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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 a breeding 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, the mode of expression of these QTL was investigated and one of
the QTL was found to be maternally imprinted. These QTL could be utilised in an introgression
schemne, 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 peint 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 non-
linear selection response is achieved in both potential production and disease resistance. Important
advantage of QTL information for discase 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. This thesis has demonstrated that there are good opportunities for using selection to

improve the results of local farming systems.
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Stellingen

1.

Bij constante infectiedruk en onvolledige resistentie resulteert selectie op productie in
verbetering van zowel productie als resistentie (dif proefschrift).

Gezien het grote aantal genen dat resistentie tegen slaapziekie bij rundvee bepaalt, is
introgressie niet de optimale fokkerijstrategie om prestatie te verhogen in tseetsee-
geinfesteerd gebied (dit proefschrift).

Selectie van landbouwhuisdieren in een ‘Specific Pathogen Free” omgeving is strijdig
met de vraag vanuit de praktische veehouderij naar ontwikkeling van robuustere dieren.

Ten gevolge van de sterke urbanisatie zal in veel Afrikaanse landen de sociaal-
economische waardering van vee verschuiven van status- naar inkomenverhogend.

Interdisciplinair onderzoek leidt tot een toename in het aantal wielen dat echt wordt
uitgevonden.

Om de acceptatie van allochtonen te bevorderen zouden Nederlandse jongeren moeten
worden zangemoedigd om tijdens hun opleiding een periode in het buitenland door te
brengen.

Met het onderwijs en de gezondheidszorg in Nederland is het net als met het
Nederlandse voetbalelftal: de waan van het aan de top staan blijft langer voortduren dan
de werkelijkheid.

Stellingen bij het proefschrift van E.H. van der Waaij: Selection for trypanotolerance in African catle.

Wageningen, 7 september 2001.



I General Introduction

frica is a continent with a very strong increase in human population and a
Adramatic 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 Affrican 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, as well as to 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). Trypanosomes are mostly transmitted by the tsetse fly, which currently infests around
11 million km? of Africa, which is 37% of the continent, involving 40 countries (Murray et
al., 1991}. Figure 1 shows a map of Africa with the tsetse 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 catile is of pure trypanotolerant breeds, Bos teurus 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

with moderate infection pressure (Murray et al., 1991).
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Figure I. Map of Africa with tsetse distribution and cattle densitites (Bron: ILRI, Nairobi)

Reason for the difference in trypanotolerance between the Bos teurus and Bos indicus
breeds is believed to be that the Bos taurus longhorn (the ancestor of the N’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 shorthom 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 in Africa 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 taurus breeds), the Bod indicus
breeds were most likely not heavily introduced into such environment, resulting in a lower
selection pressure 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), and partly explains why the N’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 a lower 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 of the challenging environment, under which the breed has been kept.

As reviewed by Taylor (1999) it was surgeon/captain David Bruce who in 1894 was
ordered to Zululand in South Africa to unravel the mysterious 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 to be affected by infection with
these protozoa and thus served as reservoirs of infection, and that tsetse flies (Glossina
species) transmitted the disease. The type of protozoa David Bruce studied was later named
Trypanosoma Brucii {brucei). Thete are several types of trypanosomes; not all of them
infective in each type of host. In domestic livestock the three most important tsetse-
transmitted types of trypanosomes are: Trypanosoma congolense, Trypanosoma brucei and
Trypanosoma vivax. These are transmitted by 36 different species of tsetse fly, each adapted
to different ecological and climatic conditions (Murray et al., 1991).

There is no vaccine available to use 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 the tsetse fly population. Until recently,
tsetse control was mainly achieved by spraying of insecticides. Problems encountered in that
type of control are the high costs, the lack of trained personnel to implement insecticide

control programmes, the need to defend sprayed areas and prevent re-invasion, the need for



Chapter 1

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.
Bush is the natural habitat of the tsetse fly, Clearance of bush may help to decrease the tsetse
fly density, and thus decrease infection pressure. Bush clearance, on the other hand, has an
ecological impact on the environment.

