University of Natural Resources and Life Sciences, Vienna @KU
Department of Sustainable Agricultural Systems

Division of Livestock Sciences

University of Natural Resources
and Life Sciences, Vienna
Department of Sustainable
Agricultural Systems

Elucidating genomic candidate regions for

trypanoresistance and body size in cattle of Burkina Faso

Bernadette YOUGBARE

Doctoral thesis

Vienna, Austria
January 2021



Principal supervisor
Assoc. Prof. Priv.-Doz. Dr. Gdbor Mészéaros

University of Natural Resources and Life Sciences, Vienna (BOKU), Department of

Sustainable Agricultural Systems, Division of Livestock Sciences (NUWI), Vienna, Austria

Co-supervisors
Univ. Prof. Dipl.-Ing. Dr. Johann Sélkner

University of Natural Resources and Life Sciences, Vienna (BOKU), Department of

Sustainable Agricultural Systems, Division of Livestock Science, Vienna, Austria

Dr. med. vet. Pamela Burger

University of Veterinary Medicine Vienna (Vetmeduni Vienna), Department of

Interdisciplinary Life Sciences, Research Institute of Wildlife Ecology, Vienna, Austria

PD. Dipl.-Ing. Dr. Maria Wurzinger

University of Natural Resources and Life Sciences, Vienna (BOKU), Department of

Sustainable Agricultural Systems, Division of Livestock Sciences, Vienna, Austria

Senior Researcher Dr. Amadou Traoré

Institut de I’Environnement et de Recherches Agricoles (INERA)/CNRST, Ouagadougou

Burkina Faso

Associate Professor Dr. Albert Soudré

Université Norbert ZONGO, Koudougou, Burkina Faso



Table of Contents

L1 INTRODUCTION. .. ettt sttt ettt st st e st et e et e st s e sbe st e s bente st e e eneeseesesbessensenes 1
2. LITERATURE REVIEW ...ttt ettt ettt naesessennentens 4
2.1. African animal trypanoSOMUIBSIS. ......c.ervertereieirieentertestest ettt ettt e st sbe e seenes 4
2.1.1. Definition and differences between trypanotolerance and trypanoresistance.............c......... 4

2.1. 2. Trypanotolerant and trypanosensitive cattle Dreeds...........coeoveveeverenencneieeceeeee 5
2.1.3 Changes in population size for taurine and zebu cattle...........ccooveiririninineie 11
2.1.4 Genetic background of trypanotolerance — early detection methods..........c.cccceeveeeenerenennens 12
2.2. Genome Wide aSSOCIALION STUAIES .......ecvevveeeieieieeisie ettt sttt be s e neens 13
2.3. Genetic structure of crossbred POPUIALIONS.........ccecveiiiiieieiesecese et 14
2.4, SEIECTION SIGNALUIES ....eeueeiieiieiirieeteet ettt ettt sttt ettt et b e bt b st b et et et e e ebeeseebeneens 16
2.5. Methodologies for local anCestry ESHIMALES .........ccevirererierieieieeeerere e 17
2.6. Heterosis and the benefits of CrossBreeding........ccecveviiiiieiiiecese e 18
2.7. Consequences of crossbreeding for locally adapted breeds.........ccooveveveeeeviciccececeececees 20

3. MATERIALS AND METHODS ...ttt sttt ettt sbe st saae e e sanesanesnne s 22
3.1. Description of the study eNVIFONMENT ..........ccccceiirieiieeeiereeeee e 22

