging from 17.7to 32.7,with an average of 23.7 inthis
study. It isreported thatN'Dama that are infected withtrypanosomes are able to grow at the
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same rate as uninfected animals, provided they can maintain their PCV values (Trail et al.,
1992a).However, in thepresent studynouninfected animals were included for comparison,
so no conclusions with that regard can be drawn. Paling et al. (1987, reviewed by Trail et
al., 1991) and Trail et al., (1991) could not demonstrate the presence of a correlation
between mean parasitaemia and PCV values in the N'Dama, where Trail et al, (1991a)
demonstrated that parasitaemia had a significant effect on growth. However, in the present
study there is a significant correlation between both average log(parasite count) and
proportion of times an animal in detected parasitaemic, and average PCV, the difference
between minimum and final PCV, therelative change inPCV, and survival. This correlation
is determined in an F2 population and it may, therefore, be possible that the correlation is
established duetogeneeffects originating from the Boran.
In the present study it was assumed that the ability of an animal to continue gaining
weight despite being infected is a good indicator of the ability of an animal to control the
trypanosome infection. The correlations between growth following infection (RC-BW) and
average, lowest, and relative change inPCV were moderate tohigh (0.64 to 0.74); Table4).
However, it is important that growth following infection is measured over a long enough
period, because the poor performing F2 animals in Figure 2b (selected on large difference
between starting value and minimum value for PCV) continue to gain weight following
infection until approximately day 50. After this period of growth there is an almost linear
decrease is body weight until the end of the recording period. A trait that accurately
describes the clearance of parasites has not been described yet, but it is likely that also for
thattrait the correlation with growth following infection willbe high. The correlation ofRCBW with survival time was only low to moderate (0.23).The reason for this is that survival
time in the current experiment is primarily determined by achieving a defined minimum
PCV and that only 13.5% of animals were removed for treatment (deemed not surviving).
Moreover, the fact thatan animal survives provides little indication ofhow well ananimal is
coping with the infection. Comparing Figure 2a and 2d to Figures 2b and 2e, it becomes
clear that the F2 animals that were selected on growth performance following infection
show a higher relative growth rate (2a) than F2 animals that were selected for poor growth
following infection. Ahigher growth rate results in a control and recover PCV that is close
tothat oftheN'Dama (2d). Selection for control of PCV following infection results in lower
weight gain (2b),and littlebetter control inPCV (2e).However, the economic profit will be
obtained from the growth of the animal (and the probability that those animals will also be
able to continue to produce milk, remain reproductive, are more useful for draught power,
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etc.), rather than from the ability to control PCV slightly better. Also Trail et al., (1991)
have shown that growth following infection with Trypanosoma congolense is affected by
both parasitaemia and low PCV levels. Van der Waaij et al. (2000) showed by simulation
that selection on production under continuous infection pressure automatically would result
in increase in resistance to that infection, provided the lack of resistance is limiting the
production level. In conclusion, growth following infection seems a good and practically
implacable indicator ofmultiple aspects of trypanotolerance.
One purpose of this paper was to define heritable traits that are related to
trypanotolerance. Five traits withheritabilities of 0.2 or higher have been defined (Table 5).
Trail et al. (1991a) estimated heritabilities on 148 one-year old N'Damas, using least
squares estimates and a sire model, under practical production circumstances, and with
medium infection rate. They estimated heritabilities for growth (0.39), lowest PCV reached
(0.50) and average PCV (0.64). Rowlands et al. (1995) estimated a heritability of 0.34 for
average PCV, 0.15 for growth (RC-BW) and 0.25 for lowest PCV reached (LV-PCV) on
936 zebu animals of 21 months to three years of age under practical production
circumstances with high infection pressure. An animal model was applied using maximum
likelihood techniques. The heritabilities estimated in the current study are comparable to the
ones found byRowlands etal.(1995) onzebucattle.
In conclusion, there is substantial variation in the F2 generation for the traits defined
in this study. If the results for the N'Dama in this paper could be generalised to a larger
population of N'Dama, then creating an F2 and breeding from the most tolerant animals
may be an option to quickly improve body weight and growth rate, while maintaining a
goodtrypanotolerance level.
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Mode of expression of some QTL related to
trypanotolerance inAfricancattle.

An F2 experiment, consisting of a cross between N'Dama and Boran cattle, was set up at the
International Livestock Research Institute (ILRI)inNairobi,Kenya,for thedetection ofQTLrelatedto
trypanotolerance in cattle. An initial analysis revealed a number of chromosomes harbouring
significant QTL. In mice there is evidence that the gene Tirl, relating to survival following a
trypanosome infection, is genomically imprinted. In this paper these chromosomes are further
analysed to determine the mode of expression of these QTL QTL were detectedfor traits related to
anaemia, body weight change, andparasitaemia following a trypanosome infection on nine different
chromosomes. In total eight QTL have been detected, most of them with Mendelian expression. One
QTL (forthe recovery ofPCVfollowing infectionon BTA19) showed evidence ofgenomic imprinting,
withmaternal expression.Size of effectofthe QTLrangedfrom 5.8percent of thephenotypic variance
for initial body weight prior to infection on BTA2 and the recovery in PCV following infection on
BTA7, to 10.4percentfor thelowest valueofPCV reachedfollowing infection, on BTA2.

Introduction
Results from a backcross experiment with a susceptible and a resistant strain to
trypanosomosis inmice suggest genomic imprinting of agenerelated to survival, located on
BTA17 (Clapcott et al., 2000). Offspring from Fl fathers survived significantly longer
compared to offspring from Fl mothers. The difference in survival seemed related to Tirl,
which is located close to a region with known imprinted genes in mice. The fact that there
seems to be evidence for genomic imprinting of a gene related to resistance to
trypanosomosis inmice,wasreason to check whether the comparative DNA region in cattle
would also show imprinting in relation to trypanotolerance. In addition it could be
investigated whether there wouldbe more genesrelated to trypanotolerance incattle that are
subject to imprinting. Over the past few years, genomic imprinting is detected related to
genes on several regions of the genome, mainly in mice and human (e.g. Schmidt, et al.,
2000; Li et al., 1999; reviewed by Reik and Walter, 2001), but also in pigs (De Koning et
al., 2000). Imprinted genes detected so far (in human, mice and other species) seem to be

ThischapterhasbeensubmittedtotheJournalofAnimalScienceinanadjustedversion
E.HvanderWaaij,J.A.M.vanArendonk,O.Hanotte,D.-J.deKoningandJ.B.Gibson. Evidenceforimprinting
ofQTLrelatedtotrypanotoleranceinAfrican cattle.SubmittedtotheJournalofAnimalScience
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especially related to growth and development, and related to some medical syndromes, but
not somuch todisease resistance.
Based on preliminary results (Hanotte et al., in preparation), several chromosomes
were selected where evidence for presence of QTL was found, and genotypes for these
chromosomes were subsequently re-coded in order to incorporate information on the breed
of origin alleles. This paper focuses on determining the mode of expression of QTL related
to trypanotolerance on several chromosomes in an F2 population of two African cattle
breeds.

MaterialandMethods
Data and experiment.
Four Gambian N'Dama sires were mated to four Kenyan Boran dams resulting in
multiple offspring per mating (with use of Multiple Ovulation and Embryo Transfer
techniques). The N'Dama sires were transported to Kenya as embryo's (Jordt et al. 1986)
and like the Boran dams, they were never infected with trypanosomes. Two N'Dama (ND8
and ND10) sires were full sibs. The other two N'Dama sires (ND7 and ND9) both came
from different regions of the Gambia, and are therefore unlikely to be related. Three or four
offspring (male and female) were selected per couple and mated to offspring of another
couple to create an F2-population, again using MOET techniques. Recipient dams for
embryos were assigned randomly. The F2-population, consisting of 181 animals, can be
divided into 7 full sib families, varying in size from 22 to 40 animals For more details on
family structure, seeFigure 1.
ND7 x 1419

NB8 NB9 NB11 NB36

Fam 1

Fam2

ND8 x 1688

NB2 NB20 NB16 NB30

Fam5

Fam6

ND9 x 1801

ND10 x 2094

NB66 NB65 NB69 NB88 NB87 NB89

Fam3

Figure 1. Schematic overview of the F2 family structure. All N'Dama's

Fam4

(ND) are males and all

Boran (e.g. 1419) are females. ND8 and ND10 are full sibs. In the Fl, NB8, NB9, NB16, NB30,
NB66, NB65 and NB89 are females.
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The F2-calves were born at Kapiti, which is an experimental farm outside Nairobi
and a tsetse-free environment, and weaned in 23 groups at approximately eight months of
age. These groups were transported to (tsetse-free) experimental facilities at ILRI
headquarters in Nairobi in these groups at approximately ten months of age. At about 12
months of age animals, still in the same groups, were artificially challenged with
Trypanosoma congolense through bites from eight infected tsetse flies with different flies
for each animal. During 150 days post infection, body weight and Packed red blood Cell
Volume (PCV) were measured at weekly basis on all infected animals, and the number of
parasites was counted in blood samples using the dark ground phase buffy coat technique
(Murray et al., 1977). Animals were not treated with medication unless their PCV dropped
below 15,which was considered alife-threatening situation. Those animals were treated and
observations on PCV, body weight and parasitaemia were no longer recorded on these
animals.For amore extended description ofthe experiment, seeVan derWaaij etal.(2001).

Traits
One of the most commonly used definitions of trypanotolerance is that infected
trypanotolerant animals are capable of efficiently recovering from anaemia after infection
and of gaining live weight at the same rate asuninfected animals (Paling & Dwinger, 1993;
Trail et al, 1992; Murray et al, 1991). Another mechanism involved in resistance to
trypanosomosis is the parasite clearance, which seems to be very little related to the control
of anaemia and is therefore considered an independent mechanism (Trail et al., 1991). Van
der Waaij et al. (2001) defined 17 traits based on these two mechanisms from the
observations on the infected F2 cattle. In Table 1 is a list with abbreviations and brief
descriptions for eachofthetraits.
Seven traitswererelatedtoPCV (ameasure for anaemia), seventobody weight gain,
two to parasitaemia, and one to survival. The traits related to PCV and body weight can
roughly be divided into traits describing the decrease in PCV or body weight following
infection, and traits describing the extent to which animals subsequently recovered. In
addition, also PCV (and body weight)prior to infection were included. In case of premature
termination of the recording because of life threatening low PCV level, values last recorded
were considered as final observations for that animalwhen determining trait values.
The same definitions wereused for PCV, as for body weight related traits. "Average
Value"is the average level for PCV orbody weight over the 150days post infection, or less
in the case that recording for that animal was stopped. "Starting value" is an average of the
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three or four pre-challenge observations, the average was taken in order to reduce the
measurement error, and was excluding the observation on day 0. "Lowest Value" is the
absolute lowest level after infection during the recording period. "Maximum Decrease" is
the absolute decrease in PCV or body weight after challenge and is calculated as "Lowest
Value"minus "Starting value". "Slope Decrease" is the linear trend in daily change in body
weight or PCV until minimum level is reached and is calculated as "Maximum Decrease"
dividedby number ofdaysuntiltheminimum levelwas reached.
Table I. Trait definitions and their abbreviations for traits related to PCV, body weight and
parasitaemia,following infection
Trait definition

PCV (%)

Bo dyWeight (kg)

1.Average Value

AV-PCV

AV-BW

2. Starting value

ST-PCV

ST-BW

3. Lowest Value

LV-PCV

LV-BW

4. Maximum Decrease

MD-PCV

MD-BW

5. Slope Decrease

SD-PCV

SD-BW

6. Final minus Minimum

FM-PCV

FM-BW

7.RelativeChangetotalperiod

RC-PCV

RC-BW

8. Survival
9.mean ln(Parasite count)
10.number times Parasitaemia Detected

SURV
LNPAR
PARADET

"Final minus Minimum" isthe difference in PCV orbody weight between minimum
and final level, and is calculated as the final recording minus the "Minimum Level".
Animals without observation on day 150 were treated as missing for this trait. The
difference between initial and final trait value, "Change Total period", is calculated as the
final value minus "Starting value". "Relative Change total period" is the relative change in
body weight or PCV compared to the "Starting Level" and is calculated as "Change Total
period" divided by "Starting level". Survival is the ability of an animal to survive the
infection during the recording period without requiring treatment with drugs. All animals
got value 150, unless they were treated with drugs in which case day of treatment was
assigned as value. "ln(Parasitaemia)" is the average of the natural logarithm of the parasite
36

Expression ofQTLfor Trypanotolerance
count in the blood samples during the 150 days post infection. Finally, "Parasitaemia
detected" represents the number of times an animal is detected as parasitaemic. Except for
survival, which isnotnormally distributed, outliers were detected and removed in casethentrait values were beyond four SD from the trait average. In total six animals were excluded
from the data for that reason, resulting in 175 F2 animals. All traits were analysed with the
samenumber of animals inthe data.

Modelfor fixed effect correction
Prior tothe QTL analyses,phenotypes were pre-adjusted for fixed effects of group in
whichtheanimalwasweaned andchallenged, sexoftheanimal,andFl family (1).

ym=st+Sj+fk+em

(1)

where s;isthe effect of sex(i = 2),gjis the effect ofgroup (j = 12),fkis the effect of family
(k = 7),and e^uis the error component.. Groups ranged in size from three to 15animals.To
prevent confounding with family effects, groups with less than 10 animals were combined
with the group that was challenged next because groups were often challenged during
overlapping periods. The effects and their significance were determined by generalised
linear modelprocedure of SAS(SAS, 1997). Even though the effects were not significant in
allcases,the samemodelwas applied for pre-correcting alltraits.
Genotypesand Map
Nine chromosomes (BTA1, BTA2, BTA3, BTA5, BTA7, BTA19, BTA20, BTA23,
and BTA26) were selected for further analysis based on significant QTL detected in a linecross analysis (Hanotte et al., in preparation), containing 7 to 15 genetic markers each.
Genotypes of all animals needed to be traced back to the genotypes of the parent of origin,
rather than the genotypes referring to their breed origin (NN, NB, BB) for these
chromosomes in order to be able to do an imprinting analysis. Markers were generally not
informative in all seven families. For each chromosome a linkage map was constructed
using Cri-map (Green et al. 1990). The results were transformed into Haldane mapping
distance (Haldane, 1919). An overview of markers used, distances between markers and
information content at these marker positions are in Appendix 1. The map of BTA5 has a
large gap (106 cM) for which no markers were typed. The chromosome can therefore be
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considered as two linkage groups, however, it was analysed as one. The map for BTA26 is
not shownbecause onthatchromosome noQTLwere detected.
QTLanalysis
For all traits, interval mapping using regression methods was applied, following the
line-cross approach proposed by Haley et al. (1994). Under the line-cross approach it is
assumed that the two founder lines are fixed for alternative alleles at the QTL affecting the
traits of interest, although they may share alleles at the marker loci. Using multi-marker
information, four probabilities are calculated at 1cM intervals along the genome. Pn is the
probability are that an F2 animal inherited two N'Dama alleles, p22 that it inherited two
Boran alleles, and p [ 2 or p2i that it inherited one from each line (different subscripts
according toparental origin; first subscript ispaternally inherited allele).At every cM across
the investigated chromosomes, an additive effect (a) and a dominance effect (d) are
estimated using the regression of the phenotypes on a linear combination of the line origin
probabilities:

y =m+apaJ+dpdj +e,

(2)

where V isthetrait score of animalj (adjusted for systematic effects), m isthe population
mean, a and d are the estimated additive and dominance effect of a putative QTL at the
given location, paj- is the conditional probability of animal j to carry two N'Dama alleles,
rather than two Boran alleles (P11-P22), P<#the conditional probability of animal j to be
heterozygous (P12+P21),and e,is the residual error. A detailed description of these methods
isgiven byHaley etal.(1994).
The presence of a QTL where the allele from only one of the parents is expressed
was detected following the procedures presented by (De Koning et al. (2000). The
contribution of the parents was separated using the probability that the individual inherited
an N'Dama allele from its father (ppat =[pn+pi2]-[P22+P2i]) or from its mother (p,^
=

[Pn+P2i]-[P22+pi2])- The presence of imprinting was assessed by a saturated model that

contained a paternal, maternal and dominance component to the positions of the best
Mendelian andimprinted QTL
y =
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The re-parameterisation allowed additional models to be fitted with exclusive
paternal ormaternal expression (singleparentmodel):

y . = m+

aparentpparentj+ej

(4)

Imprinting was tested in two ways: I) Following De Koning et al (2000), imprinting
was inferred ifonly one of theparental contributions was significant and no dominance was
present, using F ratios for the individual components of model (4). II) At the position of the
best imprinted QTL, it was tested whether the full model (4) explained significantly more
variance than aMendelian model (2)atthat position..
Chromosome-wise significance levels for thepresence ofaQTL against the HOofno
QTL were determined by a permutation test by running 10,000 permutations per trait of
interest per chromosome (both for the Mendelian and the single parent model). For the test
of a full model (3) against a Mendelian model (2), a permutation test is not very
straightforward. Therefore, the significance level for this test for presence imprinting was
approximated by apermutation test onresults thatwere achieved by fitting a single parental
effect (the effect that came to expression) in a model, when testing for the presence of a
QTL. This could be considered to result in significance levels for a test with one degree of
freedom given the data, and multiple testing on the chromosome and the distribution of the
trait are accounted for. The thresholds obtained this way were equal to a threshold that
would be obtained by fitting an additive and no dominance component (results not shown).
A QTL was considered tobe of interest when it was detected with a p < 0.05 chromosomewise significance level. Non-significant results (0.1 > p > 0.05) pointing to the same region
were added to the table if it points towards the same region as QTL that did reach
significance level on that chromosome. Also when more than one such suggestive QTL
were pointing to the same region on the chromosome these results were added, because,
even though these results on their own provide no significant evidence, they add to the
probability thatthere isindeed aQTLinthat region.
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Results
Traits
In Table 2, means, minima, maxima, phenotypic standard deviations, and the
proportion of phenotypic variance explained by fixed effects model (1) (R2) are presented
for all 17traits considered inthis analysis on 175F2 animals. All traits were approximately
normally distributed, except for survival, which was skewed towards higher values. For
most traits the fixed effects model explains considerable amount of variance (26% for SDPCV to 58%for LNPAR). For SD-BW the model explains only 9% of the variance, partly
because a number of animals did not show a decrease in body weight following infection.
The trait was included in the analysis to remain consistent with earlier work. For more
details seeVan derWaaij et al.,(2001).
Table 2. Minima, maxima, means, adjusted phenotypic standard deviations, and proportion of
varianceexplained bythefixedeffectmodel (R2)for all traits on 175 Franimals
Trait*

Min.

Mean

Max.

Phen. sd.

R2

AV-PCV
ST-PCV

17.7
29.5

23.8
38.4

32.7
48.5

2.94
3.36

0.43
0.53

LV-PCV

10.9

16.3

27.1

2.87

0.35

MD-PCV

-34.6

-22.1

-9.70

3.69

0.42

SD-PCV

-0.64

-0.30

-0.12

0.12

0.26

FM-PCV

-0.80

5.24

17.5

4.16

0.29

TC-PCV

-32.33

-16.8

-1.40

6.11

0.29

AV-BW

80.6

149.4

219

25.1

0.44

ST-BW

92.0

153.2

215

23.8

0.49

LV-BW

74.0

139

210

24.2

0.39

MD-BW

-60.7

-14.1

4.33

12.7

0.39

SD-BW

-4.00

-0.15

3.67

0.54

0.09

FM-BW

-8.00

5.24

47.0

9.42

0.28

TC-BW

-58.7

-6.01

46.0

19.6

0.37

SURV

44.0

144

150

20.2

0.27

LNPAR

2.77

5.05

6.94

0.73

0.58

11.5

22.0

3.81

0.52

PARADET
3.0
forabbreviationsseeTable1.
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QTLanalysis
No QTL were detected on BTA26. Results for the QTL detected on the other
chromosomes are in Tables 3 and 4. In Table 3 are the estimated paternal, maternal and
dominance effects obtained from a full model (3) and also the estimates of the additive and
dominance component obtained from a Mendelian model (2). Estimated effects with a
positive sign indicate that the allele inherited from theN'Dama has the largest effect. Traits
that are mentioned in between brackets point towards a possible QTL position, but the
estimates werenot significant (0.1>p> 0.5). Intotal eight QTLhavebeen detected. For the
QTL for FM-PCV on BTA19 there is evidence for imprinting. Five QTL influence anaemia
control, two of which also influence body weight change following infection. One QTL
influences the PCV level prior to infection, and one is solely related to growth following
infection. One QTL influences the number of times an animal is detected as parasitaemic
(PARADET). Different QTL seem to be of influence on the decrease in PCV (BTA2,
BTA5), as compared to the recovering of the PCV levels (BTA7, BTA19). The size of the
QTL varies from 5.8% of the totalphenotypic variance for starting value body weight (STBW) on BTA2 and PCV recovery (FM-PCV) on BTA7, to 10.4% for the lowest PCV level
reached (LV-PCV) on BTA2 (Table 3). The QTL for the lowest value for PCV (LV-PCV)
onBTA2 isthe QTLwiththehighest significance.
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Table 3.Estimated QTL effects, expressed inunits ofthetrait,for allQTL detected, applying both a
full model, includingpaternal, maternal and dominance effect, andaMendelian model, including an
additiveandadominanceeffect,for theeightchromosomesconsidered.
Mendelian

Full model
Chr
1

2

3

Pos.

QTL

Paternal

Maternal

AV-BW
ST-BW

(cM)
63
63

effect*
0.073
0.058

effect
3.14(1.50)
1.85(1.34)

effect
2.63(1.51)
2.81(1.35)

LV-BW

66

0.066

3.33(1.55)

AV-BW

93

0.073

2.45(1.53)

ST-BW

96

0.058

2.34(1.39)

Trait

Dominance

Additive

Dominance

-9.28 (3.16)
-7.22 (2.83)

effect
5.77 (2.20)
4.65(1.96)

-9.28(3.15)
-7.22 (2.82)

1.37(1.55)

-10.43 (3.40)

4.70 (2.26)

-10.47 (3.40)

3.55(1.51)

-7.18 (3.26)

6.02(2.11)

-7.21 (3.25)

1.66(1.36)

-7.39 (3.00)

3.99(1.92)

-7.33 (2.99)
-7.05 (2.89)

LV-BW

89

0.072

1.20(1.43)

3.94(1.43)

-7.17(2.88)

5.14(1.97)

AV-PCV

88

0.084

0.28 (0.17)

0.56(0.17)

-0.52 (0.33)

0.83 (0.23)

-0.51 (0.33)

LV-PCV

88

0.104

0.36(0.18)

0.61 (0.18)

-0.65 (0.35)

0.97 (0.24)

-0.63 (0.35)

MD-PCV

92

0.089

0.54 (0.23)

0.53 (0.23)

-0.99 (0.48)

1.07(0.31)

-0.99 (0.48)

TC-PCV

91

0.094

1.03(0.41)

1.17(0.40)

-1.31 (0.85)

2.20 (0.56)

-1.13(0.85)

PARADET

9

0.063

-0.49 (0.23)

-0.53 (0.23)

-0.89 (0.53)

-1.02(0.34)

-0.89 (0.53)

5

MD-BW

124

0.061

3.83(1.68)

1.93(1.17)

18.55 (7.86)

5.82 (2.39)

17.93 (7.81)

7

(TC-PCV)

96

0.061

0.00 (0.44)

0.95 (0.44)

-2.87 (0.95)

0.95 (0.64)

-2.86 (0.95)
-2.17 (0.68)

(FM-PCV)

95

0.058

0.05 (0.31)

0.21 (0.30)

-2.18(0.68)

0.26 (0.44)

19

FMPCV

49

0.077

-0.26 (0.32)

1.16(0.31)

0.13(0.71)

0.95 (0.46)

0.48 (0.75)

20

SURV

23

0.061

-3.11(1.66)

-1.86(1.91)

-10.56(4.34)

-5.15(2.59)

-10.95 (4.26)

23

STPCV

5

0.086

-0.37 (0.23)

-0.52 (0.23)

-1.51 (0.52)

-0.90 (0.33)

-1.49(0.51)

*thepositionoftheQTLmentioned
whichon BTA19 wasequalto the
variance

inthetableisequaltotheestimatedlocationoftheMendelianQTLposition,
estimatedpositionoftheimprinted QTL. * = proportion ofthephenotypic

Table 4presents the p-values for thepresence of a Mendelian QTL,p-values for the
presence of a QTL that only comes to expression if inherited from either one of the parents
(single parent model), and p-values obtained from the test whether there is significant
evidence for imprinting (model 1vs model 3). The QTL for PCV recovery (FM-PCV) on
BTA19 showed clear evidence of imprinting and ismaternally expressed. Someofthemost
significant QTL with Mendelian expression also reached significance when testing for the
presence of an imprinted QTL using a single parent model. However, there was no
significant evidence for imprinting at these QTL. Large values for FM-PCV are desirable.
All animals show a decrease in PCV (Van der Waaij et al., 2001), so large values for FMPCV represent good recovery. The favourable allele for this QTL comes from the N'Dama.
The single parent analysis and the test for imprinting lead to the same conclusions on the
mode of expression ofthisQTL.
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Table 4. The chromosome wisep-values for testing thepresence of a QTLusing a Mendelian model
(including dominance), anda model with a single parent effect (paternal or maternal, theonewith
most significant effect), andfor determining whether there is imprinting by testing a full model
(paternal, maternal anddominance effect) versusaMendelian model.
Chromosome wise n-valnes

Mendelian

Single parent

effect*

model

(expr)'

Imprinting?

BTA

Trait

1

AV-BW

63

0.073

0.017

>0.1

>0.1

2

Position (cM)

Size QTL

ST-BW

63

0.058

0.059

>0.1

>0.1

LV-BW

66

0.066

0.030

>0.1

>0.1

AV-BW

93

0.073

0.023

>0.1

>0.1

ST-BW

96

0.058

0.082

>0.1

>0.1

LV-BW

89

0.072

0.028

>0.1

AV-PCV

88

0.084

0.010

0.029

M

>0.1

>0.1

LV-PCV

88

0.104

0.002

0.014

M

>0.1

MD-PCV

92

0.089

0.005

0.007

M

>0.1

TC-PCV

91

0.094

0.003

>0.1

>0.1

3

PARADET

9

0.063

0.037

>0.1

>0.1

5

MD-BW

124

0.061

0.035

0.039

7

(TC-PCV)

96

0.061

0.085

>0.1

>0.1

(7M-PCV)

95

0.058

0.086

>0.1

>0.1

19

FMPCV

49

0.077

>0.1

0.002

M

0.012

20

SURV

23

0.061

0.038

0.084

P

>0.1

P

0.086
>0.1
STPCV
0.004
23
5
theposition ofthe QTL mentioned inthe table isequal tothe estimated location ofthe Mendelian QTL position,
which on BTA19 wasequal totheestimated position ofthe imprinted QTL; "= proportion ofthe phenotypic
variance;*expression oftheinherited paternal allele:P=paternal expression, M=maternal expression

>0.1

>0.1

Profiles for chromosome-wise test statistics of the imprinting analysis for FM-PCV
on BTA19 are presented in Figure 2. The figure present test statistics for the single parent
model and for the Mendelian model. The figure clearly shows the difference in test statistic
between the maternal effect that did, and the paternal that did not come to expression. No
dominance was present (Table 4), which is also a prerequisite for the evidence of
imprinting.
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40

60
map location (cM)

Figure 2. Distribution of the F-statisticfor PCV recovery (FM-PCV) on chromsome J9,for a model
with apaternal component (lower solid line), a maternal component (high solid line), or a Mendelian
model (dotted line). The horizontal lines represent thresholds, the dotted line is the 5% threshold for
theMendelian modelandthetwosolid horizontal linesare the 5% (lowerline)and the 1%(upper line)
thresholdfor asingle componentmodel.Markerpositions are indicated with A on the x-axe.