Trypanosomosis results in anaemia, which is the primary cause of death of infected
cattle {Taylor, 1999). Trypanotolerant animals show a greater ability to control infection and
a greater resistance to the pathological effects of the parasite (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 of the individual animals or the performance of the individual 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 demonstratc that there are genetic differences with regards to
trypanotolerance within the population. This offers opportunities to set up breeding schemes
to exploit 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 to trypanotolerance (Teale, 1993). In 1992-1993 Teale



General Introduction

and Kemp designed a parallel experiment in mice, also aiming at identifying QTL related to
resistance to trypanosomosis, and as a test case. The initial intention of the cattle experiment
was that QTL subsequently could be used in an introgression program to upgrade the
production level of cattle in tsetse-infested arcas 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 in mice. Subsequently Clapcott
et al. (2000) revealed evidence for genomic imprinting of one of those QTL. QTL related to
trypanotolerance in cattle have first been detected by Hanotte et al (in preparation).

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 the much more expensive cattle. Goals of the mice 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, and how many animals and backcross generations would be required
to create high productive trypanotolerant cattle. Koudandé et al (1999, 2000, and 2000a)
have addressed most of these issues in mice. An important conclusion from their work
related to utilising QTL in introgression schemes in cattle in the future is that a large number
of animals is required. This number is rapidly increasing with the number of QTL to be

introgressed, and with the number of backcross generations.

This thesis had two main objectives: 1. to define traits related to trypanctolerance and
test those on the data from the F2 cattle experiment in order to determine the genetic factors
(heritability and QTL) involved in trypanoctolerance, and 2. to explore alternative breeding
schemes to improve both production and disease 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
could be used in a breeding scheme, for which there are several options. One option is to use
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 level may be achieved by within breed selection in the 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 the result, i.e. improved animals, successfully finds
its way to the farmers. Different steps involved in the implementation of breeding schemes

are described and discussed in Chapter 7.
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II An F2 Experiment to Determine Properties of
Trypanotolerance in African Cattle.

Some West African Bos taurus cattle breeds (N'Dama and West African Shorthorn} are tolerant of
trypanosomosis. In literature, changes in PCV and growth rate following infection are considered to
be indicators for trypanotolerance. The current paper 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 an experiment 214 F2 catile
{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 N'Dama and Boran for all iraits, and the highest and lowest responders in the F2, when
selected on maximum drop in PCV or on maximum drop in body weight, were equal to the average of
the Boran and N'Dama breeds. The most trypanotolerant animals follow similar courses to the pure-
bred N'Dama animals and the most susceptible animals follow the pure-bred Boran. There are
moderate to low phenotypic correlations (0.00 10 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 are low to moderate phenotypic correlations (0.02 to 0.74} between and (0.01 to 0.96) within
PCY and body weight derived traits. Most of the traits defined in this study are heritable.
Heritabilities vanged from 0.01 for PCY 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 gain following infection seems an appropriate and easy 1o measure
indicator of trypanotolerance.

Keywords: trypanotolerance, N'Dama, Boran, F2 experiment, trait definition, Trypanosoma

congolense

Introduction

setse fly transmitted trypanosomosis affects around 11 million km? (37%) of the
TAfrican continent, affecting human and their livestock in 40 countries. In
susceptible animals a trypanosomosis infection results in poor 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

This chapter is a paper in preparation for submission

EH van der Waaij, O Hanotte, JAM Van Arendonk, 8] Kemp, JP Gibson, and A Teale. An F2 experiment to
determine properties of Trypanotolerance in African cattle.




Chapter 2

disease is prophylaxis and treatment with trypanocidal drugs. Some West African Bos taurus
cattle breeds such as the N'Dama and several of the West African Shorthorn breeds, are able
to remain productive under natural challenge without treatment with medication. These so-
called 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 furnover. The number of
times an animal is detected parasitacmic over a series of observations, also has obvious
limitations, but it is a more robust measure than parasite counts in blood samples, and has an
influence on PCV-related traits (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 as uninfected 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 some heritabilities for trypanotolerance related traits in zebu 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
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Boran F2 animals and in pure¢ bred N°Dama and Boran animals; second, usirig this
information, to define a series of traits describing these changes in parasitaemia, anaemia
and growth; third to estimate heritabilities and phenotypic correlations between these traits.