3.2. DESCHIPLION OF TAIMIS......viiiceieicceeeee ettt sttt st e e be e e e e sneenaas 22

3.3. Description of available phenotype and genotype data..........ccccceeveeeeveeeeieceeceececeeceecveen 24

3.4. Morphometrics data collection and analysis...........cceeveeeiiieeveieece e 28

3.5. GWAS analysis of trypanosome prevalence and morphometric traits..........ccceeeevvevererennnne 30

3.6. Global admiXture analYSiS.........cccevveriecierieiiee ettt st s re e reennas 30

3.7. Local Ancestry Estimation in admixed populations ............cccceeeeieeieceneecececeee e 31
3.8, ST OULHEI ANAIYSIS....eiiieieieiisieeteiee ettt ettt te et et et e et e te e e e s tesraebesteessessesssessesreensessenseens 32
3.9. Identification of ancestry informative SNPs for effective hybrid detection ...........cccccecevenennene 32
4. RESULTS AND DISCUSSION .....ouoiiiiiiiiisiesieieie ettt sae st sse e seesessesaennenes 34
4.1 The morphometric differences between purebred Baoulé and their crossbreds ............ccee...... 34
4.1.1. QUANTITALIVE TTAITS. ... eecteerieeiieieecieeite et s e e st e ste e teeteesteesta e et e este e teesteessaesasesaseenseenseennns 34
O @ TN 1Y 1 Y= T I - U (S 40

4.2 Genome-wide association study for morphological traits...........ccecerveceveseeseseceee e, 45
A B O TN 1) 1YL= - UL S 45
4.2.2. QUANTITALIVE TraITS...cviietiecieeiee ettt ettt ere et e eteesteeete e ereebeebeeeteesaseetaeenbeenbeenseennns 49



4.3. Genome-wide association for trypanoreSiStanCe. .........cecveeeciereereereeeere e 54

4.4 Global Admixture and local ancestry eStimation..........c.ccceeveceieeceereecene e 57
4.4.1. Global admixture of all @NIMAIS.........c.cccvrieeerieeeee e 58
4.4.2. Different local ancestry in trypanosome positive and negative Baoulé x Zebu crosses .....60
4.4.3. Genes under potential selection identified by Fst outlier testS.........ccooveveveeveerieceereseenen, 65
4.4.4. Ancestry informative markers to detect admixture for routine genetic monitoring............ 67

5. GENERAL REFLECTION AND CONCLUSIONS.......ccoctiteieieieeeeste e siesie e ese e 70
REFERENGCES......... oottt sttt et ettt et e st s s e s e et eseeseeseesestensensesseneeseesessensensens 75
ANNEXES ...ttt sttt a st b e b et et et e st e st e bt ekt et e e be et et et ent et neebeeneebentens 99

ANNEX L. QUESLIONNAITE «..cevievieeteectee ettt ettt eeteeetee e eveeeveeeteeeaeeeaeeebe e teenseessesssesenseenseesseesaeesnneens 99

Annex 2. Supplementary table.........c.ooiririre e 104

ANNEX 3. SUPPIEMENTAIY TIQUIES.....eieieeieieceeere ettt sttt sttt sesneeseesreennens 107



List of Figures

Figure 1A and 1B: Taurins N'Dama (left) and a Kouri cattle (right) (Dayo, 2009).........cccccveveevveriennnns 7
Figure 2: Herd of Lagunaires taurins in Benin (Dayo, 2009) .......cc.ueieeiiieeeeiiieeeeciieeeeecireeeeevreeeeevreeeseanes 8
Figure 3: Baoulé cattle from Burkina Faso (photo: Yougbaré, 2017) ......ccccceeeeeeeeevierieeeneceere e, 9
Figure 4: Zebu bull from Burkina Faso (photo: Zoma, 2019) ........cccceeeevireeiereeeere e 10
Figure 5: Crossbred Baoulé-Zébu from Burkina Faso (photo: Soudré, 2019)........ccccceeeveeevveeenreennnne. 10
Figure 6: Expected lengths of ancestral segments in a recent admixed population (left panel) and in an
ancient admixed population (right panel) (Racimo et al., 2015)........ccccoeviriereiieceseceece e 15
Figure 7: The location of the study area within Burkina Fas0 ..........ccccccveverieveeceeceeneceeecie e 23
Figure 8: Measurements of the animals during the field work (Yougbaré, 2017) ........cccecoevvevevrennenne. 26
Figure 9: Blood samples are being taken from the animals (Ouédraogo, 2017).......cccceervrererenenrenenne. 26
Figure 10: DNA extraction from EDTA blood samples (Michelle, 2018) .........ccccoceveveieinenencnenes 27