Discussion
Based onpreliminary results of anF2 experiment, nine chromosomes were selected,
for which the mode of expression of the QTL was determined. Of the eight QTL detected,
favourable alleles for six QTL originated from the N'Dama and two from the Boran. QTL
were related to anaemia control, body weight change, and parasitaemia, both prior to and
following infection with Trypanosomacongolense. Foroneofthe QTL descending from the
N'Dama there is evidence for imprinting. Also the favourable allele with largest effect
originated from the N'Dama and explained 10.4% of the total phenotypic variance for the
lowest value for PCV on BTA2. There is not evidence for an imprinted QTL in the
comparative region of Tirl onBTA23 incattle.
The results presented in this paper are obtained by pre-correcting the data for fixed
effects for group in which the animals were weaned and challenged, sex of the animal, and
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also for the family effect. Inclusion of the family effect can be questioned. In a line-cross
analysis it is assumed that the QTL arenot segregating inthe grandparents, and thus that all
Fl animals have equal genotype for the QTL. If this would hold for all genes, there would
be no family differences. However, this F2-experiment was designed for a cross between
two cattle breeds, which were not necessarily inbred for all QTL considered. Correction for
family is expected to remove variance caused by polygenic effects (and by environmental
effects other than included in the group effect), which would result in reduction in residual
variance. All F2 families are expected to have the same genotypic distribution for the QTL.
If family size is large enough, correction for the family effect should not cause any
problems, but in smaller families correction for the family effect might remove part of the
QTL effect. Correction for family effect might haveresulted inthe fact that some QTL may
not have been detected, but the chance of false positive QTL will be reduced as well. In
deciding on the inclusion of family effects, one needs to balance the advantage if a reduced
residual variance (and reduced risk of false positives), against the risk of eliminating QTL
effects. Given the relative large size of the families, we decided to include the family effect
inour analysis.
Table 5 shows the differences in results of a QTL analysis when also pre-correcting
for the family effect, as compared to no pre-correction for family effect. Group and sex
effect were always pre-corrected for. The significance level for most traits most changed
when including family effect in the model. However, only those cases where the
significance level changed from p>0.05 to p< 0.05 or vice versa are presented in the table
and will be discussed here. First thing to notice for all traits, is that the estimated QTL
effects (especially the additive genetic effect) remain approximately of the same size after
excluding the family effect. In some cases (BTA2, BTA5 and BTA20) the estimated QTL
position changed as well, but at the significant QTL position estimated effects were very
much comparable forbothmodels.In these cases inclusion of the family effect in the model
most likely reduced the error variance,resulting inmore significant QTL estimates.The size
of the estimated QTL effects did not change considerably, and neither did the estimated
QTL position. Also, the significance dropped only to just below significance level. One
explanation for the reduction in significance of the QTL estimates for these traits is that
there may be confounding between genotypes and families, and/or confounding between
geneticmarkers and family.
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Table 5 Difference in number of QTL detected when including pre-correction for family effect, as
compared to no pre-correction for family effect, on the basis of additive and dominance effect
(standard error), the QTL location, and the chromosome-wisep-values (5% thresholdfor that QTL
position).
Additional QTL, after including family effect
BTA

Trait

Model

1

AV-BW

Without family

LV-BW

2

5

20

AV-PCV

MD-BW

SURV

Additive (se)

p-value

Dominance (se)

cM*

5.53 (2.35)

-7.70 (3.37)

63

p>0.1

With family

5.77 (2.20)

-9.28(3.15)

63

p= 0.017

Without family

4.61 (2.35)

-8.78 (3.49)

65

p>0.1

With family

4.70 (2.26)

-10.47 (3.40)

66

p= 0.030

Without family

0.84(...)

-0.08 (...)"

88/94

p= 0.062

With family

0.83 (0.23)

-0.51 (0.33)

88

p= 0.010

Without family

4.10(...)

14.10(...)**

124/65

p= 0.060

With family

5.82 (2.39)

17.93(7.81)

124

p= 0.036

Without family

-3.18(...)

-8.84 (...)**

23/2

p>0.1

With family

-5.15(2.59)

-10.95 (4.26)

23

p= 0.038

(5% thresh.)

QTL thatbecamenon-significant after including family effect
1

2

7

AV-PCV

FM-PCV

TC-PCV

FM-PCV

Without family

-0.42 (0.30)

-1.30(0.46)

71

p = 0.034

With family

-0.30 (0.28)

-1.09(0.42)

70

p>0.1

Without family

1.45 (.043)

0.83 (0.68)

95

p= 0.036

with family

1.14(0.38)

-0.17(0.56)

90

p>0.1

without family

1.02(0.65)

-3.13(0.97)

96

p= 0.035

with family

0.95 (0.64)

-2.86 (0.95)

96

p= 0.070

without family

0.49 (0.47)

-2.67 (0.74)

95

p=0.011

with family

0.26 (0.44)

-2.17(0.68)

95

p= 0.086

EstimatedQTLposition,wherethefirstisthepositionofthesignificant QTL,and,ifverydifferentfromthe first,
themostsignificantpositionoftheQTLgiventhemodelincludingfamily effect, whichiswheretheF-statisticsare
basedon; nostandarderrorsontheestimateswereavailableforpositionsotherthanthemostlikelyQTLposition
giventhemodel.
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Figure 3.Probability ofinheritingthe maternalallele (A) orthepaternal allele (B)fromthe N'Dama
(positiveprobabilities) orfrom theBoran (negativeprobabilities), versus thephenotypicperformance
oftheseF2animals.
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Most important objective of this paper was to determine the mode of expression of
the QTL. The homologue of the imprinted QTL related to trypanotolerance in mice, Tirl,
would have been located on cattle BTA23, but given the present data, no evidence for
imprinting was detected on BTA23. However, on BTA19 there is evidence for imprinting
(maternal expression) related to PCV recovery (FM-PCV). The region in question on
BTA19 (see Figure 2) is not known as an imprinted region in either mouse of human.
However, plotting the probability that an animal received an allele originating from the
N'Dama (positive probabilities) or from the Boran (negative probabilities) from its mother,
to the phenotypic performance of the animal, and subsequently fitting a regression line
through these points (Figure 3a) illustrates the results for this QTL position in Tables 3 and
4 suggesting there is genomic imprinting. The figure shows a clear relation between the
origin ofthe allele inherited from themother andthephenotypic performance.
The regression coefficient of the line is significantly different from zero (p=0.0002).
Mean phenotypic observation for the probabilities that the inherited allele came from the
N'Dama larger than 0.85,was 0.81 with a SDof 4.11. Themean phenotypic observation for
theprobabilities that the inherited allele came from the Boran smaller than -0.85, was -1.37
with a SD of 3.41. For comparison, Figure 3b shows the same relation for the paternally
inherited allele. This figure clearly shows the absence of a relation between inherited allele
and phenotypic performance, and the regression coefficient of the line is not significantly
different from zero(p=0.417).
Comparative mapping
For comparative mapping we have used the USDA cattle genome site
(http://www.marc.usda.gov/genome/genome.html),

the

Bovine

Genome

Database

(http://bos.cvm.tazmu.edu/bovgbase.html),

the

NCBI

Homo

Sapiens

and

(http://www.ncbi.nlm.nm.gov/cgi-bin/Entrez/hum_srch?chr=hum_chr.inf&query)

map

view. For information on function of the candidate genes we have used the Online
Mendelian

Inheritance

(OMIM)

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=

OMIM). Information on imprinted genes was obtained from the Catalogue of Imprinted
Genes and Parent-of-origin Effects in Human and Animals (http://cancer.otago.ac.nz
/IGC/Web/home.html).
Results in this study suggest that the decrease in PCV and body weight following
infection is caused by a different mechanism with regard to the possible subsequent
recovery of PCV. Also Van der Waaij et al. (2001) have shown that decrease and recovery
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are not strongly correlated. Based on these findings one can conclude that there are two
(partly overlapping) waves of gene expression, relating to these two mechanisms. The first
wave may involve the complement system, which is rapidly activated by high numbers of
parasites occur, andresults invery efficient inparasite clearance.If sufficient complement is
available, thisfirstwavemaybe sufficient tocontrolthe infestation. Inmany cases however,
parasites may trigger the adaptive part of the immune system, and cause production of
specific antibodies. This at the onehand will improve phagocytosis and clearancebut at the
other hand includes the risk of lysis of erythrocytes coated with parasitic antigen-antibody
complexes (Taylor, 1999). In cases in which the infection outnumbers the innate defence
capacity, it is important that the second mechanism, the specific immune response, takes
over in time. This mechanism takes longer to be activated, usually about 14 days following
infection (Taylor, 1999), and inthe case ofparasite infection itmay take a little longer since
theparasitesneed tomultiplyfirstbefore the immune system isseriously triggered.
A third mechanism involved in trypanotolerance is related to parasite clearance.
Parasite kill can occur extra-cellular by complement activation as outlined but also intracellular following phagocytosis and cidal action of either cytotoxic NK-cells or cytotoxic Tcells.Thisclearance seemsuncorrelated withbody weight orPCV following infection (Trail
et al., 1991;reviewedby Taylor, 1999).However, it is clear that animals that cannot control
theparasiteburden will seriously suffer from the infection, which will affect both their PCV
level and bodyweight (e.g. Agyemang et al, 1997). A prominent characteristic of
trypanotolerant animals, therefore, is their ability to control parasite numbers without
adverse effects tothemselves (Taylor, 1999).
One reason for not being able to find a correlation between parasitaemia and PCV
may be the lack of a proper definition and/or observation on the level of parasitaemia. T.
congolense is able to attach to the endothelial cells lining the blood vessels. This implies
that parasites circulating in the peripheral blood are not representative of the entire
population (reviewed by Taylor, 1999).Also, it is not the absolute number of parasites that
seems tobe of major influence, rather than the ability to control the number before the PCV
drops below the critical level. Wildlife is a carrier of trypanosomes and thus a constant
source ofre-infection for thetsetse fly.
The first mechanism that comes to expression following infection is the complement
system. The complement system is activated by a combination of antigen with a single
molecule of IgM or two closely spaced IgG molecules (Tizard, 2000). IgM production is
stimulated by B-cells. The role of B-cells in the response to trypanosomosis infection in the
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N'Dama is different from trypanosusceptible breeds (Taylor et al., 1996).Also, the parasite
may directly activate complement, as T. congolense releases factors that directly activate
the bovine complement cascade (reviewed by Taylor, 1999). QTLs that represent the
decrease in PCV and body weight following infection are located on BTA2 and BTA5. The
QTL on BTA2 may include TNFAIP6 (HSA2), the tumour necrosis factor alpha-induced
protein 6. TNFa is secreted by macrophages, T cell, B cells and fibroblasts and can act on
almost all nucleated cells. It mediates many immune functions and regulates the growth of
many cell types (Tizard, 2000). The QTL may also include ATP5G3 (ATP synthesis H+
transporting mitochondrial F0 complex (sub unit 9), isoform 3, in human on HSA2). This
gene catalyses the synthesis of ATP during oxidative phosphorylation. The complement
system requires a lot of energy, so it is likely that ATP synthesis is associated with
complement activation sinceATP-synthesis isof importance intimes of extra activity.
The QTLonBTA5 includes many genesthat maybe related to trypanotolerance. For
example Cls (inhuman onHSA12pl3.1), ofwhich the complement components C2 and C4
are natural substrates, and together form C42. One molecule of C42 can act on several
hundreds molecules of C3, which is the key complement factor (Tizard, 2000).Also,the B7
protein (in human on HSA 12pl3) assists T helper cells to help B-cells by cell to cell
contact. The N'Dama have more circulating B-cells than Boran and these B-cells are in a
higher state of activation (reviewed by Taylor, 1999). There are also several natural killer
(NK) cell (receptor) relatedgenes intheregion of the QTL: KLRD1, ILT1,KLRC4, KLRF1
(all inHSA 12pl3 region).NK cells canbind to target cells loaded withparasites by means
of specific antibody, resulting in a cytotoxic complex. NK-cells can act without previous
sensitisation (Tizard, 2000).
Anaemia is regarded the most important cause of death following a trypanosome
infection (e.g. Taylor, 1999). Early in infection, anaemia is likely to be a result of extravascular haemolysis. This occurs predominantly in the spleen, liver and lymph nodes.
Insufficient haemopoiesis for substitution of lost erythrocytes, may contribute to anaemia
later in infection (reviewed by Taylor, 1999). Failure to control the anaemia will result in a
life-threatening situation. Survival implies successful control of such lethal drop inPCV, i.e.
severe anaemia. QTL for survival were detected on BTA20. The QTL may include
complement components C6 and C9 are mapped in cattle. C6 binds to a C5b and C7,
resulting in a C5b67 complex, which again binds to C8. Then, twelve to eighteen C9
molecules are required to form a tubular transmembrane pore called the membrane attack
complex. If sufficient numbers of these complexes are formed, osmotic lysis and killing of
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the organism occurs (Tizard, 2000). So especially C9may addto efficient parasite clearance
and prevent excessive anaemia. The QTL may also include IL7R (HSA 5pl3), the
interleukin-7 receptor. IL7 acts on thymocytes, T-cells, B-cells, monocytes, and lymphoid
stemcells,and supports generation ofcytotoxic T-cells from thymocytes (Tizard, 2000).
QTL related to PCV recovery are located on BTA7, and BTA19. These QTL should
be involved in the second wave of gene expression, and therefore related to the T-cell
response. The QTL on BTA 7 may include ITK (HSA 5q31-q32), which codes for IL2inducible T-cell kinase. IL2 is secreted when T-helper 1cells encounter macrophage-bound
antigen and it activates T cells, B cells, NK cells and macrophages (Tizard, 2000). IL2
affects the proliferation of activated T-cells and is essential for their long-term growth.
Another gene in that region is IL12B (HSA 5q31), which is natural killer cell stimulator
factor 2, cytotoxic lymphocyte maturation factor 2. IL12 is produced by all the major
antigen-presenting cells. It stimulates T-helper 1 cells to produce IL2 and IFNy, and
enhances T and NK cell proliferation and cytotoxicity (Tizard, 2000). A third possible
candidate gene for the QTL on BTA7 is IL5, which is produced by T-helper 2 cells and
stimulates the growth and activation of eosinophils, and growth of B-cells (Tizrad, 2000).
Major role ofthe eosinophil isthe destruction of invading parasites.Another important gene
in that same region is IL9 (HSA 5q31.1), which is a haematopoietic growth factor (Tizard,
2000), andtherefore plays and important role inthecontrol ofanaemia.The QTL onBTA19
ismaternally expressed andnoreal candidate genethatisalso subject to imprinting could be
found inthecomparative regions ofeither human ormice.
Finally, the third mechanism involved in trypanotolerance is parasite clearance. The
gene density is high in the homologue region in human, but probably the best candidate
gene for the QTL for the efficiency in parasite clearance (PARADET) on cattle BTA3 is
CD64 (HSA q21.2-q21.3), which is a high affinity IgG receptor and is expressed on
monocytes and interferon-stimulated granulocytes. Itplays akey-role in antibody-dependent
cellular cytotoxicity (Tizard, 2000). Other possible candidate genes are CD1B, CD1C, and
CD1D (allHSA q22-q23),which areantigenpresenting molecules, or CD244 (HSAp36.13q23.3) which is anaturalkiller cell receptor.
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Conclusion
In conclusion, there seem to be many QTL involved in trypanotolerance, most with
large effect. Fine mapping of these QTL, and subsequent gene-expression studies on
candidate genes in the region, would increase the understanding of the immunological
background of trypanotolerance. A selection of QTL related to trypanotolerance that are
closely linked to genetic markers could then be implemented in a breeding scheme to
improve trypanotolerance, with less necessity to infect the animal or withhold it from
medical treatment.
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Appendix
Table 1.Marker names, cumulative
atthemarkerpositionsfor BTA J,2
Chrl

distances between markers (in this data) and informationcontent
3and5.

Chr2

Chr3
Dist

Info

Marker

BM3627

1

0.86

ILST026

5

0.72

Marker

Dist

Info

Marker

DK070

1

0.39

RM095

17

0.64

Chr5
Dist

Info

Marker

INRA006

1

0.53

BP1

1

0.81

ILST096

9

0.53

Int2

44

0.53

Dist

Info

ILSTS104 21

0.79

ILST025

26

0.63

BM0723

28

0.76

BL37

49

0.56

TGLA057 52

0.58

CSFM50

36

0.43

INRA003

39

0.72

BR2936

65

0.82

DK024

63

0.73

CSSM42

64

0.81

INRA123

58

0.46

ETH10'

69

0.92

INRA128

75

0.79

BM003

73

0.88

HUJI177

91

0.74

ETH152'

175

0.65

BM6506

78

0.90

BMS803

78

0.82

INRA88

110

0.84

BM049

183

0.88

URB038

92

0.89

BMC9002

88

0.90

IDVGA35

121

0.78

BM2830

184

0.89

DIK104

96

0.83

ILSTS098

104

0.79

HAUT31

127

0.86

ETH2

185

0.87

BM864

100

0.92

BM4440

106

0.79

BM2924

137

0.83

TGLA130 112

0.82

ILSTS082

117

0.41

IDVGA27

151

0.43

BM1824

128

0.66

AR028

141

0.53

CSSM19

149

0.44

BM6444

141

0.53

1

BM3205

154

0.36

BM4117

154

0.76

betweenthesemarkers

OarFcBll

175

0.82

info contentdropsto

0.10 in

" Distance in cM

Table2. Marker names, cumulative distances between markers (in this data) and informationcontent
at themarkerpositionsfor BTA 7, 19,20and23.
Chr7
Marker

Chrl9
Dist.

Info

Marker

Chr20

Chr23

Dist

Info

Marker

Dist

Info

Marker

Dist.

Info

BP41

1

0.88

BM9202

1

0.31

BMN3517

1

0.74

INRA64

1

0.40

BMS713

3

0.71

HEL10

20

0.74

BM1225

10

0.70

INRA132

1

0.40

RM006

11

0.59

AFLP361

21

0.76

BMS1282

34

0.82

CSSM005

27

0.60

BM116

17

0.67

BMS1920

42

0.62

TGLA126

71

0.74

RM033

46

0.57

BM7242

48

0.80

UWCA33

51

0.68

BMS2361

86

0.80

UWCA1

50

0.53

CSSM29

58

0.82

BP20

55

0.76

BM5004

110

0.87

DRB3

72

0.67

DK050

69

0.84

UWCA40

58

0.78

UWCA26

121

0.87

TNFA

74

0.68

BMS2258

70

0.86

DK42

82

0.68

MTGT007

76

0.73

0.54

BORADRBP1

80

0.81

RM185

85

0.83

INRA112

74

0.63

BMS2842

96

BM1853

84

0.56

BMC1013

107 0.48

BM9065

96

0.61

BM7233

95

0.65

U.ST006

114

0.71

CSS24

105

0.81

BMS522

119

0.88

BM1905

111

0.83

INRA53

122

0.85

BL1043

140

0.83
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Introgression of genes responsible for
disease resistance ina cattle population
selected for production: genetic and
economic consequences

J\l

TTie genetic andeconomic consequences of introgression of either oneortwogenes that explainthe
complete differencefor disease resistance between donor and recipient breed were investigated. Four
backcross strategies (0, 1,3or7generations of backcrossing) were comparedfor four initial breed
differences (0.1, 1,2.5and5phenotypic s.d.) whenfemale reproductive capacity was either high (10
offspring) or lower (4offspring). Selection indonor andrecipient populations wasfor production
using a selection index. Genetic comparison wasbased onproduction level between the hybrid
population, afterfixation of the disease resistance alleles, andthedonor population. Fora large
initial breed difference andhighfemale reproductive capacity, application ofseven generations of
backcrossing resulted in the largest genetic difference between donor and hybrid population.
Introgression of oneortwogenes made no differencefor thegenetic results. From aneconomic point
of view,optimal number ofgenerations depends on the number ofgenes involved intheintrogression,
on thefemale reproductive capacity and on the initial breed difference. Seven generations of
backcrossing inmost cases are too manyandnone tothreegenerations of backcrossing often ismore
optimal. Introgression of two genes is economically less attractive, especially with low female
reproduction capacity.
Keywords: introgression, disease resistance, cattle, production

Introduction

r

introgression is a breeding strategy aimed at bringing favourable alleles for a

-certain trait from thedonor into therecipient breed orline. Forexample, this isof
Ac
interestwhen anallele that explains resistance toacertain disease couldbeintroduced intoa
more productive but susceptible breed. Two components can be distinguished in the
introgression process: one is fixation of the favourable allele into a hybrid population, and
the other is reduction or elimination of the proportion of donor alleles at the other loci.

Thischapter hasbeenpublished and isreprinted withpermission
E.H.Van der Waaij, J A M . VanArendonk. 1999. Introgression ofgenes responsiblefor disease resistance inacattle population selected
for production:genetic and economic consequences.Animal Science 70:207-220.

Chapter4
Reduction of the proportion of donor genome is achieved by (multiple) generations of
backcrossing with the recipient breed, after which the favourable alleles are fixed in an
intercross generation. The example of introgressing a small number of loci that explain disease
resistance into amoreproductive breed willbeusedthroughout the paper.
A number of studies have focussed on the second component in the introgression process
by applying a breeding scheme including a number of generations of backcrossing to the
recipient breed (e.g. Tanksley, 1983;Hospital et al., 1992; Groen and Smith, 1995;Visscher et
al., 1996;Visscher and Haley, 1999). They have made use ofphenotypic and/or genetic marker
information to trace the favourable alleles as well as the remaining background genome.
Application of multiple backcross generations decreases the contribution of the donor genome.
However, an increased number of backcross generations could result in an increased risk of
losing the favourable allele, unless the exact position of the gene is known (e.g. Hospital and
Charcosset, 1997; Van Heelsum et al., 1997a, 1997b). In order to cover this increasing risk of
losing the allele, an increased number of animals and genetic markers is needed to obtain the
desired number of animals after intercrossing (Hospital and Charcosset, 1997; Koudande et al.,
1999).Use ofgenetic markers in selection against background genome could reduce the number
of backcross generations and thus the risk of losing the favourable allele (e.g. Hospital et al.,
1992; Visscher et al., 1996), though it would also require a higher number of animals to create
someroom for selection. Increase inthenumber ofgenestobe introgressedhas alarge influence
on the number of animals required during the backcross and intercross generations as well
(Hospital and Charcosset, 1997; Koudande et al., 1999). In the case of introgressing recessive
allelesthat explain disease resistance, animals are required to be homozygous for the favourable
allele (i.e. heterozygous animals are not resistant). In that case, an increase in number of
backcross generations not only requires an increased number of animals, but also postpones the
moment of introduction of hybrid animals in an infected area, which could lead to increased
costs for the introgression program. Little attention,has been paid to balancing genetic and
economic consequences ofdifferent introgression strategies.
This paper compares different strategies aimed at introgression of disease resistance
genes and selection on production, both in genetic and economic terms. Disease resistance is
determined by a limited number of genes (1 or 2), while production is assumed to be under
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polygenic control. Breeding schemes differed in reproductive capacity of dams, number of
backcross generations applied and initial breed difference between donor and recipient.
Economic comparison was based on costs incurred in the backcross phase compared to profit
made per animal after fixation of the favourable allele. Since this is the first study on
optimisation of both genetic and economic aspects of introgression schemes, the focus of the
currentpaper willprimarily be on identifying themajor factors determining the optimum design
of introgression schemes inageneral context.

MaterialandMethods
Twotraitsareconsidered intheanalysis:diseaseresistance andproduction, which are
evaluated in subsequent generations for variousbreeding schemes using a deterministic
approach. Eachgeneration, selectionforproduction isappliedinthepurebred donor and
recipient populations, and after fixation oftheallele(s) that explain disease resistance also inthe
hybridpopulation. Two environments are considered: oneinwhichnodiseasepressure is
present and one inwhich only animals that arehomozygous for the favourable allele would
survive. Genetic comparison isbased ondifferences inpopulation meanbetween purebred and
crossbred populations. Economic comparison isbased oncosts incurred during introgression
compared toprofit per animal after fixation ofthefavourable allele.Trypanotolerance isused as
anexample for disease resistance,withtheN'Dama asdonor and theKenyan Boran asthe
recipient breed.
Geneticmodel
Disease resistance. The complete difference in disease resistance between donor and
recipient populations is explained by either one (n g = 1)or two genes (ng = 2). Genetic markers
are used for determining the favourable allele for each of the genes. There is no recombination
between genetic marker and gene. Marker alleles are completely breed specific. Only
homozygous animals are resistant to the disease. No marker-assisted selection against
background genotype was applied duringbackcrossing and itwas assumed that theproportion of
theremaining donor genome washalved each generation.
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Production. The donor and the recipient breed are assumed to differ in production level.
Genetic and phenotypic variances were assumed to be equal in donor and recipient population,
but the mean production level was different. Production has a polygenic character and the
infinitesimal model was assumed to be applicable. However, breed-specific alleles will
segregate after crossing these lines, which will result in the occurrence of segregation variance
(p. 226, Falconer, 1989).This segregation variance ( c

) exists in addition to additive genetic

variance and its size depends on the size of the initial breed difference and the number of
generations since the crossbreeding event. Lande (1981) defines the "effective number of loci"
that determines the initial breed difference for the trait under consideration, in terms of the
number ofblocks of linked breed-specific loci. In the F, these blocks of loci will be of the size
of a chromosome, since no recombination has occurred yet. Due to recombination events, the
effective number of loci is increased each generation, resulting in a decreasing influence of the
segregation variance on the total genetic variance. The speed at which the number of blocks
("loci") increases is dependent on the type ofbreeding in the generations proceeding the Fj (i.e.
F2, BC2,etc.).
The increase inthenumber of "loci" canbe estimated using aPoisson distribution. In the
F!generation no segregation occurs,resulting inthe absence of segregation variance. The size of
the segregation variance in the proceeding generations is dependent on the type of breeding
applied and the generation number since the Fp The problem is that, using conventional
quantitative genetics theory, it is impossible to estimate the size of the segregation variance. In
generations following the F[ it is absorbed in the Mendelian sampling variance
(<Tms =Yi(Tao +CTseg,i.e. half the additive genetic variance in the base generation plus an
additional termrepresenting the segregation variance).Note that, inthecase ofbackcrossing, the
influence of the segregation variance each generation is only half of that in cases where
intercrossing wouldbe applied (i.e.creating anFn).
The size of the segregation variance in each generation could be estimated if the means
and variances for each effective (= independent) locus, and thus also the effective number of
loci, in the parental breeds, were known. Following Lande (1981), the difference in the mean
effects of the alleles at locus iin theparental populations (i.e. u;i and \ia for parental population
1 and 2,respectively) can be written as 8,=(^ - Hii),which is assumed to be of the same sign
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for all loci (i.e. the breed with the higher production level carries the favourable alleles). The
segregation variance for anFn generation isequalto:

fjSf=0.5n[al+{s)2]

crig =0.5

(1)

1=1

wherenisthenumber oflociinvolved, a 8 isthevariance across loci duetodifference in size of
effect, and 8 is the mean value of 8 ;averaged across allrelevant loci. It is assumed that all loci
have equal additive effect and consequently that a 2 s = 0, reducing the segregation variance toa
relation between the phenotypic difference between parental populations and the effective
number of loci involved. Using equation (1), and given the fact that genetic variance was
assumed tobe equal inbothpopulations, segregation variance canbe writtenas:

J

=0,5^

a

n

'

where \x,\ - u2 is the difference in the mean effects of the alleles at locus i in the parental
populations, a is the genetic standard deviation for the production trait considered, and n is the
total number of loci. The method proposed by Lande (1981) is not very robust, as has been
shown by Zeng (1990). However, it is considered to be accurate enough to be used here since
thenumber of effective loci increases rapidly across generations, which reduces the influence of
the initial number.
Lande (1981) suggested that the initial effective number of loci for most traits is
between 5and 10,with occasional values up to 20.In thispaper the effective number of loci for
production is set at eight, with each of these eight independent loci located on a separate
chromosome of length 100 cM. On average there will be 100 recombinations per 100 meioses
per chromosome, resulting in on average 1recombination per generation. Thus each generation,
eight new independent loci are formed (i.e.when the intercross immediately follows the Fi, this
results in2x8= 16effective loci,whichisinaccordance withtheresults ofZeng (1992)).
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Breeding schemes
The breeding schemeused throughout thepaper isshown inFigure 1.Animals from the
donor and recipient population are crossed to create an Fi. Then nb generations of backcrossing
are applied (nb = 0, 1, 3 or 7, corresponding to recovery of on average 50%, 75%, 87.5% and
>99% of the recipient genome), followed by an intercross to fix the favourable diseaseresistance alleles inahybridpopulation. After fixation the number of animals is increased in the
multiplication generation inorder tocreate someroom for selection for production in subsequent
generations. Because introgression usually will
Donor

Recinient

occur under experimental conditions, itwas assumed
that it would be easier to buy semen than to buy
cows eachgeneration andtherefore only females that
carry the favourable allele are selected from the
backcross population (Gama et al., 1992). The same
Ns sires used in the recipient population were also

1o.

used assires inthebackcross generations.
BC„x

I
BC. x B C
(=intercross)
Multiplication

Hybride

Especially in the case of few numbers of
backcross generations, the difference in mean
production

between

hybrid

families

after

multiplication can be considerable due to Mendelian
sampling. Mass selection in that case would result in
selection of complete families, which would lead to
a large increase in level of inbreeding (AF).