Material and Methods

The study population

An F2 population was created consisting of a cross between N'Dama (Bos taurus) x
Boran (Bos indicus). The F2-animals, were produced at the International 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 15 females were selected from the F1-
animals to produce the F2-generation. Matings between full-sibs were avoided, resulting in
seven major full-sib F2 families (22-41 animals per family) and seven minor families (21 F2
animals in total). One of the F1 sires of a minor family (one offspring) was also the sire of
one of the major full-sib families. Two of the F1 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 F1 males, mated to eight F1 females, resulting in families of one to three
offspring each. For producing the seven major families, offspring of ome pair of

grandparents were mated to the offspring of another pair of grandparents, resulting in four

N7 x 1419 ND8 x 1688 ND9 x 1801 ND10 x 2094

A7IN NN /N /TN

NBB NB9? NBI1 NB36 NB2 NB20 NBl6 NB30 NB66 NB65 NB69 NB88 NB87 NB89

B VAP O]

Fam 1 Fam 2 Fam 5 Fam 6 Fam 3 Fam 4

Figure 1. Schematic overview of the F2 family structure. All N'Dama's (ND) are males and all
Boran (e.g. 1419) are females. ND8 and ND1¢ are full sibs, In the FI, NB8, NB9, NB16, NB30,
NBG66, NB65 and NB89 are females. Number of animals per F2 family is 40 in fam 1, 26 in fam 2,
22 infam3, 23 infam 4, 22 infam 5, 23 in fam 6 and 25 infam 7.
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major families descending from two pairs of grandparents and three major families from the
two other pairs of grandparents. Figure 1 provides an illustration of the family structure of
the seven major families,

Both F1- 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 bom over a period of three weeks. Calves were
born all year round on the ILRI ranch (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 10 months 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 at Kapiti and in Nairobi, were on a

complete diet, i.e. no restriction, artificial starving or any food deficiency was applied.

Challenge and data 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)) Tryparosoma
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 in jugular venous blood samples
by dark ground phase contrast examination of buffy coats (Murray et al., 1977). Unit of
measurement was the number of parasites counted in the blood sample. Body weight, PCV,
and parasitaemia were recorded weckly. 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
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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 44 to 145.

Trait definition

A commonly used definition of trypanotolerance is that trypanotolerant animals are
capable of efficiently recovering their PCV after infection and of gaining weight at the same
rate as uninfected animals (Paling & Dwinger, 1993; Trail et al., 1992; Murray et al., 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
evidence that parasite control is different from the other aspects of trypanotolerance (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 and their abbreviations.

“Average Value” is the average level for PCV or body weight over the 150 days post
infection. “Starting Value” is an average of three or four pre-challenge observations, the
observation on the day of infection not taken into account. The average was taken in order 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” is the linear trend in change in body weight
or PCV until minimum level is reached and is calculated as “maximum decrease” divided by
number of days until the minimum level was reached. Both in case of maximum decrease
and slope decrease of body 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 or body 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 of treatment was considered the final observation. “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
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treatment with drugs. 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 10log (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, not mentioned in the results.

Table I. Traits and their abbreviations for traits related to PCV, body weight and parasitaemia,
Jollowing 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 Change total period RC-PCV RC-BW
8. Survival SURY
9. mean log(Parasite count +1) LOGPAR
10. number of times 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 F1 parents.
Dominance variance and variance due to common environment were assumed to be 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 of group effect adjusts the data for seasonal changes (Dwinger et al, 1994) due to
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differences in feed quality, average daily temperature, etc. It also corrects for possible
differences in challenge level that may 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,
it was also included in the modet for PCV and parasitagmia related traits in order to keep the
model identical for all traits. The model used for variance component estimation for all

traits, therefore, becomes:
Y =ptgts+ta+en (1)

where g; is the fixed effect of group i, s; is the fixed effect of sex j, a, is the random additive
genetic component of animal k, and ej 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 technigues including the average information matrix as
second derivatives in a quasi-Newton procedure (Gilmour, et al., 1998) with a convergence
ctiterion of 1 * 10°®, 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 are therefore not presented in the results section.

Because phenotypic observations were only available on the F2 animals, the F1
should be considered the base generation. The estimated genetic variance in the F2
population thus is equal to the genetic variance among the F1 parents. Animals in the F1
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 F1 and subsequent generations. It also leads to a slight
underestimation of the average genetic variance in the purc bred parental breeds, due to

inflation of residual variance.

Multivariate analysis

Subsequent to the estimation of variance components and heritabilities, a multivariate
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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not be determined in many cases due to the limited size of the data set, and are therefore not

presented in the results.