Figure 11: Significant SNPs for the dewlap size trait (blue line = indicative threshold —log10(p) = 5;
red line = Bonferroni threshold —l0g10(P) = 5.86)......cccetrireririerieieieieeeesesre et 46
Figure 12: Significant SNPs for the ear position trait (blue line = indicative threshold —log10(p) = 5;
red line = Bonferroni threshold —10g10(P) = 5.86)......cccetrireririerieieieieenesese et 47
Figure 13: Significant SNPs related to resistance against trypanosomiasis in the purebred Baoulé

cattle (blue line = indicative threshold —log10(p) = 5; red line = Bonferroni threshold —log10(p) =

Figure 14: Significant SNPs related to resistance against trypanosomiasis in crossbreds cattle (blue
line = indicative threshold —log10 (p) = 5; red line = Bonferroni threshold —log10 (p) = 5.86)........... 56
Figure 15: Global Admixture in Baoulé- Zebu Crossbred cattle with the full set of 31612 single
nucleotide POIYMOIPRISMS (SNPS).......eeiiiieierieseeiese ettt e et re e e st sre e e sresseensesreenes 58
Figure 16: Distribution of the global admixture proportions for 802 animals with the full set of 31612
single nucleotide polymMOrphiSMS (SNPS) .....ccviieeerieieriieeeteste ettt et sreeaesresneens 59
Figure 17: Local ancestry deviations based on the permutation threshold for the 244 positive
crossbreds animals. Orange and blue line signify the 5% and 10% genome-wide thresholds.............. 61
Figure 18: Local ancestry deviations based on the permutation threshold for the 266 negative
cossbreds animals. Orange and blue line signify the5% and 10% genome-wide thresholds................ 61
Figure 19: Individual admixture proportions across chromosomes 6, 8,19,21,22 for the 244
trypanosomose positive and 266 negative crossbreds as determined by LAMP ........ccooevvvvevenennnnns 62
Figure 20: The delta ancestry across chromosomes 6, 8, 19, 21and 22 for the 244 positive and 266
negative crossbreds trypan0SOMOSIS STALUS .........ceecverieeeeriieeerereeste e see e sre e et re e esreereesesreenes 63

Figure 21: FST outliers between trypanosome positive and negative crossbreds..........ccccceeveveriennnne. 65



List of Tables
Table 1: List of quantitative traits measured according to FAO (2012) Guidelines on phenotypic

characterization of animal gENELIC FESOUITES .........ccureririeriirierieieiete ettt 24
Table 2: List of characterized qualitative traits with their respective levels.........cccccvveeeveieeceseennns 25
Table 3: The list of genotyped animals with their trypanosomosis status.........ccccveevereeveeereeneeieeenens 27
Table 4: Linear model parameters for quantitative traits (all full models were significant)................. 35
Table 5: Least square means for the quantitative traitS..........cccveeeeveieecese e 38
Table 6: Chi square independent test for genotype-location effect for qualitative traits....................... 40
Table 7: Chromosomes with significant effects for qualitative traits ............ccecveeeeveiieceveseece e, 45
Table 8: Significant SNP positions and genes detected for ear poSItion...........cccoceeeveveeveeveieereseennns 48
Table 9: Genome wide significant SNPs effects for quantitative traits ............cocevevevereieeenenerennenn 49
Table 10: Overlapping significant regions for quantitative trait GWAS analyses..........cccocvvevevervrnnnns 50
Table 11: Chromosomes with significant effects for Trypan0SomOsis Status...........cccevverveerererennene 54
Table 12: The 7 outlier SNPs with the highest levels of FST values..........ccccoevevineneieinenenee 65

Table 13: Correlation matrix between the levels of admixture using the most ancestry informative
SNP sets compPared t0 31612 SNPS.........coiririirieieieeeieetese ettt sbe e 68



Abbreviations and Acronyms

AAT:
GHG:
GWAS:
LoCaBreed:
QTL:

African Animal Trypanosomiasis

GreenHouse Gases

Genome-Wide Association Study

Characterization and Sustainable Utilization of Local Cattle Breeds project

Quantitative Trait Loci

Vi



COledseation

Ti G OD the Anighy

p
q%cﬁy Lutsband
4

Gompaoro Ytatorin Diaiire

:j/(\r;/zy (/(a{yﬁleﬂ

v/ g
Fon memery 6

and WMarie Lonfo



Acknowledgements

| would first like to thank my main supervisor, Dr. Gabor Mészaros for his guidance,
insightful ideas and overall support throughout the course of my study. I feel lucky to have

him as my supervisor.