Figure 1. Schematicreproduction oj
the breeding scheme including
terminologyusedthroughoutthepaper.
Selectionforgeneticmarkers is applied
duringthebackcrossgenerations

Therefore, selection for production was within
family. In order to keep the situations comparable,
within-family selection also was applied inthe donor
and recipient populations. Selection in the donor
population was introduced tomake afair comparison

between results of introgression and selection for production within the donor population itself.
Randommating of selectedparents was appliedin allcases.
Donor, recipient andhybridpopulations were selected onproduction based ona selection
indexthat combines information on ownperformance andperformance of sibs (more details ina
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later section of the paper). Observations for production are available on all animals of both
sexes.The parental breeds (i.e.donor and recipient) differ inphenotypic means but are assumed
to have equal genetic and phenotypic variances ((7P = 1, h = 0.2). Generations are discrete,
withequal generation interval for males and females.
Numbers of animals.
The purpose of the introgression program was to create a new hybrid population that is
resistant to the disease and that has a higherproduction level compared to the donor breed. It is
important to start a new population with sufficient numbers of animals in order to keep the
increase in inbreeding level limited. It was assumed that the number of females (Nd) used for
breeding exceeds the number of males (Ns), so that each male breeds with multiple females and
each female only with one male. One sire is selected from each sire family and one dam from
each dam family. By using within-family selection, AF can now be determined using AF = 3/
32NS+ 1/32Nd (Gowe, Robertson and Latter, 1959).Inthis study AFis allowed to be 0.01.For
a mating ratio (d) of five (i.e. five dams per sire),this results inNs= 10sires and Nd= 50 dams.
Female reproductive capacity was either high (assuming that modern reproduction techniques
were available), i.e. dams have mod = 1 0 offspring per generation, or female reproductive
capacity was lower (mod=4).Thenumber ofmalesborn isequaltothenumber of females bom
andmodrepresents thenumber of offspring that survive untilreproductive age.
Introgression and multiplication. Starting at the end, the total number of animals to be
produced in the intercross is dependent on the required population size after multiplication,
whichisequaltothe eventual sizeofthehybridpopulation (ma). GiventhatNd =50andmod= 4
or 10,rriais equal to either 200 or 500 animals (i.e. 100or 250 females). In order to accomplish
this final number, the number of homozygous dams after fixation should equal Nd = 50. The
number of animals (mj,) that need to be produced in order to obtain a single animal that is
homozygous for the favourable allele is dependent on the number of genes that explain disease
resistance (ng = 1or 2), i.e. mh = |(X) * I •In the case of one gene (with two alleles), one
out of four [i.e. (Vi)2*1] will be homozygous at the intercross, so one over one out of four, i.e.
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four, animals are required to produce one homozygous animal. When two genes are to be
introgressed, only oneoutof sixteen willbehomozygous for the favourable allele ofboth genes.
The number of animals (mab) to be produced per backcross generation depends on the
number of genes to be introgressed, and on the reproductive capacity of the dam. For mod= 4
and ng = 1, the number of animals to be produced each backcross generation is equal to the
number of animals to be produced in the intercross. Half of the animals will be female and half
of those will carry the favourable allele. For mod= 10 and ng = 1, the number of dams can be
decreased each previous backcross generation, counting from the intercross. For example, to
produce the 400 animals needed in the intercross, only 40 females that carry the favourable
allele are necessary, resulting in 2x2x40=160 animals needed in the last backcross generation.
Using the same reasoning, this would result in 64 animals in the second-last backcross
generation. However, the number of males at birth in reality is not always exactly equal to the
number of females. Therefore the minimum number of females carrying the favourable allele is
setto20,asaguarantee thatonaverage thenumber of female offspring willbe sufficient.
For introgressing ng = 2genes, the situation is different. Half of the animals born in each
backcross generation are female, but only one out of four of those will carry both favourable
alleles. For mod= 10,the number of animals required each preceding backcross generation can
stillbe decreased, though toalesser extent than inthe caseofng= 1 gene.However, for mod = 4,
the required eight animals cannot be produced by a single dam and, consequently, each
generation preceding the intercross the number of dams, and thus the number of animals born,
needstobe doubled.
Geneticparameters
The N'Dama breed is known to possess a high level of tolerance to trypanosomosis and
therefore is chosen as an example for the donor breed. The Kenyan Boran lacks such tolerance,
but has a higher production level and furthermore it has a good ability to produce under local
African circumstances and therefore is chosen as the recipient breed. Four breed differences
were considered, which cover the range observed in the literature. Breed difference for milk
productivity indexwas small (Murray et al., 1984;ILRAD, 1989;FAO, 1999) and was assumed
to be equal to 0.1 phenotypic sd. Dressing-out percentage was equal for both breeds, and the
difference incarcass weight was solely caused by difference in live weight. Average live weight
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in the Boran was around 600 kg (http:\\studbook.co.za\brinfo\theboran\ boran.html) and in the
N'Dama 300kg (FAO, 1999).Growthrate from birth to 12months ofage intheBoran equalled
0.8 kg/day (http:\\studbook.co.za\brinfo\theboran\boran.html), and was twice as high as in the
N'Dama (0.4 kg/day) (Paling and Dwinger, 1993). Assuming a coefficient of variation of 20%
for both breeds, these twobreeds are 2.5 Boranphenotypic standard deviations and 5.0 N'Dama
phenotypic standard deviations apart for beefproduction as well as for growth rate. Considering
daily liveweight gain per 100kg body weight, N'Dama and Boran perform at a similar level
(FAO, 1999). Based on these results, it was decided to investigate effects of breed differences
(ddr)ranging from 0.1 to 5phenotypic standard deviations.

Selection index
Two selection paths were considered: a sire and a dam path. A selection index was
constructed for eachofthesepaths. Sireswere selected withinhalf-sib sire family, based on fullsib family average as a deviation from thehalf-sib family average, and onown performance asa
deviation from thefull-sib family average.Dams were selected within full-sib dam family, based
ontheir ownperformance as adeviation from their family average.The indices are:

Isire=b,(X(. -XFS)

I+.^iX.-Xn)

+b2(XFS - X„S )

(3)

(4)

where X; is the individual's own performance, X F Sis the average performance of the full-sib
dam family, including the individual's own performance, X HS is the average performance of
the half-sib sire family, and bi, b 2 and b 3 are the index weights for each information source.
Since within full-sib family, each animal had the same sire and dam, differences between
animals within family are solely based on expression of the Mendelian sampling variance and
the error variance. For calculating genetic response, variance of the selection index (<Tl) is
determined as:
< ,J = b ( o ' P ( r ) b ( o
«)

(5)
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where b (t) is a vector with the index weights in generation t and P(t) is a variance-covariance
matrix between information sources ingeneration t. The index weights are calculated as b(t)=P"
'(t)G(t), where G(t) is a variance-covariance matrix between information sources and breeding
values in generation t. For each generation P and G in the sires are given as (ignoring the
subscript representing generationt):

P=

var(Z,. -XFS)
cov((X,. -XFS),

(XFS

COV((X,. -XFS),(XFS

- XHS ))

-XHS))

var(X r a - XHS )

V i , +^ 2 )x(i-i)

o
2

K + ( ^ i +a2e)/n]x(\-±)
coviA^iX.-Xj*))
G=
cov(A,(XFS

-XHS))

.2

^ms( '1 - i )
(^

+

f

f ) x (

l_i.)

where <7d is the dam variance in generation t, which comprises one quarter of the additive
genetic variance inthe selectedparents ofthedam ingeneration (t - 1).TheMendelian sampling
term in generation t is given by amSi - Y2(J2^+CT2 , where <J2is the additive genetic
variance in the base generation (i.e. independent of t). In purebred selection there is no
segregation variance. The error variance is <Te(also independent of t), n is the number of fullsib family members anddisthematingratio.
The b-values for the sire index can be expressed as (again ignoring the subscript for
generation t): b, =

,

<Jms{

\~1'

. = hi and b, =

, *" t ^ " " " '"

.Note that

bi is equal to the within full-sib family heritability as mentioned by Falconer (1989) and Hill et

66

Introgression ofgenesfor disease resistance incattle
al. (1996) and b 2 actually is equal to the within half-sib family heritability. In general, accuracy
of selection can be represented as the standard deviation of the selection index, divided by the
_ °7
standard deviation of the breeding goal (A): fj^ — ~ . Since in this case the breeding goal
only contains one trait, the standard deviation of the breeding goal is equal to the genetic
standard deviation: rla = — .Within the sires,accuracy ofselection ingeneration tisgivenby:

(6)
a

sire(t)

2

where <Ja

isthe additive genetic variance within a sire family in generation t, which is equal

to the total additive genetic variance in generation tminus the additive genetic variance among
the selected sires in the previous generation (<Ta

), since the selection is within half-sib sire

family.
Since selection ofdamsiswithin full-sib family, both the sire and damvariance are equal
for all selection candidates, and aretherefore left outofconsideration. For each generation

P=var(X,-J ra )=( ^ s + ^ 2 ) x a - 7 ) .
G =cov(MXi-XFs))

=

a2m(\-j;)

and thus b 3 = {a2ms (1- 1 ) /((a2ms + a2) x (1- 1 ) ) = h2w.
The accuracy of selection inthedams ingeneration tisgivenby:

\a2 I<tam(l)
f

|

a2" " ( I )

xhl

'-^--K

p>

2

where (Ta

isthe additive genetic variance within adam family ingeneration t.
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Genetic variances in generation t were corrected for reduction due to linkage
disequilibrium inprevious generations (Buhner, 1971).Additive genetic variance in generation t
2

is equal to <J„

a

is
0"l

given

+ <J„

s(l-l)

by

2
a

2

+ (J„, .Additive genetic variance in selected sires in generation t
ms

d(t-\)

l

G2„ =\ <7ln (1—A: x rf„

=j <T2a (1—kd x rfa

)and

in

selected

dams

by

) , where ky= iy(i y - xy), iybeing the selection intensity in the

respective selectionpath for sexy, andx isthetruncation point.

Response to selection
In generation t, the population mean (p.t)can be represented by the average breeding
value inthe selectedparents:

/*r)=0.5*(//f(M)+//(,(M))

(8)

where us(t.i)is the average breeding value inthe selected sires and ud(t-i)is the average breeding
value in the selected dams in the previous generation. The average in each of the selected
parentsis:
/ / x ( r - i ) = ^ * ° " / , +/ / (r-2)

(9)

where x is s (sire) or d (dam), ix is the selection intensity in sex x, and <T, is the standard
deviation ofthe selection index in sexx. Selection intensity depends onthe family size and thus
on the female reproductive capacity. When mod equals 4, selection intensities are is=1.539 for
sires and i<j=0.564 for dams. When modequals 10,selection intensities are is=1.965 for sires and
id=1.163 for dams. In calculating these selection intensities, the effect of finite population size
has been taken into account (Burrows, 1972). Genetic gain in generation t is calculated as the
increase in population mean from generation t-1 to generation t (i.e. AG =u, - ut_i). Since no
selection is applied in the backcross generations, genetic gain in the backcross generations is
dependent onthe genetic gain intherecipient sires.
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Environments
Two environments are considered: environment 1(El) represents an uninfested area in
which non-resistant animals are kept, and environment 2 (E2) an infested area in which only
animals that are homozygous for the disease-resistance allele will survive. Medication for
heterozygous animals isno option. The recipient breed reaches high production levels in El but
is not able to survive in E2 because of disease pressure. The donor breed is resistant to the
disease present in E2, but is less productive. The crossbred animals in the backcross and
intercross generations need to be kept in El and will be less productive compared to the
purebred recipient breed.

Costs

The cumulative costs consist of the difference in population mean for mab animals in
the t backcross and intercross generations (uc) compared to the purebred recipient population
t

mean (ur), cumulated over generations, and are calculated as C=y,mabXjur

~/uc)>

expressed inphenotypic standard deviations. Breeding schemes in all populations are equal (i.e.
equal number of sires and dams, equal reproductive capacity) and it is assumed that costs
(except for genotypings) are entirely due to difference inproduction level. Costs for production
of hybrid animals (i.e. costs for not having recipient animals when having backcross animals)
are defined as opportunity costs (= ur -uc) (Dijkhuizen & Morris, 1997). The size of the
cumulative costs is dependent on the size of the opportunity costs as well as on the number of
animals involved in the backcross and intercross generations. Costs are also incurred for
collecting DNA samples and for genotyping of the animals in the backcross and intercross
generation to trace the favourable allele. All animals need to be genotyped for the first gene. If
there is a second gene involved, it is assumed that only those animals that carry the favourable
allele ofthe first geneneed tobe genotyped for the second, i.e.inthecase of two alleles for each
"*
gene, T =mab / 0 . 5 ' ,where T isthe total number of genotypings.All females are genotyped
;=i

for i= 1. For i = 2, half of the females (i.e. those that carry the favourable allele for the first
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gene) need to be genotyped additionally. In the intercross generation, all animals (males and
females) aregenotyped for the first geneandhalfofthemfor the second gene..
Costscompensation
The hybrid animals are transported to E2 as soon as they are homozygous for the
favourable allele. Profit can be made as soon as C is overcome, which is after production of a
certainnumber ofhybrid animals (mac)tocompensate for thecosts ofintrogression (C).This m^
is dependent on the opportunity costs (i.e. costs for not having the donor animals when having
the hybrid animals, which willbe negative when the genetic level ofthehybrid animals exceeds
the genetic level of the donor animals) and onthe size of C (i.e. mac = C /(// A —/ld ) ) . Note
that niac is different for each introgression scheme. The time frame for compensating for C is
hard to define and depends on the selection and multiplication strategy applied by the breeding
company. For example, reproductive capacity of males and/or females could be increased to
produce higher number of animals, so that costs are compensated more rapidly. Hybrid animals
that arenot selected asparents couldbe sold, sothat income isnotonlydependent on production
level anymore.
Geneticand economic comparison
The genetic comparison is based on the difference in population mean for production
levelof thehybrid compared tothe donorpopulation. The economic comparison isbased on the
number of hybrid animals that need to be produced in order to compensate for the cumulative
costs for loss inproduction during the backcross and intercross generations, and on the number
ofgenotypings that areneeded during the introgressionprocess.

Results
Segregation variance
Figure 2 shows the course of the segregation variance relative to the total genetic
variance over generations for four initial breed differences. When the breed difference is small,
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the

influence

of

segregation

0.3 n

variance on the total variance is
negligible. Only when initial breed
difference becomes large (2.5 or 5
s.d.), is the influence of segregation
variance

substantial,

especially

during the first generations. The
influence of segregation variance
diminishes rapidly over generations,
since the number of effective loci is
increased by eight each generation;
it remains influential only for an
Figure 2 Ratio segregation variance (Gseg) to total additive

initialbreed difference of 5 s.d..

genetic variance (<7a) across generations for initial breed
differences of0.1(•), 1.0(0),2.5(A)and5.0(o)phenotypics.d.

Genetic comparison
Table 1 shows differences in population mean between the hybrid and the donor
population during the generation of multiplication (dhd), expressed in phenotypic standard
deviations. Positive values indicate superiority of introgression over selection within the donor
population. However, in the case of none or one generation of backcrossing, small negative
values can be overcome inthe subsequent few generations of selection in the hybrid population,
due to a slightly higher genetic variance compared to the donor population. This additional
genetic variance is caused by the smaller influence of the Buhner effect and, to a much lesser
extent, by the presence of some segregation variance, though the influence of this additional
variance will disappear within a limited number of generations of selection. The smaller
reduction of variance due to the Buhner effect in the hybrid population (i.e. compared to the
donor population), is caused by the absence of selection in the dams during the backcross
generations, and by the complete absence of selection during fixation and multiplication. Four
backcross strategies (n b = 0, 1,3or7)were compared for four initialbreed differences (d^ =0.1,
1.0, 2.5 or 5.0) and two female reproductive rates (m„d= 4 or 10).For d^ = 0.1,and in the case
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of nb = 0 or 1for d& = 1.0, selection for production within the donor population resulted in a
larger increase in population mean compared to introgression in the case of low female
reproductive capacity. In the case of high female reproductive capacity, donor animals did not
exceed the production level of the hybrid animals when d^ = 0.1 and nb = 1. In general, mean
production level in the hybrid population increases with increasing d^ and increasing nb.
Considering the positive values in Table 1, highest mean production levels in the hybrid
population were accomplished when mod=4 for nb= 0or 1generations ofbackcrossing applied,
andwhenm^ = 10forr^= 3or7.
Table J Difference in production level (in phenotypic standard deviations) between
hybrid animals and donor animals during the generation of multiplication for four
different backcross strategies (n/J, comparingfour initialbreed differences (dir) and high
or lowfemale reproductive rate (mod)
nb = 0

nb = 1

dj

nb = 3
mod= 10

"6=7

t

0.1 sd

-0.670

-0.690

-0.705

-0.711

1.0 sd

-0.220

-0.015

0.139

0.185

2.5sd

0.530

1.110

1.545

1.679

5.0sd

1.780

2.985

3.889

4.169

mod= 4 f
0.1 sd

-0.461

-0.456

-0.449

-0.445

1.0 sd

-0.011

0.219

0.395

0.448

2.5sd

0.739

1.344

1.801

1.942

1.989
5.0sd
3.219
4.145
*expressed inphenotypicstandarddeviations;t= numberofoffspring perdam
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Figure 3 shows the
increase in population mean
5-

for production when initial
breed difference is 2.5 s.d.
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Figure 3 Increase in population meanfor production

and subsequently increases

when initial breed difference is 2.5 sd. and female

again during the generations

reproductive rate is high, comparing selected purebred

of

populations (donor (M) andrecipient (O)) toanimalsin
thefour introgression schemes (nb =0 (x), nb = 1(A),
nb =3 (•) or nb = 7 (+)generations of backcrossing).

fixation

and

multiplication. Visscher and
Haley (1999) have already

Selection was applied in each of the purebred

mentioned such an increase

populations and afterfixation of thefavourable alleles

in

also inthehybrid population.

recipient animals compared

superiority

of

the

to the crossbred animals in
the later stages of the introgression program. Another cause of lower mean production level of
the crossbred animals is the fact that during introgression, no selection for production is applied
inthe females. However, especially when n y =4, the selection intensity in females in recipient
(and donor) populations is low, and the absence of selection during introgression therefore does
nothave much influence (notillustrated inthe figure).
Genetic gain (AG) for production in selected populations (donor, recipient and hybrid
populations) was approximately 0.23 for rriod = 1 0 and 0.16 when m ^ = 4. The number of
generations of selection in the donor population to compensate for the genetic lag with the
hybrid population canbe calculated asn<; = dhd/ AG.From Table 1it can thusbe concluded that
for example nj, = 0 for m ^ = 1 0 results in differences in population mean between donor and
hybrid populations that can be overcome in an additional nc= 2 (d^ = 2.5) to nc = 8 (ddr = 5)
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generations of selection in the donor population. For m^i = 4, i^ = 5 (ddr = 2.5) to 13 (ddr = 5)
when there isnobackcrossing (nb=0),andn<;=3(d^= 1)to28(d^= 5)for nb=7.
Economic comparison
Table 2 shows results of the economic analysis for production of animals that are
homozygous for the favourable allele, for the case of one gene (ng = 1)explaining the complete
breed difference in disease resistance. The economic comparison is presented in terms of the
cumulative costs (C) for production of homozygous animals, the number of animals (mac) that
need tobe produced in order to compensate for these costs (i.e. depending on the size C and on
the difference inproduction levelbetween hybrid and donor animals shown in Table 1),and the
number ofgenotypings (T) required through to fixation. For example, the value for Cin Table 2
for mod = 10, dj, = 1.0 s.d. and nb = 3 equals 456.40 production units (e.g. kg growth).
Difference in production level between hybrid and donor animals is 0.174, so hybrid animals
produce 0.174 production unit more than donor animals. Thus the number of hybrid animals
needed to compensate for thecosts (i.e.mac) equals 456.4 / 0.174 = 2616 animals. The choice of
the optimal breeding scheme, from an economical point of view, is dependent on the balance
between C and mac. Four backcross strategies (nb= 0, 1,3 or 7) were compared for four initial
breed differences (d^=0.1, 1.0, 2.5 or 5.0) andtwo female reproductive rates (m0(i=4or 10).
An initial breed difference of 0.1 s.d. is too small to enable a profitable introgression
scheme. For schemes with a larger initial breed difference and high female reproductive
capacity, three generations of backcrossing in most cases result in the lowest values for C and
rtiac.Only in the case of d^ = 5.0 s.d., seven generations of backcrossing is more optimal with
regards tonumbers of animalstobeproduced. However, thisdifference innumbers ofanimals is
negligible, especially considering the four generations of backcrossing that are additionally
required, and thus, in the case of nb = 3,the four additional generations after multiplication can
be used to produce this small difference in number of animals. Low female reproductive
capacity produces different results. Immediate fixation of the favourable allele is optimal,
considering the size of the opportunity costs. In contrast, three generations of backcrossing is
optimal considering the size ofmac.This smaller value ofmac is caused by the higher production
level ofhybrid animals after nb = 3compared to nb =0 or 1.Which scheme is optimum depends
onwhat ismore important from aneconomicpoint ofview:low Corlowm^. Them^ reflects
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Table 2 Cumulative costs due to difference inproduction level between recipient and backcross and
intercrosspopulations (C, inphenotypic standard deviations) during introgression of a single gene for
disease resistance, numbers of animals to be produced after fixation of the favourable allele to
compensatefor these costs (mac)and number ofgenotypings needed untilfixation (T),considering high
and lowerfemale reproductive capacity (mod)andvariousinitialbreeddifferences (ddr)
ddr

C
0.1sd.

1.0sd.

2.5sd.

5.0sd.

m o d=4

m«i=10
m

t

T

C

mJ'

T

0

261.92

J

480

248.00

-

600

1

299.36

-

520

336.40

-

800

3

362.00

-

600

512.80

-

1200

7

477.52

-

760

866.80

-

2000

0

513.92

-

480

608.00

28280

600

1

461.36

8788

520

696.40

2567

800

3

456.40

2616

600

872.40

'2078

1200

7

550.24

2718

760

1228.0

2673

2000

0

933.92

1613

480

1208.0

1566

600

1

731.36

622

520

1296.4

930

800

3

614.08

389

600

1472.8

807

1200

7

672.64

397

760

1829.0

936

2000

0

1633.9

894

480

2208.0

1093

600

1

1181.4

388

520

2296.4

703

800

3

876.40

224

600

2472.4

593

1200

7

877.60

210

760

2828.4

637

2000

t = incl. the animals in the multiplication generation; % -= no profit will be made due to higher genetic level of the
donor breed.
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thebalance betweencost (C) ontheonehand andproductive advantage ofthehybrid animals on
the other. Considering the fact that production of animals usually will be more costly than
production of oneproduction unit, lowvalues for macandthusthree generations of backcrossing
will be optimal in most situations. However, the two additional generations available for
producing theextra animals shouldbetaken into account aswell.
Table 3 shows results of the economic analysis in the situation in which two genes (ng =
2) explain the entire breed difference for level of disease resistance. Since genetic gain for
production is not influenced by the number of genes to be introgressed, results in Table 1 are
also applicable here.Animportant difference compared totheresults inTable 2isthat, form ^ =
10and d^= 2.5 and 5.0 s.d., the optimal value, when looking at mac, for nb has gone from zero,
whenthe favourable allele of asinglegene istobe introgressed, to seven, for the situation where
two genes are involved. Inthe case ofhigh female reproductive capacity, the number of animals
intheinitialgeneration ofthebackcross canbe decreased by increasing the number of backcross
generations. For nb =3,664 animals are needed in the Fi, and for nb = 7, this figure has further
decreased to 272 animals.This is incontrast to the 1280animals tobeproduced inthe F t for the
case ofrib= 0.Thepotential todecrease thenumber of animals needed inthe first few backcross
generations canbe very profitable, especially inthe case of alarge initial breed difference (<!& =
2.5 or 5.0 s.d.), since the difference between crossbred and purebred animals is biggest during
the first three generations ofbackcrossing (see Figure 2 for illustration). One standard deviation
initialbreed difference isnotenough totake advantage ofthis mechanism.
For mac = 4, immediate fixation of both alleles is optimal in most of the cases, because
the number of females (and thus animals) needs to be doubled each additional backcross
generation in order to produce the required number of animals carrying both favourable alleles.
Only in the case of <!& = 1.0 s.d., mac is reduced considerably when a single generation of
backcrossing is applied. T reaches higher values for ng = 2 than for ng = 1, because of both
higher number of genes to be genotyped and higher number of animals due to reproductive
limitations.Especially for mod=4,thegenotype workload canbecome substantial.
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Table 3 Cumulative costs due to difference inproduction level between recipient and backcross and
intercross populations (C, inphenotypic standard deviations) during introgression of two genes for
disease resistance, numbers of animals to be produced after fixation of the favourable allele to
compensate for these costs (mal) and number of genotypings needed untilfixation (T), considering
highand lowerfemale reproductive capacity (mod)and variousinitialbreeddifferences (djr)

C
0.1sd.

1.0sd.

2.5sd.

5.0sd.

m o d=4

m o d =10

nb

ddr

™t

T

T

C

1920

1352.0

-

2400

0

1237.8

mj
J

1

1614.5

-

2176

2785.6

-

4000

3

2172.7

-

2548

11398

-

13600

7

2771.7

-

2934

183776

-

103200

0

2533.8

-

1920

3512.0

163349

2400

1

2723.3

51873

2176

6745.6
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Example. The genotype load is largest when two genes explain the difference in disease
resistance. Considering the number of genotypings to be done to create 100 animals that are
homozygous for both favourable alleles, costs for collecting DNA and doing the actual
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genotyping canbecome substantial. For the case ofnb = 7 and mod= 4, in total 409,600 animals
need to be genotyped: only females during the generations of introgression and also the males
during the intercrossing. Assuming that costs for the collection of DNA for one individual and
its genotyping would equal two US dollars, total costs for collection of DNA and genotyping
would equal 819,200USdollars.