Results

Phenotypic description of the data

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 to body weight change (RC-BW), anaemia control {(MD-PCV) and parasite 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), tﬁc average performance was determined for each of the
traits identified and reproduced in Figures 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 their performance for RC-BW. The second column of figures (Figures
b, €, 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, the last recording day of F2-animals that needed 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 of treatment are not indicated in the 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 afier treatinent 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 the differences 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 the poor performing F2 animals needed medical treatment before the end
of the recording period. The initial body weight of the high performing F2 animals is in
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between those of the N'Dama and the Boran, where that of the poor 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 treatrnent with
drugs. The body weight of the poor performing F2 animals starts to drop around day 25 post
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 of the change of body weight in the Boran is a bit hard to follow because
of the removal of five animals during the recording period, which affects the average.
Difference with F2 animals that were selected on the lowest’highest values of
maximum decrease in PCV following infection in Figure 2b are that the high performing F2
animals show a lower growth rate compared to figure 2a, now comparable to that of the
N’Dama. Still the average body weight of these F2 animals is about 15 kg higher than in the
N’Dama. The poor performing F2 animals in this figure again have initial body weight at
comparable level to that of the Boran and about 20kg higher than the of the high performing
F2 animals. The poor performing 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 in all three Figures. Both high and poor performing 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 needed medical treatment prior to the end of the recording period.
Figure 2d shows the course of change in PCV following infection for N’Dama,
Boran, and F2 animals that were selected on RC-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 F2 animals. However, from approximately day 25 onwards, the N’Dama and
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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 in the poor performing F2 animals and the Boran is much lower (around
15) compared to the high performing F2 animals {around 20) and the N'Dama (around 23),
and very close to the 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 the N’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 Ze compared to 2d. The poor performing F2 animals
start at a much higher PCV level than in figure 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 a higher 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 PCV just 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 than the N’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 RC-
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BW. Most important feature of parasitaemia in case of trypanosomosis in general are the
repeated peaks in the 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 in recording day across groups in which the animals were challenged. The course
of log(parasite count) of the Boran is influenced by the fact that animals were removed from
the experiment during the recording period, but it is still obvious that on average they have a
problem controlling the parasite number before the next peak presents itself. Until day 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 parésite load compared to the Boran, though
they still show a much increased peak around day 120, around which four of the six animals
needed medical treatment.

Differences with F2 animals that were selected on their MD-PCV level in Figure 2h
are that both poor and high performing F2 animals are less able to control parasite numbers.
However, the high performing F2 animals show a more drop in parasite count after the
second parasite wave. Both high and poor performing F2 animals show a distinct decrease in
size of peaks across the recording period. Also in this figure the poor performing F2 animals
show a relatively 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
nceded 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 acress 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
days after the second pealk in the N’Dama.

Descriptive statistics

Descriptive statistics for all traits considered in the univariate analysis are presented
int Table 2. Some of the traits are not normally distributed but skewed to the right (e.g. MD-
BW) or to the left (e.g. SURV). On average minimum body weight was reached61 days
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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 in PCV reached its lowest PCV at day 68. Starting bodyweight

Table 2 Minima, maxima, means, adjusted phenotypic standard deviations, and R’ for the model
including the fixed effects for all traits on 214 F2 animals

Trait’ Min. Mean Max. Phen. sd. R?
AV-PCV 17.7 239 327 3.00 0.35
ST-PCV 295 385 515 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 2526 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 .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

 for abbreviations see Table 1.

was higher than average body weight during the recording period, indicating that on average
the F2 animals lost, rather than gained weight following infection. The same but more
severely can be observed in PCV. Growth rate ranged from 30% loss, to 29% gain over the
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entire recording period, with an average of 4% weight loss. None of the animals was able to
completely recover their initial PCV, which is iliustrated by the difference in the maximum
decrease in PBCV (MD-PCV) and the PCV recovery (FM-PCVY). For PCV the relative 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 cbservations,
ranging from 10 to 80%. The model (1) accounted for 13%for the slope of decrease in PCV
(SD-PCV), to 53% of the phenotypic variation for the mean of the log(parasite count +1).