| would extend my sincere gratitude to my co-supervisors Prof. Johann Solkner, Dr. Pamela
Burger, Dr. Maria Wurzinger, Dr. Amadou Traoré, and Dr. Albert Soudré for their advice,
valuable comments and constructive criticism. Thank you also for your support during these

years of study.

| am indebted to the LoCaBreed project and to the different persons in charge of the project,
whether in Burkina Faso and in Austria, for having accompanied us and allowed us to carry
out our field activities. | gratefully acknowledge Austrian Partnership Program in Higher

Education and Research for Development (APPEAR) for providing me financial support, as

an individual PhD scholarship.

The farmers in Bouroum-Bouroum, Kampti and Loropeéni are acknowledged for their
willingness to participate in the study. The direction of the veterinary services of the south-
western region and their agents Kambou Hyppolyte, Mr Bonzi, Traoré Fousseni, Traoré
Oumar and Mr Gnana are greatly acknowledged for their assistance in facilitating our fields

work activities.

To my friends and colleagues Dr Tapsoba Arnaud Stephane, Dr Michailou Dera, Dr Michel
Kaboré, Dr Konaté Almamy, Dr Habiba Zerbo, Dr Giséle Paré, Dr Alima Combari, Dr Taoré
Fabiola, Dr Bruno Ouoba, Mr Moumouni Sanou, Dr Patrick Yaméogo, Fadima Semdé, Pierre
Zongo, Kader Gandema, Koné. | say thank you for your support and encouragement.

| am grateful to Dr. Negar Khayatzadeh for her assistance in data analysis and taking care of
Manuella. I also thank my colleagues/friends in NUWI group, Zoma Bienvenue Lassina,
Ouédraogo Dominique, Vincent Paul Sanon, Nandolo Wilson, Wilson Kaumbata, Lisa
Rienesl, Maulana Mughitz Naji, Solomon Shiferaw Tufa, Brian Babigumira, Martin and

viii



Sahara. Thank you for your encouragement and especially for your help in taking care of my

daughter Manuella.

I would like to thank the ambassador of Burkina Faso in Vienna and his staff, especially Mrs.

Compaoré Antoinette for their support during the birth of my daughter Manuella.

To the Bélemsaga family, to the Maré family, to the Nikiéma family, to the Darga family, to
Christina, to Blaise Sorgho. Thank you for your encouragement, your availability and your

help for the care of my daughter Manuella and during all our stay in Vienna.

To my brothers and sisters, and especially to my mother thank you for life, for your

encouragement and support.

To my family in laws, Papa, Maman, Armelle Compaoré, Angelina Compaoré, Paul Valerie
Compaoré, Ida Compaoré-Zida, Akodan, Nanya, Epiphane, Nathan, Noémie, Nancy for their

unstinting support and encouragement.

To the Yougbaré family, tanti Jacqueline, tonton Theophile, tonton Félix, tonton Euguene,
tanti Léa, tanti Djénéba, Sonia, Tancrede, Franck, Stella, Axcel, Eddy, Sandrine, Rayan,
Ashley, Ivan, Dorian, Jalil, Johann, Mathys, Iris, Eulielle, Yanick. Thank you for your

support. I love you.

Special thanks go to my grandparents and my father. For the good education and the high-
quality values of life that you have instilled in me. Dad, you have invested since the
beginning of my studies so that | will always be the best. Be very proud of where you are

because | have succeeded.

Finally, my thanks go to my husband Compaoré Victorin Désiré and my daughter Compaoré
Anissa Manuella Wendpanga, for their love, care, patience, support and understandings

during these years of study in Austria. | love you so much.