Discussion
This paper aimed at determining optimum breeding schemes for introgression of one or
two genes that explain the breed difference for disease resistance, considering both genetic and
economic aspects. Results in this paper show that, depending on initial breed difference and on
female reproductive capacity, it is economically attractive to create a hybrid that is resistant to
the disease and more productive than the donor population. Female reproductive capacity
affects thenumber ofanimals that areneededduring theproduction ofthehybrid population.
Introgression of trypanotolerance genes in African cattle is chosen as an example. Even
though it is likely that multiple genes are involved in explaining the tolerance level, (Kemp et
al., 1997) it was assumed that only one or two genes represent all the genetic variance in the
level of trypanotolerance between the donor and the recipient breeds. It is also assumed that
treatment with drugs wasnotpossible, and thusthat onlythose animals that are homozygous for
the favourable alleles explaining the disease resistance could be introduced into infested areas.
However, in practice there still is genetic variation for trypanotolerance in the N'Dama (e.g.
Trail et al., 1991) and, depending on the severity of infection, many animals will need one or
more treatments with drugs. Also it is quite likely that none of the N'Damas is 100 percent
resistant to the disease, simply because the alleles conferring such level of resistance do not
exist.
The present study did not aim at giving direct answers to the question of which
introgression scheme is best for a specified situation, but it rather aimed at giving support to
making such a decision inmore general terms,by showing theprinciples involved in comparing
alternative introgression schemes. In doing so, a number of simplifying assumptions have been
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made, including the use of non-overlapping generations. In cattle schemes, overlapping
generations will occur in particular when no reproduction techniques are used to increase the
number of offspring per female. With the use of modern reproduction techniques, overlapping
generations can be avoided but that, in particular for mod =10, puts high demands on
infrastructure as well as financial investments which might not make it practically feasible.
However, the use of overlapping generations is not expected to have a large impact on the
comparison of alternatives.
With mass selection, in the case of overlapping generations, older animals will not have
the advantage of additional information from relatives (i.e. no progeny testing applied), and
therefore the youngest animals will be selected for breeding (i.e. they have higher genetic
potential), which is equal to the case of discrete generations. During introgression, animals are
not selected for production, and increase inproduction level is solely due to the use of selected
sires from the recipient line. The difference between purebred and introgression therefore
remains the same as with discrete generations. In the present paper, within-family selection is
applied instead of mass selection, which has some impact on the effect of overlapping
generations. Animals from the best families will be used during multiple generations and the
poorest families will not be used for breeding at all. This will cause some increase in genetic
gain. However, this increase in genetic gain willbepassed onto the generations of introgression
in the same way as with discrete generations and therefore will have no influence on the
difference between lines. The use of overlapping generations in the introgression process will
result in fewer animals being needed per generation, since animals that carry the favourable
allele(s)canbeused more than once,which will have adecreasing effect on the costs. However,
older animals will have a lower genetic potential for production, and that will result in an
increase in costs again. Summarising, there will be an effect of using overlapping instead of
discrete generations,but the sizeoftheeffect willbe limited.
We have assumed that modern reproduction techniques were applied in the hybrid
populations as well as in both purebred populations. By assuming that such techniques have
been used in all schemes, differences between the schemes are entirely due to effects of
introgression and not a mixture of effects caused by both differences in reproductive capacity
and effects of introgression. In practise, however, it might not be realistic to apply the same
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reproductive techniques in all three populations. In figure 3, it can be seen that the rate of
genetic gain isequalinallpopulations, which iscaused by assuming the samevalues formod.
A lower mod in the donor population, for example due to the harsh environment under
which the animals are kept, does not affect the cost of the introgression process (C). However,
the lower value results in a larger difference in performance between the hybrid and donor
population and consequently in a lower value of mac. m addition, the difference between both
populations would increase with time and thus would favour a larger number of backcross
generations. These effects result from differences in reproductive capacity of females, and not
from differences inintrogression strategy andhave,therefore, been avoided inthis paper.
Selection inhybrid, donor andrecipientpopulations was onproduction. The production
level of animals is expected to differ between the environment with and without the disease
challenge. The difference inproduction level between the donor and hybrid animals is assumed
to be constant in the two environments. In other words, the absolute production level of the
hybrid population might differ between infested and non-infested environment, but the same
difference also holds for the donor population. In the economic calculations, the concept of
opportunity costs is applied. Therefore, the difference in production level between the two
environments doesnotaffect theeconomic comparison.
Selection strategies for production are assumed to be equal for the N'Dama and the
Boran so that a fair comparison canbe made between introgression and selection for production
within theN'Dama. The empty cells inTables 2and 3 show that selection for production within
the N'Dama is preferred over introgression when initial breed difference is small. However,
selection inthe donor linemight be difficult or even impossible, e.g. when animals are kept in a
small-holder production system, inwhich case the difference between donor andhybrid animals
will grow larger. However, setting up a breeding scheme for the donor population should be
considered as an alternative for an introgression program. Consequently, the performance of a
selected donor isthemost appropriate point of comparison.
In small-holder farming systems, often all cattle are retained at the farm since that is
considered a more reliable investment than putting money in the bank. Cattle can be used for
draught power, calfproduction (interest), milk and meat production, are not subject to inflation
and can be sold when cash is needed. Breed replacement by investing in new animals therefore
often isnot an option, but purchasing semen from hybridbulls when AI facilities are present, or
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collectively buying such a bull, is. On larger farms, it is likely that hybrid animals (both cows
and bulls, though especially bulls) are used for crossbreeding to upgrade the purebred N'Dama
animals. The final result of introgression thus not only is the creation of a 'new breed', but it
alsoprovides opportunities forupgrading ofthepresent donor population.
Results in Table 1suggest that, especially for large d^,hybrid animals are most superior
to donor animals when seven backcross generations are applied. However, from an economical
point of view, application of fewer generations of backcrossing can be more favourable,
especially for ng = 2 and d^ = 0.1 or 1s.d. for mac = 10 and for all oVin the case of mac = 4
(Table 3).The availability ofmodem reproduction techniques (mod=10) reduces the number of
animals needed during introgression andthenumber ofhybrid animals needed for compensation
of costs incurred during introgression (mac). Especially when nioj = 4 these costs can become
substantial. In the most extreme case, for m^ = 4, d^ = 1.0sd. and nb = 7, it will take a lot of
effort to produce mjC. This illustrates that the reproductive capacity of the dam plays an
important rolewhen decidingto start an introgression program.
From the economical point of view, application of none or only a few generations of
backcrossing seems most favourable (e.g. in the case of mod= 4 and ng = 1or 2).An additional
advantage of applying few backcross generations is that animals canbe transported to E2 after a
small number of generations. This means a saving in costs and a reduction in risk of losing
animals in the backcross phase due to, e.g., disease. Increasing the number of backcross
generations results in increased total costs (C) (Tables 2 and 3). The size of the hybrid
population after multiplication is determined under the assumption that none of the animals that
are selected for breeding will die before the required number of offspring has been produced.
However, it ispossible that there is, for example, anoutbreak of a disease for which none ofthe
animals is resistant (e.g. rinderpest) and new hybrid animals are needed to replace the lost
individuals. In that case, costs are also incurred because these hybrid animals are not yet
available when required (opportunity costs).An increase inthenumber ofbackcross generations
then will result in an increase of these opportunity costs. Such extra costs have not been
incorporated intotheresults ofthepresent study.
It was assumed that genotyping is performed after animals are born. For some known
genes (e.g.BLAD,kappa casein) itpossible to genotype atthe embryo level (P.Bredbacka pers.
comm.). Such developments are expected to seriously reduce costs in introgression programs,
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since only embryos that carry the favourable alleles will be implanted. At present, sex
determination of embryos using PCR techniques is possible (Bredbacka, 1998) and is used in
practice on a small scale. Sex determination would reduce thenumber of animals required in the
backcross generation (i.e.embryos ofthe other gender donothave tobe implanted). Still, use of
females in the backcross generations requires a higher number of backcross animals than when
using males.
The gene(s) tobe introgressed are assumed to account for allgenetic variation for disease
resistance, though in reality this might not be the case. It is possible that multiple genes
influence the level of expression of disease resistance, of which a few genes have a relatively
large effect and the rest of the genes all have approximately equal, small effect so that the
infinitesimal model can be applied. Introgression of one or two genes then accounts for only a
certainpercentage ofthe initialbetween-breed variation. Alownumber ofbackcross generations
will result in a relatively large portion of the donor genome that is available for additional
polygenic selection for disease resistance in the hybrid population, which would no longer be
available after a large number of backcross generations. Furthermore, there might be some
interaction between alleles somewhere on the donor genome and the favourable allele that could
possiblybepreserved when fewerbackcross generations are applied.
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Modeling selection for production traits
underconstantinfection pressure

This paper presents a model describing the relationship between level of disease resistance and
production under constant infection pressure. The model assumes that given a certain infection
pressure, there isa thresholdfor resistance belowwhichanimals willstopproducing, and that thereis
also a thresholdfor resistance above which animalsproduce atproduction potential. In between both
thresholds animals willshow a decrease inproduction, the size of decrease depending on the severity
of infection, and the level of resistance. Thedynamic relationship betweenproduction and resistance
when level of resistance changes, such as due to infection is modeled both stochastically and
deterministically. Selection started inapopulation with verypoor level of resistance introduced inan
environment with constant infection pressure. Mass selection on observed production was applied,
which resulted in a non-linear selection responsefor all three traits considered. Whenresistance is
poor, selectionfor observedproduction resulted in increased level of resistance. Withincreasing level
of resistance, selection response shifts toproduction potential and eventually selectionfor observed
production isequivalent toselectionfor production potential. Therateat which resistance isimproved
depends on its heritability, the difference between both thresholds, and selection intensity. The model
also revealed that when a zero correlation between resistance andproduction potential is assumed,
thephenotypic correlation between resistance and observedproduction level increasesfor low levels
of resistance and subsequently asymptotes to zero, whereas the phenotypic correlation between
production potential and observed production asymptotes to one. For most breeding schemes
investigated, the deterministic modelperformed well in relation to the stochastic simulation results.
Experimental results reported inliteraturesupport themodel predictions.
Keywords: Genetic Epidemiology, Disease Resistance, Production, Selection, Non-linear Models,
Modelling

Introduction
nimals that are not fully resistant to a certain infectious disease will suffer from

Jr\.tL.the infection and consequently show a decrease in production. The size of this
decrease in production depends on the degree of resistance of the animal and on the severity
of infection. It is economically important to increase the level of disease resistance in the
population to a level where the influence of infection on production is negligible and the
number of animals that need medical treatment is minimal (e.g., Bennett et al., 1999). This
can for example be achieved by vaccination, when available. Another option is to increase
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the genetic potential for disease resistance in the population (e.g., Gavora and Spencer,
1978).
Before an effective selection scheme for disease resistance can be established, it is
important to investigate therelationship between production and level of disease resistance.
Broadly two types of infections can be distinguished: sporadic infections (e.g., viral
infections) andnon-sporadic infections (e.g.,gastro-intestinalparasites in sheep [Bishop and
Stear, 1999] ortrypanosomiasis [e.g.,Murray et al., 1990]),the latter type having a constant
influence onproduction. The influence of level ofresistance to this last type of infection on
production will be addressed in this paper, for the case where the host animal resistance
levelhas no impact on the overall level of disease challenge, hence the epidemiology of the
infection.
The objective of this research was to model and give insight in the underlying
relationship between level of disease resistance and productivity under continuous infection
pressure when selection is on observed production. The model will account for the dynamic
relationship between production and resistance when level of production changes, e.g., due
to infection.

Methods
The effect of level of disease resistance on the production level is defined as
'resilience' (Bisset and Morris, 1996; Woolaston and Baker, 1996). We use the term
'resistance' throughout this paper as we consider some of the traits underlying resilience,
thatis,resistance per seand productivity.
Model
Under infection pressure, the level of resistance of an animal to the infection affects
theproduction thatcanbeachieved. Individualsthatare lessresistant tothe infection willbe
less productive. When a high infection pressure occurs in combination with a low level of
resistance,production candropto,orevenbelow (e.g.,incase of growth) zero. Onthe other
hand, the production of animals that have a high enough level of resistance will not be
reduced inthepresence ofthe disease.
Under the infinitesimal model, level of resistance (R) and production potential (Pp)
maybe defined ascontinuous normally distributed traits.The level of production that would
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havebeen achieved ifthe animalwere completely resistant is denoted asPp.Under infection
pressure, however, production canbe influenced by the level of disease resistance. In other
words, observed production (Po) is not always equal to the underlying production potential,
but is influenced by the level of disease resistance. Observed production only exists at
phenotypic level.
In each of the sub populations, the interaction between production potential and
diseaseresistance canbe defined as:
Po=Ppxf(R),

(1)

where f(R) depends on the value of resistance in relation to the thresholds, and may
represent any function that is suitable for this relation, for example a linear, exponential, or
logistic function. It is assumed that there is no correlation between production potential and
disease resistance and values for resistance should be non-negative. Although in reality the
function ofresistance is likely to describe some s-curve, with asymptotes at zero and one,in
this paper it is assumed that two thresholds for resistance level divide the population into
three sub populations. There is a certain lower threshold (L) for disease resistance, below
which production drops to a minimum (Po = 0). There also is an upper threshold (U) for
disease resistance, above which the animal is fully resistant and production equals
production potential (i.e., observed production = Pp). Between the lower and upper
threshold, observed production willdepend onboth production potential and resistance. The
upper and lower thresholds are considered fixed but they will depend on the type of
infection and other environmental factors.
The influence of resistance on observed production differs in each sub population
and observed production can, therefore, be considered as consisting of three separate
distributions I,II,and III(see alsoFigure 1):
I :Po = 0,

forR<L

II :Po =Ppxf(R)

forL<R<U

III: Po=Pp

forR>U

(2)
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Distribution Po

Figure 1.Schematic overview of what the distribution of observedproduction is assumed to look like
in a situation where thepopulation contains animals that are resistant as well as animals that have
zero production: divided into the three sub-distributions, two of them normally distributed with
different mean andvariances, andone withmeanandvarianceequal to zero.

This model is general and can be applied to a wide variety of disease scenarios. The
infection pressure modeled may differ within as well asbetween diseases. These range from
scenarios where the mean level of resistance of the host population can mediate the disease
pressure of the pathogen (the disease epidemiology), as for gastrointestinal parasites in
sheep, to cases where there is a large environmental reservoir on which the host genotype
has no measurable effect on the disease pressure. This for example is the case with
trypanosomiasis inmany African countries,where the largenumbers ofwildlife, grazing the
same area as the cattle population, provide a constant reservoir of parasites. This paper
investigates the latter scenario.
Stochastic Implementation
The model described above is implemented using stochastically simulation (500
replicates) for a population of animals, with both resistance and production potential
modeled asheritable traits.As first approximation f(R) was assumed to be a linear function
ofR:
f(R) = ( R - L ) / ( U - L ) ,
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where f(R) has bounds of 0 and 1. Initial genotypes for production potential and
resistance arerandomly drawn from independent normal distributions withmeans uPpand uR
and additive genetic variances a2App and O-2AR. Environmental effects are randomly drawn
from independent normal distributions with mean zero and variance 02EPp and a2ER.
Heritabilities for production potential (h2Pp) and resistance (h2R) in the base population are:
h2 = a2A/ a2P, where a2A and a2P represent the respective additive genetic and phenotypic
variance (CT2P = a2A + a 2 E ). Infection pressure and other environmental conditipns are
assumed constant over time. Dominance and epistatic effects are ignored. Phenotypic values
for observedproduction aredetermined for eachindividual using equations 2and3.
Population Structure. A population with a constant size of N individuals is
considered, consisting of nf females and nm males. Generations are discrete and nme! males
and n/sei females are selected for reproduction eachgeneration, resulting in selected fractions
Pm = nmsd / nm and selection intensity im in themales andpf = nfsd/ nfand ifin the females.
Each sire is mated to nfm = nfsei /nmse! dams. Each dam is mated to one sire and has n0
offspring of which 50% are male and 50% female. All n0 individuals survive to
reproduction. Thenumber ofgenerations considered isdenoted as ngen.
Selection. Animals are ranked on their phenotype for observed production after
which mass selection is applied. When the number of animals with an observation for
observed production is less than either nmsd or nfseb(depending on the sex under
consideration), additional animals will be randomly drawn from I (i.e., assuming that these
animals are capable of reproduction). Genotypes for production potential and resistance in
the offspring of selected parents are determined as the average of their parental genotypes
plus a Mendelian sampling term. Across generations, the population mean of resistance
shifts relative to the two thresholds due to selection. This will change the correlations
between production potential and observedproduction andbetween resistance and observed
production. These correlations are calculated each generation for illustration (i.e.,
rpo,z=cov(Po,z)/(aPoxaz), where ziseitherproduction potential orR).
Deterministic Implementation
The model can also be implemented deterministically. Advantage of deterministic
models they can provide more insight in the nature of the problem. By describing the
process in terms of means and (reduction in) (co)variances and correlations, the reader gets
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more insight in what is actually happening during selection. Deterministic models also lend
themselves to future developments such as breeding scheme optimization. Population
structure and selection policy is equal to that described for the stochastic simulation.
Observed production levels are determined using equations 2and3.
General Procedure. Determination of the genetic parameters for each of the three
componentsproduction potential, resistance, andobservedproduction is an iterativeprocess.
It is assumed that means and variances for production potential and resistance are known in
the base generation. Also the thresholds for resistance are known so that means and
variances for resistance in I, II, and III can be determined. The mean and variances for
observed production are only unknown in II (i.e., where the linear function of resistance is
applicable) and,therefore, onlythemean andvariances for observedproduction inIIneed to
be determined each generation. Mass selection is on observed production and selection
differentials are determined inII or III or a combination ofboth (no selection differential in
I since mean and variances are 0). By regression of production potential and resistance on
these selection differentials, selection differentials, and genetic response can be determined
in production potential and resistance separately. Genetic responses in II and III are
combined to an overall response both for production potential and R. New means and
variances for production potential and resistance can now be determined, which result in
newmean andvariances for observedproduction inII,etc.
Sub-distributions for R and Po. Given the distribution of resistance and the
thresholds, the fractions (p h pn and pni) of the population present in I, II, and III can be
determined, and subsequently means and variances for resistance in each of the population
fractions (equations 1 and 2 in Appendix 1). Now the mean and variance of observed
production in II (u2Pon and a2PoII) can be determined (equations 4 and 5 in Appendix 1).
Note thatthevariance for observedproduction in II willbecome larger than the variance for
production potential, since it includes almost the entire range of possible productions from
zero to close to maximum production. The overall mean and phenotypic variance for
observed production can be determined from the means and variances in I, II, and III,
weightedby therespective fraction (i.e.,p b pn,orp m ) (equations 5and 6inAppendix 1).
Selection. Truncation selection is on observed production, resulting in truncation in
subpopulations II,III,or acombination of IIand III,depending onthesize ofpsei (i.e.,pse/ is
90

Modellingproduction under constant infection
eitherpm orpj) and the distribution of resistance. Sub populations II and III are overlapping
because animals with equal observed production can either have a very high value for
production potential and are not fully resistant (II), or have a less high value for Pp, but
because they are fully resistant (III), their production is comparable to or higher than
animals in II. In case animals are selected from both II and III, the separate selected
fractions in II and III, psel
selected

and psel

fractions
n

Psel =PseiII( ti

/n

tot)

in
+

need tobe determined. Givenpsd andpu andpIH, the
II
n

Psei„,( m

and
ln
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III
usin

is

obtained

by

iterating

g subroutine RIDDR_ROOT (Press et

al., 1992). As in the stochastic simulation, when the number of animals in II and III is
insufficient (i.e., less than either nmsel or nfsei), additional animals will be randomly drawn
from I(i.e.,assuming thatthese animals are capable ofreproduction).
Selected proportions differ between males and females. Therefore, reduction in
phenotypic and genetic variance in the selected parents due to selection (Bulmer, 1971) as
well as selection differentials are determined separately for males and females. Below the
general selection procedure is described, which, apart from the input values, is equal for
males and females. Since both production potential and resistance are normally distributed,
observed production in II consists of a multiplication of two normally distributed traits and,
therefore, isnot normally distributed itself.However, observed production is assumed to be
normally distributed so that selection intensities can be obtained from tables for the normal
distribution. Because the selected fraction in the sub-distributions can become very small,
the selection intensities are corrected for finite population size (Burrows, 1972). Once
selected fractions are known in each sub-distribution, selection differentials for observed
production inIIandIIIcanbe determined
Selection differential for observed production in II and III is determined for males
and females asS =i x aPo.Selection differentials for production potential andresistance are
approximated by regression on observed production (see Appendix 2). Note that these
regression coefficients are different for distribution II and III. Genetic selection differential
(G) in I, II, and III are calculated by multiplying S with the accuracy of selection squared
(heritability in case ofmass selection).Total genetic selection differentials per sex (i.e.,I,II,
and III together) for production potential and for resistance are calculated by weighting the
separate responses to the proportion of individuals present in I, II, and i n (i.e., p I; pn, and
Pm): G = Gj x pj + Gu x pu + GIU x pul. Overall genetic response is determined by
averaging selection differential in males and females. Population means for production
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potential and resistance in the next generation are calculated as the sum of the previous
population mean and the accumulated genetic selection differential. Population mean for
observedproduction isthen determined asoutlined inequation 6(Appendix 1).
Variances. Because the relation between production potential and observed
production andbetween resistance and observed production changes across generations, the
mean and variance for observed production need to be calculated each generation from
means and variances of resistance and production potential (equations 4 and 5 in Appendix
1). Since selection is on Po, selection intensities (/) in production potential and resistance
cannotbe determined directly but canbe approximated from the respective genetic selection
differentials, phenotypic variances and accuracies of selection (i.e.,heritabilities in case of
mass selection) in generation t(ignoring the subscript for i); i = GI -^h x CTp ,where a2P
is the phenotypic variance of the respective trait. Reduced additive genetic variance due to
selection is then calculated as<Jy = <Ta (l —k h ) ,wherey represents the sex, <Ta is the
additive genetic variance in generation t, k is the reduction factor due to selection and is
calculated as k = i (i-x), where x is the standardized truncation point. The total additive
genetic

variance

in

the

next

generation

can

now

be

calculated

as<JM = 0 . 2 5 c s + 0.25<Td + <Tms, where (7t+xis the additive genetic variance in
2

2

generation t+1, <JS is the additive genetic variance inthe selected sires, <Td isthe additive
genetic variance m the selected dams and CTmsis Mendelian sampling variance, which is
equal to half the additive genetic variance in the base population. The phenotypic variance
in the next generation is calculated as the genetic variance in the next generation plus the
constant environmental variance. Phenotypic correlations between observed production and
resistance and between observed production and production potential are calculated each
generation for illustration (Appendix2).
Input Parameters
Population parameters and thresholds were equal for the deterministic and stochastic
approach. Initialphenotypic population mean for production potential was 100with a SD of
15. The heritability for production potential was set to 0.3, resulting in an environmental
variance of 225 - (0.3 x 225) = 157.5.The phenotypic population mean for resistance was
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30, with a SD of 6. The heritability for resistance was varied as described in Table 1,
resulting in a different environmental variance for each scheme of a 2 P- (h2 x a 2 P ) = a2e.
The lower threshold for resistance was chosen such that in generation one, approximately
17.5% of the individuals were in II and III (i.e., had phenotypic observations for observed
production in the first generation), which was less than the proportion of animals needed to
produce the next generation. As a consequence, in all cases additional parents were
randomly drawn from I, which mimics an extreme situation to start selection. The upper
threshold was varied as given in Table 1. Selected proportions for sires and dams were
varied as described inTable 1.The total population size nw, = 384 remained constant across
generations. This population size was chosen such that all selected fractions considered
resulted in discrete numbers of animals selected, which was necessary for the stochastic
simulation. Production traits considered, may include growth, milk production, egg
production, etc. The model would also be suitable to describe the effect of resistance on
continuous fertility traits, like number of daysbetween births. However, for those traits it is
important that sufficient numbers ofanimals are available in II and III,because animals in I
will be infertile, contrary to our assumption. The results presented, therefore, canbe applied
to fertility traits,however notfromgeneration onebut somegenerations later onwards.

Results
GeneralFeatures ofthe Model
Figure 2showsthe change inpopulation mean for observedproduction, production
potential, and resistance, during 50 generations of mass selection on observed production.
The figure shows that if starting with a population with a low level of resistance, then by
selecting on observed production, emphasis in the first 15-20 generations mainly is on
improving the level of resistance. Increase in observed production in generation zero to six
is small because there are not enough animals in II and III yet, which restricts intensity of
selection. Observed production is increasing most rapidly during generation 6to 15, which
is due to the increasing level of resistance. Given the heritability for resistance presented in
the figure, the increase during this period is more rapid than when selection is purely on
underlying production (i.e.,resistance level above the higher threshold). This is because the
variance for observed production is largest in II (i.e., in n individuals can have values for
observedproduction betweenzero andproductionpotential).Therefore, selection response
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for observed production will increase with more individuals coming into II and is highest
when most are in II. The variance for observed production will decrease again when the
population moves into III. Resistance level increases almost linearly until generation 15,
after which the increase flattens off and observed production approximates production
potential.

20

30
generation

Figure 2.Stochastic simulation resultsfor the change inphenotypic population mean for
observed production (o), resistance (A), and production potential (K) during 50
generations ofphenotypic selection on observedproduction, where h2R =0.2, difference
between lower andupperthreshold =3.0SD,and psire =0.0625.

Figure 3 shows the change in number of individuals per sub population for the base
situation. In generation one, about 85% of the individuals have resistance level lower than
the lower threshold value (L). Selection on observed production results in a correlated
response in resistance. Between approximately generation 6 and 15,most animals are in II.
This period coincides with the period with the strongest increase in observed production
(Figure 2). From generation 10 onwards, the fraction in distribution III is increasing,
resulting in an increase in selection pressure on Pp. From generation 15 onwards, more
animals are present in III compared to II, resulting in a decreasing selection response in
resistance (start oftheplateau inFigure 2)and adecrease inselection response inPo.
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Figure 3.Stochastic simulation resultsfor the change innumber ofanimals inI (o),
II (m), and III (A) during 50 generations of phenotypic selection on observed
production, where h2g =0.2, difference between lower and upper threshold = 3.0
SD, and psire = 0.0625.

Figure 4 shows the change in phenotypic correlation between observed production
and production potential (rPOipp)and between observed production and resistance {rPoJ^),
again for the base situation. The change in correlation between observed production and
resistance is informative. It starts at about 0.6, then goes up with increasing number of
individuals in II with the highest correlation in generation 8 and 9 (i.e., highest number of
animals in II).Subsequently it decreases again. It does notreach zero,because there are still
animals in II at generation 50. The correlationbetween observedproduction and production
potential increases with increasing number of animals in III (observed production is
approaching production potential). This is as would be expected from the change in f (R),
when going from I to II and III. The correlation does not reach 1.0 in generation 50, since
not allanimals are inIII (seeFigure 3).This at first sight isunexpected, but iscaused by the
large variance in observedproduction, resulting from the small population fraction in II.For
clarification wewill give anumerical example here,representing generation 50inthe figure.
The cov (Po,Pp) = E(PoxPp)- E(Po)xE(Pp), and E(PoxPp) in I(=0),II (= 7,1887.2) and III
(=83,619.5) weighted by p, (= 0), p 2 (=0.054) and p 3 (=0.946), resulting in E(PoxPp) =
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82,986.0. Ingeneration 50uPp= 288.8 with (phenotypic) a2Pp=214.0 andUp0= 286.6 with
a2Po=367.6.Combining this information givesrp0>Pp=(82,986.0(288.8x286.6))A/(214.0x367.6)=215.92/280.48=0.77,which isgiveninthe figure.
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Figure 4. Stochastic simulation results for the phenotypic correlations between
observed production and resistance (+) and between observed and potential
production ( ) during 50 generations of phenotypic selection, where h2R = 0.2,
difference between loweranduooerthreshold =3.0SD.and D.._ = 0.0625.

The correlationbetween observedproduction andresistance willnotbecome equalto
1.0duetothefact that thegenetic andphenotypic correlation between production potential
and resistance isequaltozero. Once they areinsubpopulation in, animals with thehighest
production canhave anyvalue for resistance above the upper threshold. Parents selected
from III with values for resistance just above the upper threshold, will have offspring of
which some have values for resistance below the upper threshold due to Mendelian
sampling andenvironmental influences. Because animals inIIhave lesser chance ofbeing
selected, offspring ofparents withresistancejust aboveUwithpositive Mendelian sampling
are favored. So, indirectly there still is some selection pressure on resistance and the
correlation between observed production and production potential will approximate 1.0
asymptotically. Thespeed atwhich theasymptote is approximated is dependent on factors
suchastheheritability forresistance, difference between the lower andupper threshold,and
intensity ofselection.
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Consequences

of

Changing

Parameters. The consequences of
changing the difference between
lower and upper threshold have
been investigated. The lower
threshold was kept constant in all
cases. InFigure 5, consequences of
changing the difference between
lower and upper threshold from 0.5
phenotypic

SD. (5a) to

3.0

phenotypic SD (5b) are given.
Increasing the difference between
the thresholds results in an increase
in the level for resistance at which
the leveling off towards the plateau
starts. The generation number at
which the plateau starts therefore
shifts from about 15 for 0.5 SD to
Figure 5 a+b. Stochastic simulation resultsfor the
change in response in observed production (o),
resistance (A), andproduction potential (M)due to
increase in difference between lower and upper
thresholdfrom 0.5phenotypic standard deviation for
resistance (a), to3.0 SD (b), while h2R =0.2and one
out of 16malesandoneout oftwofemales isselected
for breeding.

about 20 for 3.0 SD. For 0.5 SD
difference, observed production
does

not

become

equal

to

production potential for reasons
mentioned earlier, even though the
plateau in resistance has been
reached at an earlier generation
than for 3.0 SD, where observed

production does become approximately equal to production potential from generation 40
onwards.Animals that are inII are influenced by the infection to an extent that is described
by f (R). A small difference between lower andupper threshold (e.g., 0.5 SD), would result
in a steep slope of f (R) in II, so that the few animals in the tail of the distribution can be
largely influenced by the infection. Whereas in case of a large (e.g., 3.0 SD) difference
between lower andupper threshold, the few animals inII would hardly be influenced at all,
since f (R) is close to one. In spite of the fact that observed production does not become
equal to production potential when difference between lower and upper threshold is small,
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such a small difference is
easier to overcome than a
large one. Result is that in
case of a small difference,
selection weight shifts from
resistance

to

production

potential at an earlier stage,
20

30
Generation

and more genetic progress in
observed

production

and

production potential can be
made during the same number
of generations.
Selection

response

depends on the size of the
heritability.

For

some

infections the heritability will
20

30
Generation

Figure 6 a+b. Stochastic simulation results for the
change in response in observed production (o),
resistance (A) and production potential (K) due to
increase in heritabilityfor resistancefrom h2R = 0.1 (a)
to 0.6 (b), while difference between lower and upper
threshold =2.0 SD and one out of 16males and one out
oftwofemales isselectedfor breeding.

be low (e.g., 0.044 for mastitis
or 0.016 for reproductive
infections in cattle [Nielsen et
al., 1996]), while for others
the heritability will be much
higher (e.g., 0.39 for tick
resistance

in

cattle

[Mackinnon et al., 1991] or
0.61 for Marek's infection [Gavora et al., 1974]). Figure 6 shows the consequences of
changing the size of the heritability for resistance (R) from 0.1 (6a) to 0.6 (6b).As expected
selection response increases with increasing heritability, so with a high heritability for
resistance, the difference between lower and upper threshold can be overcome more
efficiently and selection weight shifts from resistance to production potential in an earlier
generation. With a low heritability for resistance, the population-mean for resistance shifts
more slowly, resulting in a larger portion of animals in I and II after 50 generations of
selection on observedproduction (Figure 6a).
Selection intensity in the population depends on the type of breeding scheme and is
largely influenced by thenumber of offspring per parent. For example, inthe case of natural
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mating, the number of

350 n

offspring

per parent is

limited. The possibility of
using AI would allow for a
large number of offspring
per male, and thus for a
higher selection intensity in
males.