Phenotypic correlations between all traits considered are presented in Tables 3 and 4.
In Table 3 are the phenotypic correlations within the group of traits related to body weight
or PCV following infection. Also in this table are the 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 it will be treated with medication and removed from the experiment. The relative
change in PCV 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
all animals that were treated before the end of the recording period automatically got a value
of 0.0 for PCV-FM, because in those 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 is independent of the starting weight of the animal. There is a high
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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 correlation between growth following infection (RC-BW) and the maximum
decrease in body weight is high (0.88). The cormrelations with the slope of the decrease in
body weight are low for some traits (average body weight, starting weight, lowest value, and
maximum decrease following infection). However, for other traits the comelations with the
slope of the decrease in body 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), but uncorrelated with the number of times detected parasitaemic (0.00). Correlations
between survival and the recovery in PCV and body weight following infection do not exist
because of the fact that there is no variation for survival in combination with observations of
these PCV and body weight related traits that are different from zero.

Table 4 Phenotypic correlations (standard errors) between Body Weight related traitsV and PCV
related traits", estimated through multivariate analyses for 214 Franimals

AV-BW ST-BW LV-BW MD-BW SD-BW FM-BW RC-BW

AV-PCV  034(0.08)  0.11(0.08)  0.39(0.07) 022(0.10) -0.14(0.11)  0.33(0.09)  0.66 (0.05)
ST-PCV  0.20(0.09)  0.12(0.09)  0.13(0.08) 0.00(0.11) 000011}  0.10(0.11)  0.16 (0.09)
LV-PCV  036(0.07)  0.13(0.08) 039 (0.07 026(0.10)  0.08(0.11)  D43(0.09)  0.64 (0.06)
MD-PCV  0.05(008)  0.00(0.08)  007(0.08) 027(0.11)  0.17(0.11)  021(00)  0.27(0.09)
SD-PCV  0.07(0.09)  0.16(0.08) -0.05(0.08)  007(0.11) 059{(0.07)  003(0.11) -0.31(0.08)
FM-PCV  0.49(0.08)  0.02(D.01)  0.02(0.01) 046 (0.09) -D.02(0.11)  0.00(0.11)  -D.18(0.07)

RC-PCV 0.34 (0.07) 0.09 (0.08) 0.39 (0.07) 0.25(0.10)  -D.25 (0.10) 0,12(0.11}) 0.74 (0.04)

¥ 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 is only lowly to moderately correlated with the body weight related traits
{0.00 with ST-BW to 0.27 with MD-BW and RC-BW). The slope of the decrease in PCV
following infection is moderately correlated with the slope of the decrease in body 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
uncorrelated with the recovery in body weight. Relative change in PCV following infection
is highly correlated with the relative change in body weight (0.74).

Genetic analyses

In Table 5 are the heritability estimnates with standard errors for all traits considered
in the analysis. The heritability for ST-PCV is very high (0.88), in contrast to the heritability
for ST-BW (0.08). Low heritabilities are also found for most body weight related traits and
for FM-PCV, RC-PCV, and number of times detected parasitaemic. AV-PCV, LV-PCV and
SD-PCV, survival, and LOGPAR have moderate heritabilities. Standard errors of the
estimates are high, which is due to the limited size of the data set.

Table 5 Heritability estimates for all traits (standard errors) on 214 F2 animals

Traits * K (s.e) Traits 1 h? (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)

* for abbreviations see Table 1
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Chapter 2

Discussion

The current paper presents properties of traits related to of trypanotolerance of 214
F2 cattle (N'Dama x Boran cross) that were challenged with Trypanosoma congolense in an
cxperimental setting. Results from the present 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 cormrelation
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
the F2 population.

The performance of F2 animals ranges between the average levels of the N'Dama to
those of the Boran animals. Table 2 shows that none of the F2-animals were able to maintain
or to recover their original PCV level during the 150 day 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 in the F2 animals ranged from 10.7 to 27.1 with an average of
16.4, which is lower than results by Trail et al., (1992) who reported an average lowest PCV
value of 23.0 for pure bred N'Dama cattle that were detected parasitaemic. The population
of N’Dama referred to by Trail et al,, (1992) was exposed to a first infection, being a natural
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 that the average of the F2 is lower than of pure bred N’Dama cattle.

Similar differences can be observed from the average PCV values, which is equal to
29.1 in Trail et al,, (1992), and are ranging from 17.7 to 32.7, with an average of 23.7 in this
study. It is reported that N’Dama that are infected with trypanosomes are able to grow at the
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