Abstract

Burkina Faso is a landlocked country in West Africa with an economy primarily based on
agriculture and livestock. Livestock production is confronted with enormous difficulties,
among which the trypanosomosis, a blood-borne a parasitic disease, is one of the major
obstacles. Among the indigenous cattle the taurine Baoulé cattle breed is known to be
trypanoresistant. The general objectives of this thesis were to identify candidate genomic
regions for trypanoresistance in purebred Baoulé and their crossbreds with Zebu cattle. The
specific objectives were to 1) assess the morphometric traits of purebred and crossbred Baoulé
cattle; 2) to carry out a genome-wide association study (GWAS) for trypanoresistance and
morphometric traits in purebred and crossbred Baoulé cattle and 3) to identify selection in
response to trypanosome infection in local cattle breeds and their crossbreds.

The study was carried out in the south-western region of Burkina, including 737 animals
genotyped with the Illumina Bovine SNP50 BeadChip from the Bouroum-Bouroum, Kampti
and Loropéni departments. Cattle were measured for quantitative and qualitative traits; blood
samples have been taken for the diagnosis of positive or negative trypanosome infection by
indirect Elisa test and DNA extraction. For the morphometric characterization the quantitative
traits were analyzed by fitting the linear model and the chi square test was performed for
qualitative traits. The results provided evidence for difference between purebred and crossbred
populations, and among crossbreds for all traits. The GWAS and local ancestry analyses found
several important genomic regions that can influence morphological parameters and
trypanoresistance. Ancestry informative SNPs with highest Fst values were selected to identify
hybrids and monitor breeding initiatives in Baoulé cattle. The results of this thesis will serve
as basis for further characterization, conservation and improvement strategies for purebred and
crossbred Baoulé populations.

Keywords: cattle, Burkina Faso, trypanosomosis, Phenotypic characterization;
crossbreeding, GWAS, admixture, selection signature



Zusammenfassung

Burkina Faso ist ein Binnenstaat in Westafrika, dessen Wirtschaft hauptsachlich auf
Landwirtschaft und Viehzucht basiert. Die Viehzucht ist mit enormen Herausforderungen
konfrontiert, darunter Trypanosomiasis, eine durch Blut Gibertragene parasitare Krankheit.
Eine heimische Rinderrasse, Taurin-Baoulé, ist gegen Trypanosoma resistent. Hauptziel
dieser Studie war die Identifizierung von genomischen Regionen fir Trypanoresistenz bei
reinrassigen Baoulé und deren Kreuzungen mit Zebu-Rindern. Spezifischen Ziele waren: 1)
Bewertung der morphometrischen Merkmale von reinrassigen und gekreuzten Baoulé-
Rindern; 2) Durchfuhrung einer genomweiten Assoziationsstudie fiir Trypanoresistenz und
morphometrische Merkmale bei reinrassigen und gekreuzten Baoulé-Rindern und 3)
Identifizierung der Selektion als Reaktion auf eine Trypanosomen-Infektion bei lokalen
Rinderrassen und deren Kreuzungen. Die Studie umfasste 737 Rinder, welche mit dem
Illumina Bovine SNP50 BeadChip genotypisiert und auf quantitative und qualitative
Merkmale bewertet wurden. Zur Diagnose einer Trypanosomiasis wurden Blutproben fur
indirekte Elisa-Tests und DNA-Extraktionen entnommen. Die morphometrische
Charakterisierung erfolgte anhand linearer Modellierungen der quantitativen Merkmale. Fiir
die qualitativen Merkmale wurde ein Chi-Quadrat-Test durchgefiihrt. Die Ergebnisse zeigten
fiir alle Merkmale Hinweise auf Unterschiede zwischen reinrassigen und gekreuzten
Populationen, sowie auch zwischen verschiedenen Kreuzungen. Die genomweiten
Assoziationsstudien und die Abstammungsanalysen ergaben mehrere wichtige
Genomregionen, die die morphologischen Parameter und die Trypanoresistenz beeinflussen
kdnnen. Die SNPs mit den hdchsten FST-Werten wurden ausgewéhlt, um Hybriden zu
identifizieren und Zuchtinitiativen bei Baoulé-Rindern zu tiberwachen. Die Ergebnisse
werden als Grundlage fir weitere Charakterisierungs-, Konservierungs- und

Verbesserungsstrategien flr reinrassige und gekreuzte Baoulé-Populationen dienen.