When

reproduction

modem
techniques

(e.g., MOET, ovum pickup)
are

available,

selection

intensity in females could be
increased as well. In Figure
7,

consequences

decreasing

the

of

selected

proportion in males from
one out of two (7a) to one
out of 32 (7b) are shown.
Main difference
20

30
Generation

Figure 7 a+b. Stochastic simulation results for the
change in response in observed production (o),
resistance (A) and production potential (JQ due to
increase in theselectedproportion in the malesfrom one
out of two (a, above) to one out of 32 (b, below), while
h2R = 0.2 and the difference between lower and upper
threshold =2.0SD.

is that

selection is more efficient,
and thus selection response
is increased, with decreased
selected
Selection

proportion.
response

for

production

observed
increases

and

pressure

shifts

selection
from

resistance to production potential at an earlier stage. The population-mean for resistance
does not change with decreasing selected proportion since the level for resistance at which
theplateau isreached,remains equal for both selection intensities.
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Comparison of Stochastic and

250

Deterministic Prediction
Predictions obtained from
stochastic simulation are compared
to
£100
8

predictions

using

the

deterministic model. Figure 8
shows the difference in change in
population mean in observed
20

25
30
Generation

production using the stochastic or
the deterministic approach for
equal selected proportion in males
and females {pd~P$ = 0-5),U -L =
2.0 s.d.

and heritability

for

resistance is either 0.1 (a) or 0.6
(b). To give a clear example,
Figure

8a

represents

the

combination of breeding scheme
20
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Generation

Figure 8 a+b. Exampleof most extreme difference
betweendeterministicandstochasticsimulation results,
represented byresponse inPousing the deterministic
(A) andthestochastic (R)approach,for heritabilityoj
resistanceof 0.1 (a) and 0.6 (b) and the selected
proportion inthemales andfemalesequals oneout oj
two anddifference between lower andupper threshold
=2.0SD.

and parameters resulting in the
most extreme difference between
deterministic

and

stochastic

prediction. Figure 8b represents a
situation

with

an

average

difference between stochastic and
deterministic simulation results
(see Table 1). This figure clearly
shows that the difference between

both approaches is mainly caused during the generations in which many animals are in II.
As soon as most animals are in III, the increase in difference across generations is
negligible. A lowheritability for resistance (Figure 8a)results in a low selection response in
observed production (and thus inresistance) and thus in aprolonged number of generations
with a large proportion of the population in II. The non-normality in II is causing an
overestimation of increase in number of animals in II and III when using the deterministic
approach. A distribution that is built up from a multiplication of two normally distributed
variableshas thicker tailsthan anormaldistribution. Applying selection theory thathas been
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developed for normally distributed traits,therefore, would result in selection of atoolarge
number of animals from this non-normal distribution. So the longer the route to get the
animals in III (e.g., due to increase in difference between lower and upper threshold, low
selection intensity or low heritability for resistance), the larger the difference inprediction
betweenthestochasticandthedeterministicmodel.
Table 1 shows mean differences in stochastic and deterministic predictions in
population mean across generations. Four mating schemes are compared (selected
proportion in males equal 0.5 (A), 0.125 (B), 0.0625 (C), and 0.03125 (D), respectively,
Table 1.Mean errors inpopulation meanfor observedproduction, comparing results using
the deterministic model versus the stochastic simulation, relative toproduction potential,
across 50 venerations (lowerthreshold isconstant)
Mating scheme

h2R

U= 0.5SD

U = l SD

U= 2SD

U= 3SD

A

0.1

0.112

0.126

0.306

0.299

0.2

0.105

0.162

0.217

0.254

0.4

0.045

0.080

0.115

0.138

0.6

0.019

0.045

0.070

0.086

0.1

0.029

0.028

0.079

0.104

0.2

0.031

0.020

0.051

0.070

0.4

0.022

0.017

0.036

0.050

0.6

0.021

0.013

0.025

0.037

0.1

0.120

0.016

0.052

0.080

0.2

0.080

0.019

0.031

0.057

0.4

0.048

0.021

0.027

0.041

0.6

0.034

0.020

0.026

0.034

0.1

0.139

0.091

0.044

0.073

0.2

0.107

0.114

0.026

0.057

0.4

0.078

0.072

0.040

0.048

0.6

0.064

0.059

0.039

0.047

B

C

D

In mating scheme A selected proportion in males was 0.5, in mating scheme B it was 0.125, in mating
scheme Citwas 0.0625,and inmatingscheme D it was 0.03125.Selectedproportion infemales was 0.5in
allmating schemes. Theupper threshold Uisexpressed inphenotypic standard deviations of resistance.
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selectedproportion in females equals 0.5), each for four different heritabilities for resistance
(h2R=0.1, 0.2,0.4, or0.6) and four differences between lower andupper threshold (0.5, 1.0,
2.0, or 3.0 s.d.). The lower threshold was kept constant in all cases. The mean error (across
50generations) isthe average across generations of (ignoring the subscript for generationt):
(upo<d) - Upoft))/ uPp(s). where uPo(d) is the population mean in generation t for observed
production, determined using the deterministic model, uPo(S)using the stochastic model and
HPP(S) is the population mean in generation t for production potential determined using the

stochastic model. The differences between deterministic and stochastic predictions have
been related to production potential and not to observed production, because observed
production takes very low values during the first few generations. Small deviations from a
small value can result in very large relative differences, which would give a distorted view
on the situation. Small values in the table indicate that on average the prediction given by
the deterministic model matched the prediction by the stochastic model very well (e.g.,
mating scheme A, U = 0.5 s.d. and h2 = 0.6). Given this information, general trend in Table
1 is that differences increase with increasing difference between lower and upper threshold
(i.e., longer route through II to III) and decrease with increasing heritability (i.e., increase in
selection response inresistance, and thus increase inefficiency to get animals in III).Trends
in differences between stochastic and deterministic models across mating schemes are less
clear.
Differences between stochastic and deterministic predictions especially occur in
situations where large proportions of males are selected (Table 1).However, such schemes
usually are not applied in practical breeding (i.e., selection is on production, which in most
breeding schemes gets highest priority). Selection intensities in mating schemes C and D,
where differences are small, can be met. That is, in practical dairy cattle breeding, selected
proportion for production of 1out of 32 in males is not unusually small. Influence of the
size of the heritability for resistance on the selection response and thus on the number of
generations needed to get the largest proportion of the population in III, is infection type
(and population) dependent. Increase in selection response due to decrease in difference
between lower and upper threshold depends, apart from the infection trait, also on the
severity of infection. When the size of the differences increase, e.g., with low heritability for
resistance and small difference between lower and upper threshold, stochastic simulation
wouldbe themethod ofchoice.
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Discussion
GeneralFeatures ofthe Model.
In the present paper a model has been presented to describe the relation between
level of disease resistance and production. The model allows for the production to increase
proportionally with increasing level of disease resistance, until the production potential is
reached. The model illustrates that in practice level of disease resistance will increase,
provided the population is not fully resistant yet, also when selection is on observed
production only.The lower threshold for disease resistance was introduced to mimic apoint
of resistance below which animals do not produce anymore. An important property of the
model is that the result of selection on observed production results in a shift from an
increase in level of disease resistance to an increase in production potential across
generations. As a consequence, correlations between observed production and both
production potential and level of disease resistance change across generations under the
infinitesimal model. The model allows for non-linear selection response in observed and
underlying production and disease resistance. Furthermore, for selection schemes that are
realistic in practical animal breeding, the deterministic approach accurately predicts genetic
progress underthepresentmodel andallows insight intothenature oftheresponses.
Support of theModel byLiterature Results.
Experimental data supports the results obtained in this study. Spencer et al. (1979)
detected less Lymphoid leukosis virus and less group specific antigens in albumen of eggs
in strains of laying hens that were selected for high production, as compared to the random
bred control lines (both under normally occurring constant infection pressure). In concept,
resistance to infectious diseases with continuous infection pressure is comparable to
resistance to other environmental stresses like excessive heat. Frisch (1980) has presented
results from an extensive long-term selection experiment in cattle, where the animals were
selected for observed production. His results show that increase in growth rate due to
selection for observed growth rate can be primarily attributed to improvement in resistance
to environmental stresses. It is likely that his cattle had low level of resistance when he
started selection for growth rate. Growth rate improved by indirectly improving level of
resistance and that is what the proposed model would predict. Frisch (1980) also states that
selection for growth rate under stressful environment eventually would eliminate loci
responsible for the lack of resistance, and therefore, selection moves to genes affecting
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production potential. Within our model, the effect of alleles that explain poorer resistance
asymptotically decreases, and eventually, probably due to genetic drift, these alleles are
likely to disappear from the population (correlation between production potential and
observed production becomes 1.0) due to the absence of selection pressure in favor of those
alleles. Results from Mackinnon et al (1991) and Burrow (unpublished results) show that
heat resistance increased with multiple generations selection for increased observed
production. Burrow (unpublished results) also found an improved level of tick resistance in
themore tick-susceptible linewhen selection was for increased growth level.
Other Models.
The relation between disease resistance and observed production under infection
pressure has been studied to some extent both through data analysis (e.g., Spencer, 1979;
Burrow, unpublished results) and simulation (e.g., Bishop and Stear, 1999). In simulation
studies, the relation between disease resistance and production has been acknowledged,
however, assumed to be linear (bivariate normal distribution). It does not allow for the
presence of a plateau above which there is no noticeable effect on production anymore.
Assuming a linear relation between production and resistance, re-estimation of covariances
between resistance and observed production and between observed production and
production potential eachgeneration would account for such aplateau. However, in practice
it is impossible to disentangle the relation between production potential and level of disease
resistance from information on observed production only. Information on production
potential is difficult to obtain under infection pressure and often no accurate parameters are
available to measure resistance. The model presented here could be used without having to
re-estimate the geneticparameters atregularbasis,sincethemodel already accounts for that.
Other Applications.
The application of the model presented here is not limited to the relation between
production and disease resistance. As already mentioned the model might also fit to the
influence of environmental stress on production, as discussed by Frisch (1980). Beilharz et
al. (1993) argue there is aplateau in the total amount of energy an animal can utilise for all
processes.When more energy isneeded to overcome infections, resist leg problems, fertility
problems, ormetabolic infections, less energy canbe spend onproduction. There appears to
be genetic variation in the efficiency with which an animal can respond to stresses like
environment, parasites, or pathogens. The model presented in this paper could be of help to
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try to find the optimum combination of production potential and resistance to various types
of stresses, so that animals will be able to produce at higher level under less optimal
circumstances.

Implications
This paper has two important conclusions. Firstly, it is not necessary to measure the
level of resistance in order to increase it. Because observed production is determined by
production potential aswell asby level ofresistance, observed production canbe considered
a selection index in which the weighting of the components is already taken care of.
Secondly, itis important torealize that observedproduction andproduction potential arenot
the same trait. Imagine one half of apartially resistant population is selected for production
in an infected environment and one half in an uninfected environment. When afterwards
both populations are compared in an uninfected environment, animals that were in the
infected environment will show lower production. This is not because of a negative
correlation between resistance and production, but because indirectly part of the selection
weight inthe infected environment was onresistance.
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Appendix 1
Determining the mean and phenotypic variance of resistance and observed
production inpart IIofthe distribution.
Mean andphenotypic varianceof resistance inII
The distribution of resistance is divided into three parts, separated by the lower (L)
and upper (U) thresholds. The overall mean can be determined by summing the weighed
expectations of eachofthethreeparts:

MR = Pi (MR, ) + Pi, (MR,, ) + Pm (MR,,, )

The value for the expectations of each of these parts canbe determined by treating them as
the sum of selection response after phenotypic selection and overall mean. Selection
intensities ih and im, are derived from the fractions of the population in each part of the
distribution,ph pu, and pm.

MR,, =[(MR

~PI(MR

-h<rR)-Pm(MR

+hn°R)Vp,i

0)

The phenotypic variances in each of the separate parts are corrected for the shifting
mean. The phenotypic variance for resistance in II can be determined by subtracting the
weighed phenotypic variances inI and 77/and correction for 77from the overall variance of
resistance. Reduction ofvariance due to selection istaken into account by introducing the kvalues in/ and 777,kiandkm, (i.e.,k =i (i-x))

(Buhner, 1971). The phenotypic variance

isacombination ofthevariances inI,IIandIII:
OR = {PIKMR, -MR?

+(l-kI)oi]

+pB[(/IRn ~MRY +&1,]+PHIKMR,,, ~MR? + ( 1 - ^ / / / ) ^ ] }

Sothephenotypic variance ofresistance in77cannowbe determined as(2):
2

=

{ ( ^ ~ Pi[(MR, ~ MR)' +0 ~ */ WR ]~ Pm{(MR,,,~ MR)' +(1 ~ KnWR ]}
P,I-(MR„-MR)2
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Mean andphenotypic variance ofobservedproduction inII
Themean ofobservedproduction inI=0andinIII=mean production potential. The
mean of observed production in II can be determined following the definition of Po, as a
function ofresistance andproduction potential:

VR„

Pton =

(U-L)

(U-L)

(3)

MPU

Also,thephenotypic variance ofobserved production inI=0andinIII=a pp. The variance
of observed production inIIcanbe determined using the definition (asmentioned byLynch
and Walsh, 1998,p. 118)and ignoring the function of R:
<r2pou =<r2pux M\u + &lu x <r\a +P2pux °\n

(4)

Including the function ofRthisresultsin:
<7p,-

'"

=

1
x(cr^ x(A*,, ~L) +crPux crRu+/iPu xaRn )
(U-L)2

Note that observed production is not normally distributed in II, since it is obtained by
multiplying twonormally distributed traits.
Overallmean and variance forobserved production cannowbe determined as follows:
(5)

jUpo =PIMPOI. +Pn MPoii +Pm MPOIII

°*Po=Pl\.(Mpo,

-MPOY

+<72POI] + PIMPPO„

PlIliiMpo.II-MpoY+VpoJ
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Appendix2
Regression coefficients and phenotypic correlations for observed production on
resistanceandforobservedproductiononproductionpotential
Regression coefficients
Selectionresponseofproductionpotentialandresistance inIIcanbedeterminedby
regressing observed production in II on resistance in II and on production potential inII,
respectively.Ingeneralregressioncoefficient canbedeterminedas:

o =

cov(x,y) E(x xy)- E(x)E(y)
=
var(y)
var(^)

Using this, the regression coefficient of observed production on resistance can be
determinedasfollows:

cov(Po,R) =E(Po xR)- E{Po) x E(R)
E(Po xR) =E{^—^U-L

xPuxR)

= [MPU l(U-L)]x(M2Ru

+a\n -Lx

fiRn)

R-L
M\ -LxuR
E(Po)xE(R)=E(—— xPu)x E(R)= '«"
™»x rf.
\J

Li

KJ

Li

coy{Po,K)={nPJ{U -L)WRu
bPo<R=cov(Po,R)/a2Pou
Usingthesamereasoning asfor theregression ofobservedproduction onR,theregression
coefficient ofobservedproductiononproductionpotentialcanbewrittenas:
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bpo,pP=cov(Po,Pp)/ <JP

where cov(Po,Pu) = (a2^ /U-L)x

(juR -L)

Phenotypic correlations between observed andpotential production andbetween observed
production andresistance
Phenotypic correlations between observed production and production potential and
between observed production andresistance are determined across I, II, andIII. This isin
contrast totheregression components, which areused for determining therelation between
observed production and production potential and between observed production and
resistance inIIalone.
The correlation between observed production andresistance isdeterminedas:
r

p0,R =cov(Po,R)/((TPo

xaR)

where CTPOis the phenotypic standard deviation for observed production for I, II, and III
together.Thetotalphenotypic variance forobserved production isdeterminedas:

<rpo = Pi((APO,

" M P O ) 2 +via,) + Pu(iMPOu ~MPof

Pm((/*Po„, -Mpof

+<$,„) +

+°POJ

where uPoi is the mean for observed production in I, a2PoI is the variance for observed
production inI,pi isthefraction ofthe total population that isinI and Up0isdetermined as
themeansinI,IIandIIIweightedbythefractions inI,IIandIII.

cov(Po,R) =(pi xcov(POj,R)+p2x cov(Pon, R)+
p3xcov(Pom, R)) -JUR^VPU
covinI=0
covinII=asinregression
covinIII =Uppxu^m
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The correlation betweenobservedproduction andproduction potential is determined as:

Rpo.Pp= COV( P 0 , P p ) /CTPoXOpp

Where thecov isdetermined similar asthecov (Po,R) asdescribed above.
cov inI=0
cov inII=asin regression
cov inIII =Upp2+a2pp
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Usinggeneticmarkersfordisease
resistancetoimproveproduction under
constantinfection pressure

Animals will show reducedproduction when exposed to a constant infectionpressure unless they are
fully resistant, the size of the reduction depending on the degree of resistance and the severity of
infection. In this article, the use of QTLfor disease resistance for improving productivity under
constant infectionpressure is investigated using stochastic simulation. A previously published model
wasused with twothresholdsfor resistance: athreshold below whichproduction isnotpossible anda
threshold above whichproduction is not affected by the infection. In between thresholds, observed
production underconstant infection isa multiplicativefunction of underlyingpotential production and
level of resistance. Some simplifications of reality were adopted in the model, such as no genetic
correlation betweenpotential production and resistance, the absence of influence of lack of resistance
on reproductive capacity, and the availability ofphenotypes in both sexes. Marker assisted selection
was incorporated byassuming aproportion of thegenetic variance tobe explained by the QTL, which
thus is defined as a continuous trait. Phenotypes were availablefor production, notfor resistance.
The infectionpressure may vary across time.Results were compared to mass selection on production
under constant, as wellas intermittent infectionpressure, where the infectionpressure varied between
but not within years. Selection started in a population with a very poor level of resistance.
Incorporation of QTL information is valuable (i.e. the increase in observed production relative to
mass selection) when a large proportion of the additive genetic variance is explained by the QTL
(50% genetic variance explained) and when the heritabilityfor resistance is low (h2R = 0.1). Under
constant infectionpressure, incorporating QTL information does not increase selection responses in
observed production when the QTL effect explains less than 25% of the genetic variance. Under
intermittent selection pressure, the use of QTL information gives a slightly greater increase in
observedproduction in earlygenerations, relative to mass selection on observed production, but still
only when the QTL effect islarge or the heritabilityfor resistance islow. Theadditional advantage of
incorporating QTL information is that use of (preventive) medical treatment ispossible, or animals
may beevaluated innon-infected environments.
KeyWords: DiseaseResistance, Genetics,Production, QTL, Selection, Stochastic Model
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Introduction
nimals that are not fully resistant to a certain disease may show a decreased

A t^productionwhen infected. A high infection pressure combined with alow level
ofresistance may causeproduction todropto,orevenbelow (in case ofgrowth) zero.When
the level ofresistance ishigh, infection mayhave little orno influence onperformance. Van
der Waaij et al. (2000) presented a model describing the relation between production under
constant infection pressure and level of resistance. Their results suggest that selection for
production under constant infection pressure results in an increase in potential production
(the production that would have been achieved in the absence of infection), as well as in
resistance. Trypanosomosis is an example of an important disease with constant infection
pressure. Trypanotolerant local cattle breeds do exist, but both their resistance and
production maybe further improved.
A disadvantage of the model presented by Van der Waaij et al. (2000) is that
exposure to the pathogen is required in order to get phenotypic observations for observed
production. An alternative option would be to keep the animals in an uninfected
environment, or under medication, and combine potential production with QTL for disease
resistance,topredictproduction under constant infection pressure.Also, inVan der Waaij et
al. (2000) it was assumed that infection pressure was constant. In reality, infection pressure
may vary across time, resulting in intermittent (indirect) selection pressure on resistance
when mass selection on observed production is applied. The use of QTL would enable
selectionpressure onresistance,irrespective ofthepresence ofinfection pressure.
The objective of this article is to investigate the use of resistance QTL for improving
productivity under constant, aswell as intermittent infection pressure, avoiding exposing the
animals to infection, where infection pressure is assumed constant within a season but
different between seasons.

MaterialandMethods
Model
The model of Van der Waaij et al. (2000) was used to describe the relationship
between level of disease resistance (R) and observed production (Po) under infection
pressure. Inthatmodel, the level of production that would have been achieved if the animal
were completely resistant is denoted asproduction potential (Pp).Under infection pressure,
114

QTLfor resistance to improve production
the level of resistance of an animal to the infection affects observed production, so that
observedproduction isa function ofbothproductionpotential and resistance:
Po =f(R)*Pp,

(1)

where f(R) is a function of resistance, which describes the effect of resistance on observed
production. Van der Waaij et al. (2000) distinguished three categories of resistance, which
are separated by thresholds: 1)Animals are fully susceptible when their level of resistance is
below the lower threshold (L), in which case production is no longer possible (Po = 0). 2)
Animals are fully resistant when their level ofresistance isabove theupper threshold (U),in
which case observed production equals production potential (Po = Pp). 3) Animals between
both thresholds are partly resistant and their observed production will be lower than their
production potential, the size of the decrease depending linearly on the level of resistance.
Thus the effect ofresistance onobservedproduction is summarized by:
f(R) =0

for

R<L

f(R) = ( R - L ) / ( U - L )

for

L<R<U

f(R) = 1

for

R >U

(2)

The thresholds were assumed to be fixed and their values depend on the type of
infection and other environmental factors. It is assumed that resistance and production
potential are normally distributed, that there is no correlation between production potential
andresistance, andthatvalues for resistance are non-negative.
Selection
Two selection strategies were considered. Selection was either based on the
phenotype for observed production under infected circumstances or on a combination of
QTL for disease resistance and phenotypic information on production potential under noninfected circumstances.
Mass Selection Under Constant Infection. Animals were ranked according to their
phenotype for observed production under infected circumstances, after which truncation
selection was applied. When animals were treated withmedication, it was assumed that this
treatment took place after observed production was recorded. When the number of animals
with an observation for observed production is smaller than the number to be selected,
additional animals weretakenrandomly from thegroup ofanimals withresistancebelow the
lower threshold. Results of mass selection under constant infection pressure will be used as
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point of reference, against which results obtained using other selection criteria or
intermittent infection pressure (described below) willbe evaluated.
QTL Selection. In the absence of infection, phenotypic information on observed
production is not available. In this situation, therefore, selection was based on an estimated
breeding value for observed production, which was estimated using QTL information on
resistance and phenotypic information on production potential. It was assumed that a
number of QTL for resistance had been identified, which explain a fraction p m of the total
additive genetic variance. The total QTL effect was assumed to be approximately normal
distributed, with mean

HQTL

and a heritability of h2QTL = 1.0, because the QTL were

supposed to be known without error. The proportion of variance explained by QTL
remained constant over time, i.e., it was assumed that fixation of QTL due to selection was
completely compensated for byidentification ofnew QTLduring the experiment.
In the strict sense, estimated breeding value of an individual is defined as "twice the
phenotypic performance ofitsoffspring measured as adeviation from thepopulation mean."
Intheusualmixed linearmodels,thisdefinition isequivalent to the additive genetic merit of
the individual itself, measured as a deviation from the population mean. In the present
nonlinear model,however, expected offspring performance does not only depend on genetic
merit of the parent, but also on the variance of the offspring performance around its mean.
For example, when the mid-parent value for resistance is just above the upper threshold,
phenotypic resistance of the offspring may still be below the upper threshold due to
Mendelian sampling and environmental variance in resistance, which reduces observed
production of the offspring. Thus, estimated breeding value for observed production cannot
simply be based on estimated genetic merit ofparents,but the expected observed production
of offspring need to be predicted. Because the breeding goal is to improve observed
production under infection, offspring performance will be predicted for infected
circumstances.
Observed production of an offspring was predicted from the mean of its parents and
the variance of the offspring performance around this mean. Given the estimated breeding
value for resistance of the parent, the phenotypic resistance of an offspring is normally
distributed
R0 ~N(jebvp

116

with

mean

+jebvm,crpR

'/4ebvp +
-jPm&AR),

'Aebv,,,

and

variance

cr2p

-jPm<?A;

where ebvp is the estimated breeding value
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for resistance of the parent and ebv m
a1

is the mate average. The term

—jPn&A represents thephenotypic variance for resistance in the offspring given the

parent, i.e. selection of the parent based on QTL for resistance explains an amount of
\Pm<JA °f m e phenotypic variance of the offspring (note that the squared correlation
between QTL-effect andbreeding value for resistance equals pm).
Depending on the mean and variance of RQ, a proportion p L of the offspring will
have values for R„below the lower threshold, a proportion p y will have values above the
upper threshold, and a proportion p B will have values between both thresholds. These
proportions were determined as:
/

L-y2ebv-y2ebvn
PL=®

h r

2

• Pu=1-®

1 „2_2

U-y2ebvp-y2ebvn

J
and p B = 1 - p„ - PL,where O is the lower tail proportion of the standardised normal
distribution. Potentially, one or two of the fractions pLj pB, or pu can be zero. Given the
distribution of resistance in the offspring, observed offspring production was predicted by
weighting observed production in each part of the distribution of R„ by the appropriate
proportion. Because Po=0for R<L, andPo= Pp for R>U, expected offspring production
equals:
SCPo =p B xPoB +pu xPp,

(3)

where PoB = [ ( / / s —L) /(U —L)] x Ppo ,which isthe expected observed production for
offspring with L < R < U, and Ppo = lAP p ^ + lAPpmate,which is the expected potential
production of the offspring. Next, jUR , the expected phenotypic resistance of offspring
with L< R <U was calculated from JUR = (jUR — pu x juR — pLx JUR )/ pB, where
JUR =JUR +iu<TP is the expected phenotypic resistance of offspring with R > U and
JUR =JUR —iLCTp for offspring with R < L , and iL (iu) is the "selection intensity"
corresponding top L (pu).
Animals were ranked and selected by truncation according to their SCpo. In the
remainder of this paper, predicted observed production of the offspring (SCPo) will be
referred to as "predicted production."
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Environment: Infectious vs Noninfectious
The model ofVan derWaaij et al. (2000) was developed assuming constant infection
pressure, which in reality often will not be the case. It is possible that, for example, even
though infection pressure often is present, during performance recording the infection
pressure is absent and observed production actually has become equal to production
potential. So during some generations selection may occur under infection pressure, while
during other generations the infection pressure at the time of selection is absent. Mass
selection on observed production inthe absence of infection pressure will result in selection
on production potential, neglecting resistance. Selection on predicted production puts
selection pressure directly on production potential and indirectly on resistance via genetic
markerinformation, independent ofwhether ornotthere isinfection pressure.
In this paper three schemes with intermittent infection pressure were compared: one
generation with infection pressure followed by one generation without (1-1), three
generations with infection followed by one generation without (3-1) and three generations
withinfection pressure followed bythree generations without(3-3).
Stochastic Implementation
A population was stochastically simulated (200 replicates), with both resistance and
production potential modeled as heritable traits. Initial genotypes for production potential
and resistance were randomly sampled from independent normal distributions with means
Uppand uR and additive genetic variances a 2 ^ and

CJ2AR. Environmental

effects were

randomly drawn from independent normal distributions with mean zero and variancea2EPp
and <J2ER. Heritabilities for production potential (h2Pp) and resistance (h2R) in the base
population were: h2 = a2A/ a2P, where a2A and a2P represent the respective additive genetic
and phenotypic variance (a 2 P = a2A + cr2E). Environmental variance remained constant
across generations. Phenotypic values for observed production were determined for each
individual using equation [1] and [2].Genotypes for production potential and resistance in
the offspring of selectedparents were determined as the average of their parental genotypes
plus aMendelian sampling term.
The additive genetic variance explained by the QTL represents a fraction p m of the
total additive genetic variance for resistance,

CJ2AR, under

infectious circumstances. The

2

variance of the total QTL effect in the population (CT QTL), therefore, represents the same
fraction p m of the total additive genetic variance. The QTL were assumed to have been
accurately mapped, so there was no recombination between genetic marker and the QTL.
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The QTL effects sampled from <T2QTLand genotypes for resistance were defined as (l-p m ) x
the QTL effect.
Population and Parameters
The population consisted of 384 animals, of which 50% were female. Each
generation one out of 16 sires were selected, as were and one out of two dams. Each sire
was mated to eight dams and each dam had four offspring: two male and two female who
survived until reproduction. Selectionwasperformed for 50generations.
Theheritability for productionpotential was assumed tobe 0.3,with initialmean 100
and phenotypic variance of 225. The initial mean for resistance was 30, with a phenotypic
variance of 36. The heritability for resistance was varied: 0.1, 0.3, or 0.5. The fraction of
additive genetic variance explained by the markers was also varied: 10%,25%or 50%.The
thresholds were three phenotypic S.D. for R apart, and chosen such that in the first
generation approximately 17.5% of the animals had an observed production greater than
zero. In the first generation, 83.5 % of the population had a level of resistance below the
lowerthreshold, sothat extreme situations couldbe explored.

Results
ComparingSelection Strategies
Figure 1shows population means for observed production, production potential and
resistance for 50generations ofmass selection on observed production, aspresented by Van
der Waaij et al. (2000). When resistance is low (in the initial generations), selection for
observed production initially results in an increase in resistance, rather than in production
potential. With increasing level of resistance, selection on observed production results in an
increase in both resistance and production potential. As soon as resistance has reached
values above the upper threshold, selection on observed production becomes equal to
selection onproduction potential.
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Figure 1.Population meansfor Pp (0, R (A.) andPo (*) during 50 generations
ofmassselection onPo, undercontinuous infectionpressure andfor h2R =0.3.

Figure 2showsresults for observedproduction (closed symbols) andresistance (open
symbols) during 50 generations of selection on predicted production when the total QTL
effect for resistance explained 10, 25, or 50% of the additive genetic variance. The results
are expressed as deviations from results for mass selection on observed production under
constant infection pressure, where the heritability for resistance was equal to 0.1 (2a), 0.3
(2b) or0.5(2c).
A general finding from this study isthat marker assisted selection is most successful
when the heritability for the trait is low, in agreement with previous studies of marker
assisted selection (e.g., Smith and Simpson, 1986, Moreau et al., 1998). Figure 2a shows
that for h2R = 0.1,when 10%of the additive genetic variance for resistance is explained by
QTL, selection on predicted production results in almost the same genetic gain as mass
selection. When 25. or 50% of the additive genetic variance explained by the QTL,
considerably higher genetic gain for both resistance and observed production is achieved
when selection is on predicted production compared to mass selection. However, Figure 2b
showsthat for observedproduction andh2R= 0.3,marker assisted selection only remains the
method of choicewhen50%oftheadditivegeneticvariance isexplainedbytheQTL.
In terms of resistance, mass selection is initially superior to selection on predicted
production, for h2R = 0.3 and 0.5. When resistance approaches the upper threshold, the
difference between the two selection strategies decreases again, and inthe case where 25 or
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50% of the additive genetic
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Figure 2. R (open symbols) and Po (closed symbols)
expressing the difference between 50generations of mass
selection andselection onpredicted Po inthe offspring using
genetic markersfor resistance where 10% (*),25% (k.), or
50% (M)of the additive genetic variancefor resistance was
explained bythe QTL.for h2R =0.1,h2R =0.3,orh2R =0.5.

the upper threshold, this
falling back into the less
resistant category has no
influence on the genetic gain
anymore (these animals will
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not be selected as parents). This situation does not occur with selection on predicted
production because selection pressure on resistance remains as long as there is a possibility
thata fraction ofoffspring willhave alevelofresistance below theupper threshold.
When the heritability for resistance increases further, to 0.5, mass selection becomes
the method of choice with regard to increase in observed production. The initial increase in
the difference in resistance between mass selection and selection on predicted production
becomes more distinct and only when 50%of the genetic variance is explained by the QTL
does resistance reach comparable level to the responses obtained in resistance with mass
selection.
Intermittent Infection Pressure
During generations without infection pressure, mass selection on observed
production gives equivalent responses to mass selection for production potential. Thus,
when mass selection is applied under intermittent infection pressure, selection pressure
alternatesbetweenproduction and acombination ofresistance andproduction, for aslong as
the selection candidate is not fully resistant. Selection for predicted production, however, is
not affected by achange ininfection pressure,provided the assumption thatproduction level
after vaccination/medication is equal toproduction level under noninfectious circumstances
isvalid. Figure 3showspopulation means for resistance and observedproduction (asif there
were infection pressure) during 50 generations of intermittent infection pressure, expressed
asdeviations from mass selection under constant infection pressure for h2R = 0.1, 0.3,or0.5.
Mass selectionunder constant infection is compared to alternated infection schemes 1-1 and
3-1 and to selection forpredicted production when the QTL explained 10,25,or 50%of the
additive genetic variance.
As a result of changing selection pressure due to intermittent infection pressure,
differences in gain in resistance and observed production do not follow a smooth trajectory
for the intermittent infection pressure scenario when mass selection is applied, especially
when the heritability for resistance is high (Figure 3). Conversely, when selection is on
predicted performance, the selection pressure is not influenced by the absence of infection
pressure. For all three heritabilities for resistance considered here, intermittent infection
pressure always decreases the genetic gain for resistance because selection pressure is
ceased during generations without infection pressure. When infection pressure is absent
during half of the generations, selection on predicted production becomes the method of
choice for all heritabilities for resistance considered here, when 25 or 50% of the genetic
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variance is explained by the QTL. In the long-term, and when three generations with
infection is alternated withonewithout infection pressure, selection onpredicted production
becomes themethod of choice for QTLthat explain 25or 50%ofthe genetic variation.
The general pattern for responses in observed production in the short term is
comparable to that for resistance. Important differences arise in the long-term, where an
increase inresistance no longerhas asignificant influence on observed production and mass
selection, both under constant and intermittent infection pressure, becomes the method of
choice. The reason for this is that in the case of mass selection all selection pressure is
placed on production potential, whereas with selection for predicted production part of the
selection pressure remains on resistance until all offspring have resistance above the upper
threshold.

Discussion
GeneralFeatures and Assumptions
In the present article, the use of QTL for disease resistance in selection for increased
production under infection pressure is evaluated and compared to mass selection, for
constant as well as intermittent infection pressure. Results show that selection on predicted
production, making use of genetic markers that are linked to multiple QTL affecting
resistance can, under some circumstances, be a good alternative to mass selection for
increasing production and resistance simultaneously. The advantages of MAS are that it is
no longernecessary towithhold animals from vaccination or treatment with medication after
infection until measurements are taken for observed production, or even to keep them in an
infected environment. We have demonstrated that, in general, the level of resistance is
increased more byusing QTL for resistance than it isunder mass selection on performance.
However, under the assumptions made in the model, genetic gains in observed production
are only comparable, or superior to, mass selection when the heritability for resistance is
low. If the selection pressure is intermittent, then mass selection to improve production
under constant infection pressurebecomes less efficient.
When comparing mass selection on observed production to index selection on the
predicted production, it was assumed that treatment with medication would increase
observed production to production potential in cases where the animal was not fully
resistant. Inreality, inmost situations this assumption is too optimistic and the infection, for
example atrypanosomosis infection, may stillresult inan increased requirement of energy
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Figure 3. Resistance (left) and observed production (right) as deviations from mass selection
on Po under continuous infection pressure, for alternative intermittent schemes 1-1 (m), 3-1
(A.) or 3-3 (o), or selection onpredicted production when 10% (•#),25% (0), or 50% (+) oj
the additive genetic variance is explained by the QTL. Results shown for resistance
heritabilities of0.1, 0.3, or 0.5.

and a decreased feed intake (Van Dam, 1996), at the expense of production. Also, energy
may be required to repair the damage done during periods when the animals were infected.
Somedication will restore production loss to some extent, but the resulting production level
may still be lower than production potential. The consequence of the fact that the actual
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production levelmaybe lowerthanproduction potential isthat, depending onthe population
level of resistance, indirectly more selection pressure will be put on resistance (part of the
production still is influenced by lack of resistance, i.e., observed production is still not
equivalent toproductionpotential).
When the animals are kept in anuninfected environment, the model may be a closer
approximation to reality. However, it should be realized that the model not only describes
the effect of resistance to the infection under consideration, but actually a combination of
effects of all environmental influences that are continuously present, including other
infections, husbandry system, climatic aspects, and nutritional state. Therefore, depending
on the recording of the phenotype, QTL for resistance may not only influence disease
resistance, but also the adaptability of the animal to the environment the QTL are mapped
in.An environment, in which the infection under consideration is absent, may also differ in
some other constant environmental factors compared to the infected environment.
Therefore, it is important that the QTL for resistance are mapped in the environment for
which the animals are selected.
Unlike mass selection, with selection onpredicted production it isnecessary to know
which values of resistance coincide with the lower and with the upper thresholds. This
information isneeded to determine the correct predicted fractions of offspring in each of the
three regions divided by the thresholds. The distance between thresholds is, amongst other
factors, determined bythe infection pressure. Intermittent selection pressure maybe thought
of as representing a situation where threshold values are occasionally assigned wrongly (in
the absence of infection pressure f(R) = 1). Results in this article show that the model is
reasonably robust to incorrect threshold values, as the results between constant and
intermittent selectionpressure only differ slightly.
QTL Information
In order to successfully select on predicted production, multiple QTL are required.
The accuracy will decrease with increasing distance between QTL and genetic markers
(increasing occurrence of recombination events) and with decreasing frequency of the QTL
inthe population. It was assumed that fixation and detection of QTL balance each other out
so that sufficient QTL remain available to give an approximate normal distribution. In
published literature, essentially two types of assumptions can be found with regard to
number of QTL under selection. Some assume there are only a limited number of QTL
available and once those are fixed there willbe nonew ones detected (e.g.,Dekkers and van
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Arendonk, 1998). Others (e.g., Meuwissen and Goddard, 1996) assume that new QTL will
be detected continually. This reasoning is based on the fact that in populations that have
been under strong selection for many generations, QTL for production traits are still being
detected (e.g., a QTL for milk yield in dairy cattle [Coppieters et al, 1998]). One important
reason to adhere to either of the previous theories, apart from mutation rate of the QTL
(Falconer, 1989),isthepresence of absence of interactionbetween QTL.The QTL detection
studies carried out so far assumed that the effect of each QTL stands alone (is additive and
sometimes dominant), and possible epistatic effects with other QTL are ignored (e.g.,
Coppieters et al., 1998). Result of this assumption is that marker assisted selection is
assumed to lead to fixation of the QTL, and thus to serious decrease in variance explained
by the QTL. However, when assuming a very simple interaction between two QTL, as
suggested by Nijhout and Paulsen (1997), a small change in genetic background (e.g., by
fixation of QTL through selection) may have large effect on the expression of (new) QTL.
They show that not only is it likely that new QTL will be detected at regular basis (with a
limitation to thenumber of genes involved in the trait expression of course), but also that it
isimportant to continue QTL detectionbecause new QTL occur dueto change in expression
during the selectionprocess.
Which ever theory is correct, inthepresent study QTLthat are detected first are most
influential inthe selectionprocess,because selection pressure on the QTL effect (resistance)
decreases with increasing level of resistance. When resistance is approaching the upper
threshold, an increase in resistance is of less importance. This effect is strengthened by the
fact that it is likely that the QTLwith large effect willbe detected first. Only a few QTL are
expected to have large effects, with many having small effects (Bost et al., 1999).Thus, the
QTL with smaller effects that will be detected later will have a smaller influence not only
because of smaller size,but also due tothe fact thatpopulation level of resistance is already
at such a level that more emphasis is put on production. Therefore, if a change in variance
due to fixation of a QTL with a large effect may occur, it is likely to be of less influence
when the threshold model isapplied thanwhen alinearmodel isused.
The size of the total QTL effects considered inthis study was varied from 10to 50%
of the additive genetic variance, a wide range of effects. Phenotypic values for resistance as
defined in this study often cannot be measured accurately, but results for several indicator
traits describing resistance have been reported. Dumas et al. (2000) reported an effect
explaining 46% of the phenotypic variance for stress response in rats. Stear et al. (1996)
found that allelic variation at the MHC-DRB1 locus accounted for 33% of the additive
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genetic variance for faecal egg count in sheep. Zhang et al. (1998) found several QTL for
somatic cell count in dairy cows, the largest explaining more than 27% of the additive
genetic variance. The sum of QTL effects they detected for somatic cell count explained
approximately 50% of the additive genetic variance, although they indicate that their
estimates might be overestimated. Thus, our assumed QTL effects are within the range of
values reported inthe literature.
Concluding Remarks
This article has presented methodologies for utilizing disease resistance QTL, under
certain assumptions with regard to infection pressure. It is important to realize that while
such QTL are often important and beneficial, there are also circumstances where their use
cannotbejustified either interms ofpotential genetic progress or cost-effectiveness.
As described by Van der Waaij et al. (2000), this model and general methodology has
applications which are wider than disease resistance per se. Other important applications
include environmental or metabolic stresses. A further application of this model may be to
the challenge faced by pig and chickenbreeding companies which select animals under high
health statusconditions for production inmore challenging commercial environments.

Implications
Simultaneous genetic gain is considered for both production and resistance to a
disease characterized by constant infection pressure, where genetic markers (i.e. QTL) for
resistance aid the selection of animals with enhanced resistance. Selection responses are
quantified by stochastic simulation. The model assumes some simplifications compared to
reality. Results suggest that only whentheheritability for resistance is low does selection on
predicted production using resistance QTL result in greater gain for resistance and observed
production than mass selection on observed production under constant infection.
Intermittent infection pressure reduces the effectiveness of mass selection, increasing the
relative value of QTL for resistance. Selection on predicted production requires the
availability of multiple, accurately mapped QTL,which should soonbe technically possible.
Mapping QTL requires phenotypic observations, so(some) animals will need tobe infected
tomapresistance QTL.
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General Discussion

Introduction
Trypanosomosis is a disease resulting from infection with trypanosomes, parasites
that usually live intra-vascular and extra-cellular (e.g. in human, cattle, goat, sheep, horse),
and ismost often transmitted by thetsetse fly. Consequences of infection with trypanosomes
in cattle often are production loss, abortion, and eventually, unless treated with medication,
death (Murray et al., 1991). Vaccination is not effective due to the ability of the parasite to
'adapt' to the current immune response and repeatedly changing of antigen within the host
(Murray et al., 1984). Some cattle breeds, like the N'Dama and some West African
shorthorn breeds, remain productive without medical treatment while infected with
trypanosomes: they are trypanotolerant. However, even though these animals can cope with
infection, they still are affected to some extent and would perform better without infection
pressure (ILRAD, 1989). Generally these breeds are not considered to be productive
because of their small size (referred to as 'dwarf breeds', e.g. Roberts and Gray, 1973).
However, they are only kept in infected environment and, consequently, their production
potential outside these areas is not well recorded. As a results of their natural habitat these
breeds have not been recognised as potential breeds for production. It was a report by
Stewart in 1951 that revealed the benefits of these breeds under harsh conditions, which
raised the interest in these small animals. Under light to moderate infection pressure, field
studies have shown thattheN'Dama on average has abirth weight of 17.9kg, a growth rate
of 0.15 kg/day, an average weaning weight of 85.4 kg, age at first calving at about 49.5
months, a calving interval of about 625 days, a lactation length of about 463 days, and a
lactation offtake of492kg (Agyemang et al., 1997).

This thesis is part of a much larger research, aiming at improving the level of
resistance to a trypanosome infection and the production potential of animals in tsetse
infested areas. The project aimed at detecting Quantitative Trait Loci (QTL) that determine
trypanotolerance, which could subsequently be used as a selection tool for producing higher
productive animals intsetse-infested parts of the continent. This general discussion will first
discuss the possibility that there still is genetic variation for trypanotolerance in
trypanotolerant breeds such as the N'Dama. It will then focus on how to utilise this genetic
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diversity in abreeding program. To set up abreeding program, it is essential to describe the
production systemsothat itbecomes clear what circumstances thebreeding program should
be designed for. Also it is essential to define a breeding goal and accompanying selection
criteria. Finally breeding goal, selection criteria and production system will be combined
into suggestions onhow to setup abreedingprogramunderthevarious circumstances.

Historical background oftrypanotolerance inthe N'Dama
There are several theories about how and when the Longhorn cattle were introduced
into West Africa. One theory is that the Bos taurus Hamitic Longhorn cattle breed is
ancestor to for example the N'Dama, and arrived in the Nile Delta from the Near East
around 5000 BC. The taurine Shorthorn cattle were only introduced into the same area
between 2750 and 2500 BC (reviewed by Murray et al., 1990). Other people suggest that
there have been two centres of domestication of cattle: one is Western Asia, but also one in
North Africa, where taurine short horn cattle were domesticated some two thousand years
later (Payne and Hodges, 1997). Loftus et al., (1999) and Bradley et al., (1996) believe that
the domestication process of the Bos taurus cattle occurred in the Near East, independently
from the domestication of the Bos indicus further to the west. From their origins of
domestication the cattle spread across Africa, the Bos taurus cattle first (Hanotte et al.,
2000). There are several theories on the (number of) route(s). During the time of
domestication, North Africa and the Sahara were savannah type of environments The cattle
that were portrayed in rock paintings in the Sahara suggested they were predominantly of
the longhorn type, but there were also paintings of cattle with other size horns. This would
suggest that Saharan cattle around 5500 BP were partly crossbred, presumably aproduct of
the Hamitic Longhorn with the local short-horn type of cattle (Payne and Hodges, 1997).
The rockpaintings from that time also suggest there was awidespread pastoral industry and
that cattle were milked. Possibly because of increased drought conditions in the central
Sahara, people and cattle travelled westwards and southwards, towards the forests of West
Africa. It is likely that N'Dama type of cattle were introduced into West Africa at an earlier
period that shorthorn cattle, and by a different route. Today, latitudes 12-14°N separate the
regions in which the more susceptible zebu cattle can be utilised from those grazed by
taurine and sanga cattle, where sanga is a historical cross between Bos taurus and Bos
indicusbreeds (Payne andHodges, 1997).
Since the introduction into West Africa there has been considerable natural selection
for resistance to trypanosomosis and other types of infections (other animals most likely
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showed at least a poorer reproductive performance, and probably died at younger age).
Increase in resistance may have occurred through fixation of alleles that were already
present in the population, or by mutation on base pair (base substitution like transition or
transversion), or chromosomal level (e.g. inversion or translocation) (Hartl and Clark,
1988).One wouldneed a separate study tobe abletodistinguishbetween these twotypes of
mutation as a cause of increased trypanotolerance,but it ispossible to speculate abit on the
probability that there still is genetic variation for the genes involved in increased
trypanotolerance intheN'Dama.
Based onthe fact that the taurine cattle were introduced intotheNile Delta by human
settlers around 5000BC,it islikely thatpopulation sizewas limited. Because the cattle were
travelling withhumans, andbecause sleeping sickness alsoisa greatproblem inhuman, itis
likely that in that time, the cattle were not exposed to high infection pressure. Selection
pressure,therefore, was not likely tohave been extremely high, but high enough not to have
all cattle surviving, and also high enough so that only part of the cattle remained
reproductive. Favourable mutations or fixation of favourable alleles with regards to
trypanotolerance would have created a selective advantage for animals possessing this
genomic build up compared to other animals. Even though there has been a continuous
selection pressure for trypanotolerance since the introduction of cattle in West Africa, it is
likely that there is genetic variation for traits such as trypanotolerance within and between
the West African cattle breeds, such as the N'Dama. The situation is somewhat comparable
to the Bos taurus breeds in Europe, where substantial genetic differences for milk
production traits were detected within and between different Friesian strains (British
Friesian as compared to Dutch Friesian regions in The Netherlands) (e.g. Politiek et al.,
1981). Another reason why it is likely that there is genetic diversity with regards to
trypanotolerance within breed is that the breed is not resistant to trypanosome infection
(yet), even though it is living in trypanosome infested environment. This indicates that the
process of developing such resistance is still taking place. Mutations that occur in one herd
willonly slowly find their waytootherherds, andpossibly may not evenreach someherds.
Results in Chapter 3 indicate that there are several genes involved in expression of
trypanotolerance related traits originating from the N'Dama. There is also evidence, at least
for the four N'Dama bulls that were grandparents to the F2 population, that the animals
were not homozygous for all of these genes. This proves that these genes that have a
positive influence on trypanotolerance and are not fixed in the population, which may
indicate that the mutation only occurred relatively recently. It is also possible that the
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favourable allele has a dominant effect so that fixation is an extremely slow process and
mainly dependent on the presence of genetic drift. It would be interesting to find out
whether there is difference in background of trypanotolerance between the different
N'Dama populations. If so, then "crossbreeding" within breed, in the sense of utilising
N'Dama cattle from different origins, could further improve the trypanotolerance level, and
probably also the production level in the N'Dama. This is comparable to what occurred in
Europe with regards to utilising the different strains of Friesians. A proportion of those
breeds were exported totheUSA,where such "crossbreeding" wasperformed and the (more
productive) result (the Holstein Friesian) was subsequently imported again by the European
countries toupgrade the localFriesianbreeds.
Local circumstances
Farmer's choice. AnAfrican cattle farmer would include different selection criteria
inhis wish list as compared tohis Western colleague. Inboth casesproduction would be an
important criterion, since that generates income. However, apart from milk and meat, in
some areas in Africa animals are used for traction power to work on the land, so that size
and strength of the animal may be a breeding objective. Also often manure may be of
economic importance, for example inEthiopia up to one third of the annual income of some
farmers results from the sale of dung for fuel (Wilson, 1995).The health of the animal will
be very important, both for the African and the Western farmer, because healthy livestock
saves medication costs and sick animals will have a reduced production, and in the worst
case, may even die.Unlike for the Western farmer, who can usually adjust the environment
to the animal, for African farmers in some areas it is important that the animals are able to
cope with the more harsh local circumstances. For example in areas with two distinct
seasons, during one ofwhich there maybe severe shortage of feed, andpossibly even water,
animals that cannot cope with such environment will stop producing, and may even die.
Reproductive capacity of cows is economically of importance for replacement, both for the
African and the Western farmer, but for the African farmer livestock often serves as an
alternative savings account. If money is needed, for example for school fees, for an urgent
medical treatment of a relative, or for buying seed for next years crops, an animal can be
sold, and newborn animals can be considered interest. Most often goats and sheep are sold
when money is needed, but if larger sums are required cattle may be sold as well. Animals
can be considered a type of insurance. In some situations, therefore, a high number of
animals may be more important than fewer, but more productive animals. In addition,
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reproduction for the African farmer often also is of social importance because a higher
number of animals results inahigher socialstatus.
Production system. Which traits are most important for a farmer depends on the
production system and on the geographical region. The production system is often tailored
to the region. The climate, for example, will be a factor that differs across regions. In a dry
region, crop farming will be more complicated, or even impossible, as compared to a more
temperate climate. In adryregion feed supply for livestock will not be of constant and high
quality, or even constantly available. Under these circumstances farmers will travel around
with their animals in search of feed. In these areas it is more important to have animals that
are able to survive in a harsh environment, than it is to have animals that have a high
production potential but cannot bring that potential to expression due to insufficient
nutrition and/or water supply. Farmers in the more temperate climate regions will, apart
from livestock, often also farm crops. In such, usually small, types of farms, the cattle will
often be part of a larger system including some crops, perhaps some sheep or goats, some
chicken, or even fish. In general the ecological conditions like type of soil, climate, altitude,
and vegetation are an important factor in determining what type of farming system can be
applied. A simple classification of ecological conditions is into humid, sub-humid, semiarid, arid, very arid, and highland areas (Udo, 1996, electronic publication on
www.zod.wau.nl/dps/publikat.html). Inthe highland areas, like for example around Nairobi,
Kenya, livestock originating from elsewhere, like for example Friesian cattle, can relatively
easy adapt, whereas in very arid, arid, semi-arid, and humid ecological zones, improvement
of localstockmaybetheonly option.
Depending on the ecological zone, there is also difference in availability of feed
resources for the livestock. In most ecological zones, cattle is usually fed on grazing lower
quality land, crop residues, grass collected from road-sides and forages. Often the quality of
these feeds is not sufficient to support high milk production or meat production levels.
Grazing areas are decreasing in size in favour of crop farming, which makes it increasingly
difficult, especially for the pasturalist farmers, to keep livestock in such areas. Disease
pressure is dependent on the ecological zone. Not only climate, but also the density of the
human population influences the severity of infection pressure. In the case of
trypanosomosis, for example, the infection pressure is lower close tourban areas because of
the lower tsetse fly density in these areas. The location of a farm in relation to such urban
areas will influence not only the infection pressure, but also the infrastructure. The
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infrastructure determines largely the market the production is aimed at, and the availability
of supplies such asmedication. A highmilkproduction is desirable when farming close to a
city, where there is a large and still rapidly increasing demand for fresh milk (Dempfle and
Jaitner, 1999). However, further away from the city not only the demand will decrease
because most people will have their own animals, but also because the transportation of the
milk tothe city isnot guaranteed due to for example changes in road quality across seasons.
Also, a good road network would enable the transportation of goods, and AI. Infrastructure
also relates to a good communication system so that training opportunities become
available, to the presence of farmers organisations and co-operations so that breeding
policies and feed supply can be co-ordinated, and also to government policies, so that
improved fanning isencouraged andpossibly structured acrossthe country.
Breeding goal
All factors mentioned above indicate thatmore than onebreeding goal isrequired for
the whole of Africa. Farmers in different regions will farm under different circumstances,
which result in different traits they would like to improve. Farmers that are more closely
located to an urban centre most likely are more interested in increased production because
there is a secure opportunity to market their products. Apart from the market opportunities,
disease pressure is often lower, sothere willbe a decreased risk of losing animals than with
high disease pressure, and additional feed requirements of the cattle often can be met by
buying in feed using the money obtained from selling the animalproducts. In the highlands
aroundNairobi,Kenya, the farms arevery small, often only one to three cows,usually black
andwhite ('Friesian') orred andwhite ('Ayrshire'), andthe farmers are often use AI,or buy
pregnant cows. With a large market as Nairobi in the neighbourhood, milk prices are
sufficiently high to buy supplementary feed to increase milk production. Other breeding
goals for these farmers willbe an increased health status of the animals (though of less need
than inother areas withhigher infection pressure), and an increased reproduction rate.
In more remote areas, the ecological zone usually is different and such high
productive cattle would not survive. Some farming systems in the humid and sub-humid
climate regions often consist of a combination of livestock and crop farming. Such farms
should be considered as an integrated system, since improving the production level of the
cattle may have a strong influence on the rest of the system. The improved cattle will have
an increased nutritional demand in order to bring the increased production potential to
expression. This implies that somewhere else in the system sacrifices should be made. This
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will involve an increased pressure on the land (Wilson, 1995), but also appointing more
labour to collecting the feed, an increased time spend on milking and feeding the higher
productive cows, and possibly increased labour inprocessing the milk, if done on the farm.
This labour isnot automatically available and shouldbe generated by neglecting other tasks.
The increase in income,therefore, should counterbalance the sacrifices that need tobe made
in order to generate the extra income. Health status and reproduction are also of importance
inthistype of farming system.
In many farming systems, but especially in the pasturalist systems, a higher number
of cattle is required to serve the social purposes as mentioned previously. The pasturalists
also often live in region where there are distinct periods of shortage of feed and possibly
even water. Fanning higher productive animals with increased nutritional demands would
mean that the total number of animals should be lower in order to profit from their
production potential. However, because of their way of living, pasturalists often do not live
in the vicinity of an urban centre, which means that possibility to market their products is
not very large. A decrease in number of animals would decrease the social status of the
farmer, decrease the financing function, and the insurance function. It, therefore, is likely
that these fanners are not interested in higher productive animals, but more in higher
reproduction rate and increased health status. Also, even though it has no genetic
background itself, it is alsopossible to select for number of animals intheherd. This can be
considered a production trait and the economic value to it can be determined from a
combination of market price and socio-economical value. Kosgey et al. (2001) have looked
into determining a socio-economic value in sheep in a Kenyan pasturalist system, and
conclude that it is necessary to include the non-productive roles of sheep in a breeding
program.
Selection criteria
In this thesis special attention has been paid to definition of some animal health and
production traits, under trypanosome infection, i.e. how to measure trypanotolerance.
Trypanotolerant animals are better capable of controlling anaemia (e.g. Trail et al., 1993;
Chapter 2 of this thesis), and to continue growing following infection (e.g. Munay et al.,
1984; Chapter 2 of this thesis). For selection on a combination of both resistance to a
trypanosome infection and production, growth following infection is a good and easy to
measure indicator of trypanotolerance (Chapter 2). Even though PCV can be measured
accurately, the precise use of PCV as a trypanotolerance criterion in the field to a large
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extent depends on the accuracy of measurement of trypanosome infection status (d'leteren
et al., 1998),andalso largely onthe condition oftheanimals (ILRAD,1989).
Growth (or an other (re)production trait) following infection under field conditions
canbe considered a trait that combines all factors that is influencing growth rate.This is not
restricted to trypanotolerance, but it also combines the presence of different types of
infection that are continuously present, continuous limitations to nutrition and even
availability of water (Chapter 5). Selection for production under field conditions, therefore,
will not just improve resistance to one disease, running the risk of losing resistance to
another important type of infection, as may occur when selecting under controlled
environment, but will result in animals that are adjusted to a combination of infections or
other permanent environmental constrains that are present in the environment in which the
animals aremaintained. Animals are often selected for breeding at arelatively young age, so
that observations for growth can still be obtained. Body weight of an animal is easy and
relatively accurately tomeasure, even without a scale, which makes it very suitable for field
conditions. If no scale is available, an option is to use body measurements to estimate the
body weight of the animal. The genetic correlation between heart girth and body weight in
lactating Holstein heifers, for example, is 0.77 (phenotypic correlation is 0.74) (Koenen and
Groen, 1998). It is conceivable that this relation will be different from breed to breed, and
also for younger animals, since the Holstein is a relatively early maturing breed. Such a
relation could be quite easily be determined in some field research in the N'Dama. Growth
is not only influenced by permanent environmental factors, but also by factors such as
illness duetonon-permanent infection like avirus infection, temporary absence of sufficient
amount of feed, etc., which will be a disadvantage when using growth as a selection
criterion.
With regards to trypanotolerance as specified breeding goal, it is not clear whether
apart from growth under field conditions, also some measurement ofparasitaemia should be
included as a possible selection criterion. The low correlation between the results using the
detection method as currently mostly used (the dark ground phase buffy coat method
(Murray et al., 1977)) and anaemia and body weight related traits is not reason enough to
include it in abreeding goal. It is clear that animals that arenot infected with trypanosomes
willalsonotshow any degree ofanaemia causedby the infection, soparasitaemia does have
some effect on animal performance. However, this effect may already be sufficiently
included inproduction traits like, for example, growth following infection. Also, measuring
parasitaemia would require taking blood samples, which in turn requires trained personnel.
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Itwill depend on the infrastructure whether this is available. It is,therefore, more likely that
such a selection criterion will be implemented in a breeding scheme in urban areas, as
compared to the more remote areas. If an accurate method to measure the degree of
parasitaemia may become available, which is also cheap and easy to use, and shows a high
correlation withthe animal's performance, andprovided the infrastructure allows for it, then
including such measurement as a selection criterion may be an efficient way to increase
trypanotolerance.
The exact way of how such an additional trait describing trypanotolerance, rather
than production affected by trypanosome infection, should be included as selection criterion
is not straightforward (Chapter 5). The relationship between observed production and
parasitaemia would need tobe incorporated when determining theranking of the animals for
breeding, which is very complicated. Additional complicating factor is that the model in
Chapter 5 assumed that lack of resistance to one disease is the only production limiting. It
would be very difficult to assign how much influence lack of trypanotolerance exactly has
on the decrease in production under field conditions. Not only are not all animals equally
infected, but also other constant environmental factors, especially other continuous
infections, are not likely to have equal influence on the production of all animals. Ignoring
the fact that lack of resistance to trypanosomosis influences the observed production when
ranking the animals would result in sub-optimal selection. The decreased production level
due to lack of resistance will be considered to equal the production potential, and will be
assumed to decrease further, depending on the level of resistance. In a way the lack of
resistance iscounted double that way.
Other selection criteria may involve reproduction related traits such as age at first
calving, calving interval, number of pregnancies per cow, number of calves per cow,
number ofpregnancies perbull,etc.
Selection strategies
There are large number of selection strategies (e.g. Fl production, rotational cross breeding
schemes, etc), but we will concentrate on two selection strategies: a. within breed selection
or b. creating a hybrid from crossing a trypanotolerant breed (e.g. the N'Dama) with a
higher productive breed. Selection will be aimed at improving trypanotolerance and
production level.
a.

Withinbreed selection would exploit the variation within a breed for making
genetic progress. Selection within for example the N'Dama can be practised
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under harsh environment, which would reduce the risk of losing
trypanotolerance, and would make use of the other qualities of the breed, like
resistance to other diseases, heat tolerance and the capability to survive with
restricted water supply. Because of the small size of the N'Dama, animal
production traits like growth andtractionpower willnot improve rapidly tothe
same absolute level as for example that of the Kenyan Boran in tsetse free
environment. However, for the more extreme ecological regions with a low
input system, the unique features of the indigenous breeds are absolutely
necessary because of the periodically extreme local environment with regards
to scarcity of feed andpresence of infectious diseases like trypanosomosis and
some tick-born diseases (Dempfle and Jaitner, 1999). It is possible to obtain
substantial genetic gain by phenotypic selection within breed in small
populations (Chapter 5). If pedigree information would be available, in
combination with a computer, phenotypic selection could be extended to
BLUP selection. In addition, if there would be a molecular genetic lab, and
QTL are available, an option would be to apply marker assisted selection
utilising QTL explaining trypanotolerance in combination with phenotypic
observations on production outside the tsetse infested environment (Chapter
6).
b. Creation of a hybrid by crossing two breeds may create additional genetic
variance andoffer opportunities to improve thepotentialproduction level more
rapidly. That way, positive feature of one breed (e.g. trypanotolerance in the
N'Dama) can be combined with positive features of another breed (e.g.
production level intheBoran).Theresulting Fl animals would be inter-mated,
to fix genes responsible for both trypanotolerance and production (i.e. creating
an synthetic). It is possible that during the Fl generation, animals that are
heterozygous for trypanotolerance genes are less resistant to infection with
trypanosomes than pure bred N'Dama. Reproduction of these animals under
infection pressure may become problematic due to decreased fertility.
Treatment with medication may help to some extent, depending on the
infection pressure. Creation of a hybrid as described above can be achieved
without thehelpofmolecular genetic marker (Chapter 2).Phenotypic selection
inanF2 generationunder infection pressure may already result in a substantial
increase in production, while maintaining similar trypanotolerance level as
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compared to the pure bred N'Dama. If a molecular lab is available and QTL
information canbe used in selecting those animals that carry favourable alleles
for the QTL considered (Marker Assisted Introgression, MAI),infection of the
animals is no longer required for selection on observed production and
selection may occur outside thetsetse infested areas.Disadvantage of selection
outside these areas is that other permanent environmental influences that
influence observed production in that case might differ from the environment
the animals are selected for (Chapter 6). MAI also introduces a risk of losing
alleles originating from the positive mutations (positive alleles) that are not
identified asQTL, asalso discussed inChapter 4.
The choicebetween thesetwomethods of selection iscrucial and willbe discussed in
greater detail:
a. Within breed selection: Advantage of selection within a trypanotolerant, as
described in Chapter 5 and 6, is that animals at onset of the selection scheme are already
trypanotolerant. This is an important feature for breeding schemes in tsetse infested areas.
Selection in that case can be on observed production (i.e. production under infection
pressure),which will not onlyresult inincreased production, but also inincreased resistance
to trypanosomosis and to other permanent environmental factors. Selection pressure on
these factors automatically remains until all parents (phenotypic selection, Chapter 5), or
even all offspring of those parents (Marker Assisted Selection (MAS), Chapter 6), are fully
resistant to the infection (e.g. trypanosomes infection) and other permanent environmental
factors. This approach may reduce the risk of decreasing resistance to a disease that is not
under direct selectionpressure,whileresistance totrypanosomiasis increases.
Within breed selection can be performed at different levels: from pure phenotypic
selection without any knowledge ofgenetic relations between animals, to MAS,where apart
from the genetic relation, also a prediction of the genetic make up of an animal for certain
traits is incorporated. A positive feature of phenotypic selection on production is that it is
relatively easy to perform under local conditions. Milk production, body weight, traction,
and reproduction are all traits that can be measured without the need of sophisticated
technical features, or the assistance of specially educated and trained lab personnel.
However, apossibly negative feature ofphenotypic selection onobserved production, is that
in order to have a proper phenotype for 'observed production', the animals may not be
treated with medication until the observations have been recorded. In many cases this will
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not be aproblem because animals will only be treated with medication when they are really
sick and run the risk of dying.Because medication is expensive, animals that are influenced
by the infection but remain productive, though at lower level, will not be treated and those
are the animals that should be selected from, rather than from the treated animals.
Phenotypic selection within one breeding scheme should be performed under the same
circumstances, so that for example management differences between herds do not influence
the selection decisions. If selection would be across herds, BLUP could be applied to
account for these differences, but this would require pedigree registration, and also
computer facilities. If computer facilities and pedigree registration are available, BLUP
would also increase accuracy comparedtomass selection.
When a molecular lab would be available, and QTL are determined for resistance,
animals could be selected outside the tsetse-infested area. Observed production could be
predicted from theproduction potential (assumed equal toobservedproduction after medical
treatment, or in an environment without infection pressure) and marker information
regarding the QTL for resistance. Selection could then be on the 'observed production' that
would be predicted for the offspring of selection candidates (Chapter 6). Advantage of this
type of marker assisted selection is that all animals will be assigned the same degree of
infection when determining thepredicted observed production. In that way there will be no
difference inseverity of infection between animals, and also, if sufficient number of animals
are trypanotolerant, the 'assigned intensity of infection' can be adjusted so that selection is
as if the infection is more severe (Chapter 6). Disadvantage is that selection is only on the
QTL and not on other genes that may be involved in trypanotolerance. This illustrates the
need for continuous QTL detection simultaneously to the MAS scheme. Also, selection will
not include resistance to other environmental factors that are present in the area the animals
are bred for, but absent in the selection environment, like for example infection pressure of
another type of disease.
There is apotential problem when deciding to apply aMAS scheme outside the area
the animals are selected for. This involves the risk that the QTL is not segregating (in the
case the QTL was detected in another population and not validated in the population under
selection), orthephasebetween genetic marker and QTL changed due torecombination. An
obvious solution to the absence of the QTL at onset of selection, and requirement for
successful MAS, is the verification of the presence of the QTL and the frequency of the
favourable allele, which could be done simultaneously to running the MAS scheme.
Requirement for verification ofthe QTL is the availability ofphenotypic information on the
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animals, and thus need to be done under infection pressure. Additional checks on the
presence of the QTL during generations of selection will add to the probability that indeed
the favourable alleles are inherited tothenext generation. Advised frequency of such checks
will depend onthe distance between genetic marker and QTL, and ontherequired efficiency
of the MAS. It would be enough to have part of the population infected every so many
generations to check whether the QTL is still present. MAS under infection pressure would
help to overcome the differences in the degree of infection between herds, but also between
animals.
b. Creation of a hybrid: Within breed selection for improved production within
trypanotolerant breeds may be considered a too slow process due to lack of sufficient
genetic variation. At the moment, even though it is considered the best performing breed in
a tsetse infested environment, in the absolute sense the N'Dama is small, produces little
milk, and, because of their size, they are not very suitable to use for traction. A possibly
more efficient way to improve production in tsetse infested areas is considered to be
introgression of the QTL responsible for trypanotolerance into higher productive cattle
(Soller and Beckman, 1987). Like in the case of within breed selection, the QTL should be
accurately mapped andgenetic markers shouldbetightly linked to the QTL.However, when
looking at results from Chapters 3 and 4, introgression as generally defined in animal
breeding literature, i.e. the introgression of certain genes, while eliminating all other
background genome (e.g. Hospital et al., 1997), does not seem the best option to combine
features of two breeds. If all QTL that arerelated to trypanotolerance, and which are not all
reported in Chapter 3 would need to be introgressed in order to create trypanotolerant
animals, an enormous number of animals would be required (Chapter 4). Also other
breeding schemes,assuggested byKoudande etal.,(2000),wouldrequire alarge number of
animals. Given the number of QTL detected, introgressing them all at the same time is,
therefore, not arealistic option.Marker assisted selectionusing BLUP couldbe applied for a
more gradually introduction of the QTL into the recipient breed. This, however, would
require a larger number of generations to the 'final' product, even though the difference in
trypanotolerance with the donor breed will decrease across generations. By infecting the
animals during someback cross generations, it ispossible to get some idea whether there is
interaction between QTL and genes that arenot detected, though not a total picture because
the recessive QTL will not come to expression until the intercross generation. Introgression
may in that case lead to poorer results than would be expected from the estimated QTL
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effects, though results from the introgression experiment of trypanotolerance QTL in mice
(Koudande, 2000b) suggest thisnot agreat danger.
Results in Chapter 2 suggest thatby creating an F2population (so introgression with
immediate fixation), some ofthe F2 animals combine trypanotolerance (perform at N'Dama
level) and production (considerably higher than the N'Dama). The N'Dama used for
comparison in Chapter 2 may not be representative for the breed average. It needs to be
further investigated whatproportion of anF2population isexpected tobe significantly more
productive than the higher productive pure bred N'Dama that are available in West Africa,
and trypanotolerant at the same time. It also should be investigated whether the production
level in these high performing F2 animals could not also have been achieved in pure bred
N'Dama in the same number of generations (two, plus an additional generation needed to
multiply these animals) by 'within breed selection'. However, from Chapter2 it seems a
rather effective and safe option in the sense that production is improved, while
trypanotolerance is maintained.
An advantage of creating an F2 is that the N'Dama possesses more features that
makesthem adaptiveto the localenvironment (Tizard, 2000;Chapterl). For selection inthe
F2 population it is of importance to have either aid of QTL or presence of (controlled)
infection pressure. Absence of infection pressure or QTL may result in selection of the
wrong animals. Expanding towards one backcross generation, followed by an intercross,
may work when sufficient numbers of animals are produced. It would include an additional
generation of animals that are heterozygous for trypanotolerance genes, which may result in
higher costs for medication orproduction lossunder infected, or lowerproduction compared
toindigenousbreeds inuninfected environment. It is important torealise that, aspointed out
in Chapter 4, if hybrid animals are created without infection pressure, these animals should
be introduced into infected environment as soon as possible. Apart from the better
environment to select on observed production, the production level of the hybrid animals
willbe lowerthanthatofbreeds inuninfected environment, buthigherthanthatofbreeds in
infected environment. From economic point of view delaying introduction into infected
environmentwouldincrease costs.
An alternative option for introgression or MAS, is to use only those QTL that are
related to production following infection (i.e. 'observed production'). This type of
production is reasonably highly correlated to anaemia control following infection (see
earlier and also Chapter 2), which is the most important cause of death following a
trypanosome infection (Taylor, 1999), and fewer QTL need to be introgressed or applied in
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a MAS scheme. It is not clear whether introgression of only those QTL that are related to
observed production following a trypanosome infection would be sufficient to create high
productive trypanotolerant hybrid cattlebreeds.
Organisation of thebreeding
A distinction should be drawn between the breeding of improved animals, which
should occur in organised breeding programs, and the subsequent dissemination of the
improved animals to the farmers. The design of the breeding program will depend on the
ecological region and on the production system the breeding program is aimed at. As
already explained previously, different ecological regions will require different types of
animals. In the highland the higher productive breeds may survive, whereas more harsh
environments, indigenous breeds are required. In tsetse infested areas these will mainly
include the taurine trypanotolerant breeds, whereas outside these areas, the zebu breeds are
in favour. Since this thesis is focusing mainly on the genetic background of
trypanotolerance, we will concentrate on that trait when presenting options on the design of
a breeding scheme. Depending on the selection strategy and the ecological region the
breeding program is set up in, breeding programs may differ in size, relating to both the
number of animals and to the number of herds involved. Also, complexity of the selection
strategy that canbe applied will depend onthe local infrastructure. Use of MAS, on the one
hand, willrequire amuchmore organised infrastructure ascompared tophenotypic selection
onthe other.
There isevidence for genetic variation for trypanotolerance intheN'Dama (Chapters
2and 3).Thisgenetic variation canbeutilisedby setting up abreeding scheme. General aim
of abreeding scheme is to generate genetic gain. The traits this genetic gain is generated in
are determined by thebreeding goal. Genetic gain isgenerated by selecting thebest animals
and use those as parents of the subsequent generation. The actual selection of these parents
is usually organised by a breeding organisation (e.g. farmers co-operative). Such breeding
organisation may own a breeding herd, from which the future parents are selected. The
genetic gain in that case will heavily depend on the size of the breeding herd. A breeding
organisation can also decide to buy part of the breeding material (e.g. part of the sperm)
from elsewhere. This is a normal approach in the Holstein breeding associations in the
developed countries.
The number of animals a breeding organisation should have at their disposal also
depends onthe final product they areplanning to sell.When theproduct is sperm for AIuse
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(or even embryos), then a relatively low number of top cows, and some top bulls are
sufficient to continue producing new bulls for sperm production. The breeding organisation
can maintain a nucleus herd, where new material is brought in, either by buying in sperm
and/or new cows from outside. However, the infrastructure does not always allow for AI,
especially in the more remote areas. Also, it is relatively expensive. Another product a
breeding organisation may aim at selling is live animals. This may involve bulls, but also
(pregnant) cows or weaned calves. In order to be able to offer such product, the breeding
organisation willrequire amuch larger herd to servethe samenumber offarmers. Abull can
serve much fewer cows by natural mating than by AI. Of course a combination of the two
breeding structures is also possible, because those animals that are not selected for breeding
inthe "AIbreeding program"maybe soldto farmers.
Whether the main emphasis will be on production of live animals or on sperm
production, depends on thepotential market. Close to urban areas the infrastructure is good,
and electricity (e.g. for computer, AI facilities like storing semen, etc), water, and,
optionally, modern molecular genetic facilities are at one's disposal, and there is a large
demand for animal products. Emphasis of a breeding organisation will be on sperm
production, and to a lesser extent onproduction of live animals. In such a breeding scheme,
facilities to further increase genetic gain such as utilisation of genetic markers and QTL
information, computerised selection strategies such as BLUP, and modern reproduction
techniques can be implemented. Pedigree and trait registration would be readily available,
and breeding can be organised as an open (Dempfle and Jaitner, 1999) or closed (Syrstad
andRuane, 1998)nucleus scheme.
At a larger distance from the urban areas, infrastructure will most likely be less
organised. Roads may not be available during certain seasons, and electricity may not
always be available throughout the entire day, which makes it more difficult to for example
store and distribute semen (liquid nitrogen required). In those areas there are two options:
purchase genetic material from outside (e.g. from thebreeding scheme in theurban area), or
organise a breeding scheme within the own region. Purchasing genetic material from the
breeding organisation close to the city as described above involves the risk that these
animals are not able to cope with the usually more harsh environment outside the urban
areas. A separate breeding scheme may be set up in the urban area, using genetic material
from the more remote areas. Selection inthat case will not involve further adaptation to the
local environment (e.g.disease resistance).In addition alsothe delivery ofthe animals to the
areathey were selected for maybeproblematic.
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For setting up abreeding program in the region the program is aimed at, distinction
may be made between a breeding program aimed at improving cattle of farmers that have a
combined farming system that also includes crop farming, and cattle of farmers that travel
around with their cattle in the pasturalist system. The breeding goal of these two types of
farmers may differ, but, because of their travelling around, it is more difficult for the
pasturalist farmers to get organised and set up their own breeding program. For these
farmers itwouldbe easier topurchase improved cattle for upgrading their own. The farmers
in a combined farming system may want toget organised in a co-operative and set up their
own breeding program. A co-operative may reach further than just within the village and
include multiple villages in the same area. Such organised breeding can vary from a very
basic selection scheme where the best bulls are selected for breeding using phenotypic
selection and bulls are circulated across herds (and villages), up to the same level as in the
urban areas. In the most basic setting, pedigree registration most often is not very well
organised or completely absent (Dempfle and Jaitner, 1999). If there are people that can
read andwrite, apedigree registration canbe setup.Utilising suchpedigree registration will
only be possible in the case one can have a large enough computer at one's disposal to
estimatebreeding values. Otherwise allpedigree registration canbe used for is avoidance of
sib-matings.
Delivery
The possibilities of delivery of the improved genetic material to the farmers can be
discussed based onthethreebasic production systems: 1.highland farming closetoan urban
area, 2. the mixed farming system in areas further away from urban areas, in (sub)-humid
climate, and 3. the pasturalist farming system. In all production systems it applies that
whenever a farmer cannot afford to purchase genetic material (semen, calves, cows, etc)
from the breeding organisation, they may be able to buy material from those farmers that
can. This will create a genetic lag between breeding organisation, 'first buy farmers', i.e.
those farmers that can afford to purchase their genetic material directly from the breeding
organisation, and those farmers that buy genetic material indirectly (i.e. from for example
the 'first buy farmers'). If breeding programs successfully introduce improved animals into
a certain area, it will reach all farmers eventually, though with a delay depending on the
availability (and thusmonetary value) of improved animals and the financial situation of the
farmer. Below wewill consider thesituation ofthe 'first buy farmers'.
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The highland farming area is the area where good facilities are available and for
example AI could be implemented. Farmers can buy semen and the breeding organisation
may also provide other services like an advisory service on animal husbandry or nutrition.
Such additional services can easily be provided by the technician because he comes to the
farms for insemination at regularbasis. An example of such a system is anAI centre, which
sells semen and inseminates cows in the highlands close to Nairobi. Farmers that cannot
afford AI, or that prefer to upgrade their cattle in an alternative way, often buy pregnant
cows.These cowsmay havebeen inseminated with semen ofbulls from theAI organisation,
or by bulls related to these bulls. In this type of production system there will be a gradual
increase ingenetic potential.
Inthe more remote areas,an alternative way to deliver the improved genetic material
to the farmer is, for example, by establishing a type of heifer entrust scheme, where a
monetary or alternative fee will be established in exchange for which the farmer receives a
heifer. Such alternative fee may for example include the first one or two calves that heifer
produces, or one or two calves of choice from the already existing herd. A bull entrust
scheme would work in a similar way, but in a larger context, for example one bull for an
entire village. A 'fee' again will be established in advance, possibly consisting of first
choice ofthecalves ormoney. Thebull could alsobe leased from thebreeding organisation,
again with a certain fee in return. Such bull entrust scheme may also work in the pasturalist
setting, where the bull can be picked up at the breeding farm, and, for example after half a
year, returned tothe farm. Another option istobuy weaned calves that were selected out by
thebreeding organisation.
One last alternative is selection within the own village herd, without the interference
of a breeding organisation. In this situation, breeding and delivery are closest together and
organised by the same people. In fact, the village is the breeding organisation. The cows
animals may be selected from all cows in the village, and those can be mated to the best
bulls tobreed thebulls for the next generation. Morebulls are selected to mate with the rest
of the cows and the remaining bulls should be castrated, sold, or kept in a separate herd so
that they cannot mate with the cows. Inbreeding in the village herd can be prevented by
exchange ofbullsbetweenvillages.A sortofbull-circulation system couldbe established.
Role ofgenetic improvement
Providing improved geneticmaterial doesnot automatically mean that the production
of the genetically superior animals is actually higher compared to the original cattle.
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Nutrition and husbandry should be adjusted to the needs of the genetically improved
animals. Because small holder farmers only have limited facilities for feed production, the
food may have to come from elsewhere. Feeding of local by-products hasproven to be very
effective in improving the production level of cattle (e.g. Murray et al., 1990). Also, the
output of the improved cow, and the profit made from that output, needs to be that much
higher to justify the extra costs feed from outside the farm. Whether this leads to extra
profits will depend on the local cost-benefit balance; i.e. on both the benefit that can be
achieved by selling animal products and the costs of purchasing feed. In some cases total
farm output may improve by reducing the number of animals on the farm, so that all
available food and attention canbe assigned tothebest cow(s). Even though this may result
in higher output, it will also increase the risk of great loss. If on a small farm high
productive animal(s) looseproduction for somereason (for example illness), oreven die, the
economic lossesare considerable.
The genetically improved animals play an important role in improving the living
standard of small holder farmers in largeparts of Africa, but it certainly isnot automatically
achieved by improving the genetic production potential of their cattle alone. Improving the
living standard of these people should involve a systems approach. Apart from genetic
improvement, also animal nutrition and husbandry should be improved simultaneously to
fully appreciate the genetically improved animal.Thisis agradualprocess, and large sudden
changes are likely to disrupt theproduction system, and,therefore, fail to improve the living
standard ofthesmallholder farmer.
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Summary
Africa is a continent with a very rapid increase in human population and a dramatic
urbanisation, and as a consequence, the demand for meat and dairy products is also
increasing rapidly. To meet his growing demand and increase in African livestock
production is desirable. However, diseases like trypanosomosis have a seriously limiting
influence on production, as well as on animal welfare, in a substantial part of sub-Saharan
Africa. The trypanosusceptible Bos indicus breeds, such as the Kenyan Boran, are not well
capable of handling the infection. They become anaemic, lose weight, show reduced milk
production and reduced capacity to work, lose fertility, often abort the foetus, and, unless
treated with medication, frequently die of the infection. Some West African Bos taurus
cattle breeds (N'Dama and West African Shorthorn) are tolerant of trypanosomosis.
Members of those breeds are able to gain weight and show a normal oestrus cycle and thus
maintainreproductive capacity in areas with moderate infection pressure. An F2 experiment
was set up in cattle at the International Livestock Research Institute (ILRI) in Nairobi,
Kenya,to determine thegeneticbackground oftrypanotolerancein cattle.
Thisthesisbasically had twomain aims: 1.to define traitsrelated to trypanotolerance
and test those on the data from the F2 cattle experiment in order to determine the genetic
factors (heritability and QTL) involved in trypanotolerance, and 2. to explore alternative
breeding schemes to improvebothproduction and disease resistance.
In literature, changes in PCV and growth rate following infection are considered to
be indicators for trypanotolerance. Chapter 2 focuses on description of changes in, and
relations between Packed red Cell Volume percent (PCV), body weight and parasite count
following an infection with a single clone of Trypanosoma congolense IL1180. In total 214
F2cattle (Gambian N'Dama x Kenyan Boran) were infected by the bites of infected tsetse
flies. Body weight, PCV, and parasite counts were recorded on a weekly basis for 150 days
post infection. Seventeen derived traits were defined based on the data recorded. The
average of F2 animals were intermediate between the pure-bred N'Dama and Boran for all
traits.Thehighest and lowest responders intheF2,when selected onmaximum drop inPCV
or on maximum drop inbody weight, were equal to the average of the Boran and N'Dama
breeds, respectively. There were moderate to low phenotypic correlations (0.00 to
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0.32) between average log(parasite count) or number of times an animal was detected
parasitaemic, and the PCV and body weight derived traits. There were low to moderate
phenotypic correlations (0.02 to 0.74) between and (0.01 to 0.96) within PCV and body
weight derived traits. Most of the traits defined in this study are heritable. Heritabilities
ranged from 0.01 for PCV recovery, to 0.88, for initial PCV. Some F2 animals seem to be
able to control anaemia and have a higher average body weight and body weight gain than
thepure-bredN'Dama.Body weight gain following infection seems an appropriate and easy
tomeasure indicator oftrypanotolerance.
The F2 experiment was designed to detect QTL related to trypanotolerance in cattle,
and QTL were detected based on data generated from this experiment, results of which are
presented in Chapter 3. An initial analysis revealed a number of chromosomes harbouring
significant QTL.Inmice there isevidence thatthegeneTirl, relating to survival following a
trypanosome infection, is genomically imprinted. In this paper these chromosomes are
further analysed to determine the mode of expression of these QTL In this chapter QTL
were detected for traits related to anaemia, body weight change, and parasitaemia following
a trypanosome infection on nine different chromosomes. In total eight QTL have been
detected, most of them with Mendelian expression. One QTL (for the recovery of PCV
following infection on BTA19) showed evidence of genomic imprinting, with maternal
expression. Size ofeffect ofthe QTLranged from 5.8 percent ofthephenotypic variance for
initial body weight prior to infection on BTA2 and the recovery in PCV following infection
on BTA7, to 10.4 percent for the lowest value of PCV reached following infection, on
BTA2.
One alternative of utilising QTL in a breeding scheme is through marker assisted
introgression. The genetic and economic consequences of introgression of either one or two
genes that explain the complete difference for disease resistance between donor and
recipient breed were investigated in Chapter 4. Four backcross strategies (0, 1, 3 or 7
generations of backcrossing) were compared for four initial breed differences (0.1, 1, 2.5
and 5phenotypic s.d.) when female reproductive capacity was either high (10 offspring) or
lower (4 offspring). Selection indonor and recipient populations was for production using a
selection index. Genetic comparison was based on production level between the hybrid
population, after fixation of the disease resistance alleles, and the donor population. For a
large initial breed difference and high female reproductive capacity, application of seven
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generations of backcrossing resulted in the largest genetic difference between donor and
hybrid population. Introgression of one or two genes made no difference for the genetic
results. From an economic point of view, optimal number of generations depended on the
number of genes involved in the introgression, on the female reproductive capacity and on
the initial breed difference. Seven generations of backcrossing in most cases are too many
and none to three generations of backcrossing often is more optimal. Introgression of two
genes iseconomically less attractive, especially withlow female reproduction capacity.
In Chapter 5 a model is presented describing the relationship between level of
disease resistance andproduction under constant infection pressure. The model assumes that
given a certain infection pressure, there is a threshold for resistance below which animals
will stop producing, and that there is also a threshold for resistance above which animals
produce at production potential. Inbetween both thresholds animals will show a decrease in
production, the size of decrease depending on the severity of infection, and the level of
resistance. The dynamic relationship between production and resistance when level of
resistance changes, such as due to infection is modeled both stochastically and
deterministically. Phenotypic selection started in a population with very poor level of
resistance introduced in an environment with constant infection pressure. Mass selection on
observed production was applied, which resulted in a non-linear selection response for all
three traits considered. When resistance is poor, selection for observed production resulted
in increased level ofresistance.With increasing level of resistance, selection response shifts
to production potential and eventually selection for observed production is equivalent to
selection for production potential. The rate at which resistance is improved depends on its
heritability, the difference between both thresholds, and selection intensity. The model also
revealed that when a zero correlation between resistance and production potential is
assumed, the phenotypic correlation between resistance and observed production level
increases for low levels of resistance and subsequently asymptotes to zero, whereas the
phenotypic correlation between production potential and observed production asymptotes to
one. For most breeding schemes investigated, the deterministic model performed well in
relation to the stochastic simulation results. Experimental results reported in literature
support themodelpredictions.
Animals willshowreduced production when exposed to a constant infection pressure
unless they are fully resistant, the size ofthereduction depending onthe degree of resistance
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and the severity of infection. In Chapter 6, the use of QTL for disease resistance for
improving productivity under constant infection pressure is investigated using stochastic
simulation. Marker assisted selection was incorporated in the model described in Chapter 5
by assuming a certain proportion of the genetic variance to be explained by the QTL.
Phenotypes were available for production, not for resistance. In practice the infection
pressure may vary across time, thus,results were compared to mass selection on production
under constant, aswell asintermittent infection pressure,where the infection pressure varied
between but not within years. Selection started in a population with a very poor level of
resistance. Incorporation of QTL information is valuable (i.e. the increase in observed
production relative to mass selection) when a large proportion of the additive genetic
variance is explained by the QTL (50% genetic variance explained) and when the
heritability for resistance islow (h2R= 0.1).Under constant infection pressure, incorporating
QTL information does not increase selection responses in observed production when the
QTL effect explains less 25%of the genetic variance. Under intermittent selection pressure,
theuse of QTL information gives a slightly greater increase in observed production in early
generations, relative to mass selection on observed production, but still only when the QTL
effect is large or the heritability for resistance is low. The additional advantage of
incorporating QTL information, is that (preventive) medical treatment is possible, or
productivity ofanimals maybe evaluated innon-infected environments.
In Chapter 7 the results presented in chapters 2 to 6 are used to discuss possibilities
to improve the genetic potential of cattle in Africa, with special emphasis on small holder
farmers in tsetse-infested environments. There isno onebreeding structure of choice for the
African continent, but the design of a breeding program depends on the production system
and, in connection to that, on the local environment and climate. Breeding goals, for
example, will differ in urban areas (milk production) and more remote areas (animal health
and reproduction). Infection pressure and climatic conditions have a large influence on the
production system, and, therewith, also on the type of animals required. Close to an urban
centre the infection pressure usually is low and there is a large demand for milk and meat.
Infrastructure is good and breeding programs may include non-indigenous breeds and make
use of facilities like AI, pedigree registration, andmaybe evenmolecular genetic techniques
sothatmarker assisted selection canbe applied. Outside urban areas,the infrastructure most
likely is poorer, infection pressure higher, and possibly the climate more demanding. In
these circumstances indigenous breeds are required, which may be improved applying
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phenotypic selection, or, if the facilities are available, using BLUP. It is less likely that
marker assisted selection techniques wouldbe applicablehereinthenear future.
In general it canbe concluded that there ispotential of genetic improvement of cattle
in Africa and the organisation should be adjusted to the local circumstances. However, it is
very important to realise that not only the genetic potential, but also the nutrition and the
husbandry shouldbe improved.
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Inleiding
lrypanosomosis, ook wel slaapziekte genoemd, is eenparasitaire aandoening, die

T;

voornamelijk wordt overgedragen door de tseetsee-vlieg, die al miljoenen jaren

inAfrika voorkomt. lrypanosomosis is de belangrijkste veeziekte in Afrika, en is,naast het
rund, ook besmettelijk voor veel andere typen vee zoals schapen, geiten, ezels, paarden,
kamelen, vissen, en voor de mens. Ge'infecteerde dieren worden anemisch, verliezen
gewicht, hebben een verlaagde melkproductie en trekvermogen, zijn minder vruchtbaar en
aborteren vaak, enuiteindelijk sterven veel dieren aan de gevolgen van de infectie, tenzij ze
behandeld worden met medicijnen. Er zijn verschillende soorten trypanosomen, waarvan
sommige ook kunnen worden overgedragen op de mens. De tseetsee-vlieg komt voor in een
gebied dat 11 miljoen km2 beslaat, wat gelijk staat aan 37% van het continent en waar 40
landen inliggen. Erisgeenvaccinbeschikbaar tegen trypanosomosis.Momenteel worden er
naar schatting 46 miljoen koeien in ge'rnfecteerd gebied gehouden, waarvan er 17 miljoen
worden behandeld met medicijnen. Dejaarlijkse kosten ten gevolge van de infectie worden
geschat op$35 000000.Wanneer daar de verliezen alsgevolg vanproductiederving, sterfte,
verminderde vruchtbaarheid, etc. worden bijgeteld, dan komen deze kosten op meer dan
$100000000perjaar.
In West Afrika komen koeien rassen van het Bos taunts type voor die gedeeltelijk
resistent zijn tegen een trypanosoom-infectie: ze zijn trypanotolerant. Dat wil zeggen, deze
koeienzijn instaat omonder infectiedruk teblijven produceren en dereproductie in stand te
houden. Zonder infectie ishetproductieniveau van dezekoeien hoger, wat erop wijst dat het
resistentie niveau niet volledig is. Het grootste trypanotolerante ras, uitgedrukt in aantallen
dieren, is de N'Dama. Kenmerkend voor dieren van dit ras (en andere trypanotolerante
rassen) is de kleine afmeting, welke gepaard gaat met een lagere absolute melk en vlees
productie in vergelijking met verschillende Afrikaanse runderrassen van het Bos indicus
type (zebu). Een andere belangrijke reden voor het lagere productieniveau van de N'Dama,
in vergelijking met verschillende zebu rassen, is dat het productieniveau van de N'Dama
nagenoeg uitsluitend gemeten is onder geinfecteerde omstandigheden. Runderen van het
Bos indicus type zijn niet resistent tegen een trypanosoom-infectie en moeten worden
behandeld met medicijnen wanneer ze in ge'rnfecteerd gebied worden gehouden. En zelfs
dan hangt het van de infectiedruk af of ze kunnen blijven (re)produceren, of het zelfs
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overleven. In geinfecteerd gebied kan het dus zijn dat het productieniveau van een N'Dama
zondermedicijn behandeling hoger isdandatvaneenzebu diebehandeld ismet medicijnen.
DeN'Dama is,naast trypanotolerant, ookresistent tegen verschillende andere infecties zoals
een aantal ziektes die door teken worden overgebracht als dermatophilosis, heartwater,
bovine anaplasmosis en bovine babesiosis. De N'Dama is beter bestand tegen stronglo'fde
worm infecties en wanneer ze geinfecteerd zijn hebben ze een lagere eier-uitscheiding dan
zebu rassen. Ook kan de N'Dama beter tegen langere perioden van droogte en voertekort.
Met andere woorden: de N'Dama heeft zich goed aangepast aan de lokale omstandigheden.
Het productie niveau van de N'Dama zou door selectie verbeterd kunnen worden, hetgeen
totnutoeomverschillende redenennog niet serieus is geprobeerd.
Afrika is een continent met een sterke bevolkingsgroei en een bijzonder snelle
urbanisatie. Consequentie is een groeiende vraag naar melk en vlees, met name rond de
steden. Om aan dezevraag te kunnen voldoen ishet noodzakelijk om de productiecapaciteit
van de veestapel te verhogen. Probleem hierbij is dat verschillende ziekten, zoals
trypanosomosis, een productie- en dieren welzijn verlagende invloed hebben in grote delen
van Afrika. Met fokkerijmaatregelen kunnen de prestaties van dieren onder lokale
omstandigheden verbeterd worden, maar goede handvaten en inzichten hiervoor ontbreken
opdit moment.
Doel van ditproefschrift was om de genetische achtergrond van trypanotolerantie bij
koeien inkaart tebrengen en omplannen temaken om dedaarbij vrijkomende informatie te
gebruiken bij de het ontwerpen van fokkerijstrategieen om de productie in tseetseegeinfesteerde gebieden inAfrika te verhogen.

Trypanotolerantie
De immunologischeachtergrond van trypanotolerantie isnog niet helemaal duidelijk.
Het lijkt erop dat het aangeboren deel van het immuunsysteem (inate immune system) een
belangrijkere rol speelt dan het deel van het immuunsysteem dat een geheugen opbouwt
volgend op een eerdere infectie. Over deprecieze werking van de inate immune response is
nog weinigbekend. Het isdaarom ook nietduidelijk wat ergemeten zoumoetenworden om
demate van resistentie van een dier tegen een infectie met trypanosomen te bepalen. Wei is
bekend dat dieren na infectie anemisch worden, waarvan de mate wordt uitgedrukt in het
PCV (Packed Cell Volume, een maat voor het aantal rode bloedcellen). Ook is bekend dat
dieren na infectie een verlaagde productie laten zien (bijvoorbeeld verminderde groei of
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zelfs gewichtsverlies). Nog niet helemaal duidelijk is of het aantal parasieten
(trypanosomen) in het bloed een indicatie geeft van de mate van trypanotolerantie. Het is
bekend dat sommige wilde dieren,zoalsde Afrikaanse buffel, weinig door een trypanosoom
infectie wordenbeinvloed,terwijl erwelparasieten indebloedbaan voorkomen.
Ophet International Livestock Research Institute (ILRI)inNairobi, Kenia, iseenF2kruisingsexperiment (een kruising tussen twee rassen, waarvan de nakomelingen (de Fl)
onderling weer gekruist zijn (de F2)) opgezet met vijf N'Dama stieren en vijf Boran koeien,
om stukken van een chromosoom op te sporen waar genen liggen die verantwoordelijk zijn
voor trypanotolerantie in het rand (Quantitative Trait Loci QTL)). Rondom Nairobi komen
geen tseetsee-vliegen voor. Alle F2 dieren zijn gecontroleerd besmet door beten van een
geinfecteerde tseetsee-vlieg en vervolgens zijn wekelijks, voor een periode van 150 dagen,
het verloop van het PCV, lichaamsgewicht, en aantal parasieten in het bloed na infectie
gemetenbij alleF2 dieren. Ditmaaktehetmogelijk eenbeeldtevormenvanwathet verloop
voor dezekenmerken isvan eentypisch trypanotolerant dier envan een typisch vatbaar dier
(Hoofdstuk 2).Ter vergelijking zijn, tegelijk met de F2 dieren, ook zes zuivere N'Dama en
zeszuivere Boran dieren ge'rnfecteerd en gevolgd.
Aan de hand van het verschil in verloop in dekenmerken tussen tolerante en vatbare
dieren zijn een zeventiental afgeleide kenmerken gedefinieerd die gerelateerd zijn aan
trypanotolerantie. De correlaties tussen deze kenmerken zijn bepaald. Een hoge correlatie
geeft aan dat een verandering in het ene kenmerk samen gaat met een verandering in het
andere kenmerk. Het blijkt dat (de logaritme van) het aantal parasieten in het bloed niet tot
middelmatig (0.00 tot 0.32) is gecorreleerd met PCV en lichaamsgewicht gerelateerde
kenmerken. De PCV gerelateerde kenmerken waren niet tot sterk gecorreleerd (0.02 tot
0.74) met de lichaamsgewicht gerelateerde kenmerken. Binnen de categorieen PCV en
lichaamsgewicht gerelateerde kenmerken waren de kenmerken ook niet tot sterk
gecorreleerd (0.01 tot 0.96). Op basis van de familierelaties tussen de F2 dieren was het
mogelijk om de variantie in dekenmerken uit te splitsen in een deel dat is bepaald door het
verschil in genetische aanleg tussen de dieren en een deel dat door invloeden van buitenaf
(bv verschil in voeding, seizoen, etc) wordt bepaald. Deze variantiecomponenten worden
gebruikt om de erfelijkheidsgraad (de ratio van de genetische variantie en de totale
variantie) tebepalen. De erfelijkheidsgraad (aangegeven meth2) varieerdevan0.01 voor het
herstel in PCV na infectie, tot 0.88 voor PCV voor infectie. Er zijn F2 dieren diehun verval
in PCV na infectie op dezelfde manier kunnen controleren als de N'Dama, maar met een
hoger gemiddeld lichaamsgewicht en met een hogere toename in lichaamsgewicht na
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infectie. In het algemeen lijkt groei na infectie een goede en makkelijk te meten indicator
vantrypanotolerantie innognietvolwassen dieren.

QTLvoor trypanotolerantie
Van de F2 dieren zijn bloedmonsters genomen, waarna van vooraf bepaalde stukjes
DNA de code is bepaald. Dit zijn zogenaamde genetische merkers. Op elk van de 29
chromosomen van het rund zijn zeven tot 15 van zulke merkers bij alle dieren in kaart
gebracht. De informatie over deze, voor de meeste dieren verschillende, stukjes DNA code
wordt gecombineerd met de aan PCV, lichaamgewicht en aantal parasieten gerelateerde
kenmerken, waarvan dewaarde ookper dier verschillend is.Gegeven de genetische merkers
kan nu voor elk stukje van een chromosoom bekeken worden wat de kans is dat daar een
QTL ligt dat verantwoordelijk is voor de verschillen tussen dieren voor dat kenmerk.
Bijvoorbeeld, als er een aantal dieren dezelfde code hebben voor een genetische merker, en
alleen deze dieren kunnen hun verval inPCV na infectie beperken, dan is de kans groot dat
op dat stukje chromosoom een QTL ligt dat ervoor zorgt dat de PCV na infectie niet te veel
zakt (Figuur 1).
Figuur 1. SchematischeuitlegvandeQTLdetectiemetbehulp van tweegenetischemerkers.
F2 runderen
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Genetischemerker 1:
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Conclusie: Bij genetische merker 1 is de kans bijzonder klein dat er een QTL ligt dat
verantwoordelijk is voor de controle van PCVna infectie, maar bij genetische merker 2 isde
kansgrootdaterweleenQTLligtdatdePCVnainfectiecontroleert.Metbehulpvanstatistische
technieken isbepaaldhoegrootdezekanspreciesis.

Bij de mens en de muis (en in minder detail bij enkele andere diersoorten) is het
bekend dat er voor sommige genen sprake is van een "parent of origin" effect, wat wil
zeggen dat uitsluitend het allel tot expressie komt wat bijvoorbeeld via de moeder en niet
wat via de vader wordt overgeerfd (of omgekeerd). Dit fenomeen heet genetische
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inprenting. In de muis is er bewijs gevonden voor inprenting van een QTL, Tir 1, dat
gerelateerd is aan overlevingskans na een trypanosoom infectie. Dit was de aanleiding om
na te gaan of er ook sprake is van inprenting van een QTL wat gerelateerd is aan
trypanotolerantie bij het rund. Voor F2 dieren die voor een bepaalde genetische merker
zowel een allel afkomstig van deN'Dama, als een allel afkomstig van de Boran bezitten, is
het van belang terug te traceren of de vader, danwel de moeder het N'Dama allel heeft
doorgegeven. Hiervoor moesten de genotypen terug gecodeerd worden naar de
oorspronkelijke genotypen. Gezien de hoeveelheid werk dat dit met zich meebracht is, op
basis van resultaten van een QTL analyse die op ILRI is uitgevoerd, een selectie van acht
chromosomen gemaakt. Voor elk van de kenmerken is er op deze acht chromosomen
gekeken of ereen QTLaanwezig isen of ersprake wasvan inprenting (Hoofdstuk 3).
In totaal is er bewijs gevonden voor de aanwezigheid van acht QTL op deze acht
chromosomen, waarvan er bij een bewijs is dat het alleen tot expressie komt wanneer het
wordt overgeerfd via de moeder. Dit QTL ligt op chromosoom 19 en bepaalt een deel van
het herstel van PCV na infectie. De meeste QTL beinvloedden meer dan een kenmerk. De
grootte van het effect van de acht QTL varieerde van 5,8% van de totale variantie voor
lichaamsgewicht voor infectie op chromosoom 2 en het herstel van PCV na infectie op
chromosoom 7, tot 10,4% van de totale variantie voor de minimum waarde voor PCV na
infectie opchromosoom 2(zelfde QTL),wat eenaanzienlijk effect is.
Gebruikvan QTLbij introgressie
QTL die een deel van resistentie tegen een bepaalde infectie verklaren kunnen
worden gebruikt in een introgressie schema om de resistentie van een ander, bijvoorbeeld
hoger productief, ras te verbeteren. Hierbij worden beide rassen gekruist, waarna er terug
gekruist wordt met het hoger productieve ras, waarbij in de gaten gehouden wordt dat het
gewenste QTL wordt overgeerfd (Introgressie, zie Figuur 2). Met elke generatie
terugkruising wordt de fractie (ongunstige) genen van het donor ras gehalveerd. Het aantal
generaties terugkruisen kan varieren en hangt ondermeer af van hoe nauwkeurig de positie
van het QTL bekend is en hoe groot het verschil in productie is tussen de beide
uitgangsrassen.Na eenbepaald aantal terugkruisingen worden dekruisingsdieren niet langer
met het onvanger ras,maar onderling gepaard. Ditheet de interkruising en heeft ten doel de
gunstige QTL allelen te fixeren. In het geval van introgressie van een enkel gen zal een
vierde deel van de nakomelingen uit deze paringen homozygoot zijn voor het gunstige allel
(de hybride dieren). Vervolgens isvaak nog een of meerdere generaties nodig om het aantal
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Figuur 2. Schematische weergave van gebruik van introgressie voor vorming van een
hybride. Binnen de uitgangsrassen wordt geselecteerd op productie. BC staat voor de
eventuele Back Cross (terue kruisim)
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hybride dieren te vergroten zodat deze ingezet kunnen worden als afzonderlijk ras, of om
andere rassen opte waarderen.
In Hoofdstuk 4 is onderzocht wat de genetische en economische consequenties
zouden zijn van introgressie van een of twee genen die de totale resistentie tegen een
levensbedreigende infectie bepalen. Dit gen of deze genen moeten homozygoot in een dier
aanwezig zijn om voldoende resistentie te verkrijgen om in geinfecteerd gebied te kunnen
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overleven. De verschillen in productie tussen de uitgangsrassen is gevarieerd, alsook het
aantal generaties terugkruisen met het ontvanger ras (0, 1, 3 of 7). Voor de vrouwelijke
reproductie capaciteit is gekeken naar een situatie met natuurlijke voortplanting en een met
toepassing van embryo transplantatie. De resultaten van introgressie zijn in Hoofdstuk 4
vergeleken met selectie opproductiebinnenhet donorras (zie ook figuur 2).
Het blijkt dat een groot aantal generaties terugkruising vanuit genetisch oogpunt
gunstig is. Een groot verschil tussen de uitgangsrassen, in combinatie met embryo
transplantatie en zeven generaties terugkruisen, resulteerde in het grootste verschil in
productieniveau tussen het donor ras en de hybride. Introgressie van een of twee genen
maakte geen verschil vanuit genetisch oogpunt. Echter, vanuit economisch oogpunt bepaalt
het aantal genen, de reproductiecapaciteit van de vrouwelijke dieren, en het
productieverschil in de uitgangsrassen het optimale aantal generaties terugkruisen bij
introgressie. Zeven generaties terugkruising is indemeeste gevallen nietrendabel ennul tot
drie generaties is meer optimaal. Introgressie van twee genen is economisch minder
aantrekkelijk, met name wanneer geen gebruik gemaakt kan worden van embryo
transplantatie.
Selectie opproductie binnen rasonderconstante infectiedruk
In Hoofdstuk 5 wordt gekeken naar de efficientie van verschillende selectie
maatregelen om genetische aanleg voor productie en resistentie te verbeteren. Daarvoor is
een model ontwikkeld waarmee relatie tussen waargenomen productie onder constante
infectiedruk enerzijds, en productie zonder infectiedruk en resistentie anderzijds wordt
beschreven. In het model wordt aangenomen dat bij een gegeven infectiedruk er een
resistentieniveau bestaat waaronder productie niet meer mogelijk is (de lage
drempelwaarde), en dat er ook een resistentieniveau is waarboven de productie niet meer
wordt be'invloed door de infectie (de hoge drempelwaarde). Voor elke infectie die continue
aanwezig is,zal de productie tussen dezebeide resistentieniveaus worden verlaagd door het
gebrek aan resistentie, waarbij de mate van verlaging afhangt van de infectiedruk en van de
mate van resistentie. Dit dynamische model is zowel stochastisch als deterministisch
gesimuleerd. Uitgangspunt was een populatie met een heel laag resistentie niveau, in een
omgeving met constante infectiedruk.
Selectie op waargenomen productie niveau resulteerde in een niet-lineaire response
in de waargenomen productie, resistentie, en de potentiele productie wanneer er geen
infectie was geweest. Bij een lage mate van resistentie resulteert selectie op waargenomen
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productie met name in een toename in aanleg voor resistentie. Bij een toenemende
resistentie in de populatie verschuift de selectie respons meer in de richting van potentiele
productie en uiteindelijk is selectie op waargenomen productie gelijk aan selectie op
potentiele productie.
De mate waarin resistentie wordt verbeterd door selectie op waargenomen productie
is afhankelijk van de erfelijkheidsgraad, het verschil tussen beide drempelwaarden, en de
selectieintensiteit. Het model laat op overtuigende wijze zien dat de relatie tussen
waargenomen productie en resistentie onder infectiedruk verandert met de verandering in
resistentie. In een situatie waarbij resistentie en potentiele productie genetische
ongecorreleerd zijn, zal bij een laag resistentie niveau de waargenomen productie heel laag
tot afwezig zijn. Als gevolg van selectie op waargenomen productie zal de correlatie tussen
resistentie en waargenomen productie aanvankelijk stijgen om vervolgens, waneer de
populatie een hoog resistentie niveau heeft bereikt, weer af te nemen. De correlatie wordt
uiteindelijk nul wanneer alle dieren in de populatie een resistentiewaarde hebben die boven
de bovenste drempelwaarde ligt. Voor de meeste selectieschema's die zijn onderzocht
voldoethet deterministische model goed inrelatie tot de stochastische resultaten. Resultaten
vanexperimenten diebeschreven zijn inde literatuur lijken hetmodelte onderschrijven.

Gebruikvan QTLvooromproductie onder infectiedruk te verhogen
Zolang dieren nietvolledig resistentzijn, zalhunproductie worden verlaagd wanneer
ze blootgesteld worden aan een infectie. In Hoofdstuk 6 wordt het gebruik van QTL voor
resistentie om de productiviteit onder infectiedruk te verhogen onderzocht met behulp van
stochastische simulatie. Gebruik van QTL informatie is ingebouwd in het model dat
beschreven wordt in Hoofdstuk 5. Hierbij wordt aangenomen, dat een bepaald deel van de
genetische variantie wordt verklaard door het QTL. Selectie beslissingen worden gebaseerd
opQTL informatie enwaarnemingen aanpotentieleproductie. Eris aangenomen dat selectie
plaats vond buiten gernfecteerd gebied, of dat medicijnbehandeling afdoende was om het
waargenomen productieniveau gelijk te maken aan het potentiele productieniveau.
Resultaten zijn vergeleken met massa selectie onder constante en onder niet-constante
infectiedruk waarbij de infectiedruk varieerde tussen, en niet binnen jaren.
Uitgangspopulatie was gelijk aandievanHoofdstuk 5.
Het blijkt dat opnemen van QTL informatie zinvol is wanneer een groot deel van de
additief genetische variantie (50%) wordt verklaard door het QTL, en wanneer de
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erfelijkheidsgraad voor resistentie laag is (h2R = 0.1). Bij een constante infectiedruk zorgt
opname van QTL informatie niet voor een toename in respons in waargenomen productie
wanneer de QTL minder dan 25%van de genetische variantie verklaard. In de praktijk zal
de infectiedruk over het algemeen varieren over de tijd. Bij niet-continue infectiedruk
resulteert gebruik van QTL informatie bij selectie, in vergelijking met massa selectie op
waargenomen productie, in een iets grotere toename in waargenomen productie gedurende
de eerste generaties. De toegevoegde waarde van opname van QTL informatie is met name
dat (preventieve) behandeling met medicijnen mogelijk is, en ook dat de productie van
dierenbepaald kanwordenbuiten ge'rnfecteerd gebied.

Algemene discussie
In hoofdstuk 7 worden de resultaten uit de hoofdstukken 2 tot en met 6 gebruikt om
mogelijkheden tot verbetering van de genetische aanleg voor trypanotolerantie en daarmee
het productie potentieel van rundvee in Afrika te bediscussieren in een meer praktische
context. Erbestaat niet zoiets als de selectie strategic voor heel Afrika. Het ontwerp van het
fokprogramma hangt afvan het productiesysteem en, inverband daarmee, het lokale milieu
enklimaat. De gewensterichting enmate vanverandering in de genetische aanleg (fokdoel),
bijvoorbeeld, zal in stedelijk gebied verschillen van de meer afgelegen gebieden.
Infectiedruk enklimatologische condities hebben een grote invloed ophet productiesysteem
en, daarmee, ook ophet type dieren dat daarvoor nodig is. In de nabijheid van een stedelijk
gebied zal de infectiedruk normaliter lager zijn, is de vraag naar melk en vlees groter, en is
de infrastructuur vaak beter. Fokprogramma's kunnen daarom vaak niet-lokale rassen
opnemen en gebruik maken van voorzieningen als afstamming registratie, kunstmatige
inseminatie, en misschien zelfs van moleculair genetische technieken zodat QTL informatie
kan worden benut. Buiten de stedelijke gebieden is de infrastructuur vaak minder goed, de
infectiedruk hoger, en de productieomstandigheden meer veeleisend. Onder deze
omstandigheden genieten lokale rassen de voorkeur. Verbetering van deze rassen is
mogelijk door selectie van dieren op basis van eigen prestatie of, waneer de faciliteiten dat
toelaten, opbasis van fokwaarden waarbij bij het schatten rekening gehouden wordt met de
prestaties gemeten aan verwante dieren. Het isminder waarschijnlijk dat hierbij in de nabije
toekomst genetische merker informatie zalworden gebruikt.
In het algemeen kan worden geconcludeerd dat het genetisch potentieel van rundvee
inAfrika verbeterd kan worden en de organisatie daarvan zal moeten worden toegespitst op
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de lokale omstandigheden. Voor een verbetering van de prestaties van dieren onder lokale
omstandigheden is het belangrijk dat, naast de genetische aanleg, ook andere elementen van
hetproductiesysteem zoalsvoeding enhuisvesting inogenschouw worden genomen.
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Nawoord
Tijdens eenproject vanvierjaar zijn er altijd punten dieje liever andershad gezien, maar
de afgelopen vier jaar heb ik voor het overgrote deel met heel veel plezier aan mijn promotie
onderzoek gewerkt.De goede sfeer binnen de leerstoelgroep fokkerij en genetica, maar ook binnen
Lab7 op ILRI, heeft daar zeker toe bijgedragen. Goede collega's zijn minstens zo belangrijk voor
het plezier inje werk als werk datje ligt. Een aantal mensen zou ik hier speciaal willen bedanken
voorhunbijdrage aanhetverloop vanmijn onderzoek.
Allereerst Johan van Arendonk, mijn co-promoter die later mijn promotor werd. Johan,
het is niet altijd een makkelijk project geweest, maar jouw gevoel voor politiek heeft er toe
bijgedragen dathet altijd weer op zijn pootjes terecht isgekomen. Wat ikbijzonder inje waardeer
is datjeje promovendi inprincipe devrijheid laat om een eigen pad te banen, maar datje er altijd
bent als ze je nodig hebben. Voor mij een ideale formule. Then my overseas co-workers, who
became my co-promotors: Steve Bishop and John Gibson. Steve, it has been a great pleasure to
work with you. Also, your interest and support during the rest of theproject have been very much
appreciated. John, Ihave really enjoyed ourmeetings.You andJohan are aperfect combination for
reviewing mypapers.Youbothgiveveryuseful comments,but from different focus points.
Another person who has been closely involved in the ILRI part of my project is Olivier
Hanotte. Olivier, I know I have been hassling you quite a bit with difficult data questions, thanks
for remaining enthusiastic all the same. Dan wil ik graag mijn begeleidingscommissie bedanken:
Henk Bovenhuis, PirnBrascamp, Luc Janss en Henk Udo:bedankt voor de kritische input op mijn
papers enhet meedenken over deverdere invulling vanhet project.
Langs deze weg wil ik ook graag mijn ouders bedanken voor de steun en interesse die ze
al die jaren getoond hebben. Handig als je dezelfde dingen leuk vindt. En natuurlijk Piter,
bedankt....
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