Schlusselworte: Rinder, Trypanosomosis, Burkina Faso, Phénotypische Charakterisierung,

Kreuzungszucht, GWAS, Hybridisierung, Selktionssignaturen
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1. INTRODUCTION

African animal trypanosomiasis (AAT) is a parasitic disease caused by protozoa of the
Trypanosoma genus, which develops in the blood and blood tissue, and lymphatic system of
mammalian hosts. Trypanosomosis, due to Trypanosoma congolense
(subgenus Nannomonas), T. brucei (subgenus Trypanozoon) and T. vivax (subgenus
Duttonella) (Silbermayr et al., 2013) constitute a major obstacle to the development of
livestock breeding in the areas of humid and sub-humid sub-Saharan Africa infested with tsetse
flies, which are the biological vectors of these parasites (Hill et al., 2005). Areas infested with
tsetse flies (Glossina sp) are, however, for the most part those that offer the greatest potential
fodder for animal feed and for farming (MacLennan, 1981). The negative consequences of
animal trypanosomosis are enormous because they induce significant direct economic losses,
due to morbidity and the high mortality they cause in livestock. In addition, they cause delay
of growth in young animals, loss of weight, lower milk production, shorter lactations, reduced
work strength, infertility, abortions in pregnant cows and death (Hoste et al., 1992; Murray et
al., 1990). In susceptible animals, death occurs within a few weeks to a few months after
infection. In addition to this, the breeder has increased costs due to trypanocide medications.
The costs of direct losses (animal mortality) and indirect losses (drop in production, cost of the
prophylaxis and treatment) related to AAT, the main disease parasite of ruminants in tsetse-
infested areas, were estimated to about US$ 4 billion annually about 20 years ago (d’Ieteren et
al., 1998; Kristjanson et al., 1999).

An effective fight against AAT is a major challenge for the development of animal breeding
and agriculture in Sub-Saharan Africa. Current control methods are essentially based on the
administration of trypanocides to vertebrate hosts as a cure and on the control of insect vectors
as a preventive measure. The use of trypanocidal drugs is, however, expensive, and access to
them often difficult. In addition, they tend to lose by efficiency due to the constant increase in
trypanosome resistance to the most often used drugs (Delespaux et al., 2008). In addition, the
control of the vector populations, using traps, screens or animals impregnated with insecticides,
is possible but requires the active and constant participation of all the actors in the production
system. This type of control requires significant mobilisation efforts, which are sometimes
difficult to achieve. The eradication of vectors is undoubtedly possible in a few specific,
geographically small and highly fragmented areas (Bouyer, 2006). The complete eradication
does not seem plausible in all the infested areas of the African continent, however, because of
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the difficulty of the control, the high costs and the extraordinary time required for the
eradication programme, as well as the high probability for re-invasion of the sanitized areas.
The effectiveness and sustainability of vector control requires constant effort and monitoring.
Finally, the high antigenic variability of trypanosomes currently reduces any hope of
developing an effective conventional vaccine in the field (Anene et al., 2001). Traditional
control methods are therefore unsatisfactory and an alternative method must be found.

It has long been noted that certain taurine breeds in West and Central Africa have been found
to be naturally tolerant of the AAT disease (Murray et al., 1982) than the susceptible Zebu
(Bos indicus) populations, the main breed of the sahelian regions obliged to graze in the south-
western region where natural resources are abundant and can only be maintained in tsetse
challenged areas through the use of costly trypanocidal drugs. These tolerant breeds could be
divided to 1) "long-horn™ taurines, represented by the N'Dama breed, 2) "shorthorn™ taurines
represented by the so-called "savannah” types (Baoulé and Somba breeds) and 3) the "forest"
taurines (Lagunaires and Muturu breeds). These animals are better able to control parasitaemia,
i.e., the multiplication of parasites in the blood, and the development of anemia during infection
(Murray et al., 1979; Paling et al., 1991). Subsequently, these taurines are affected to a much
lesser extent (if at all) by AAT, they develop and grow better, and remain more productive in
a tsetse-infested area, compared to zebu breeds or exotic cattle. This capacity has been named
trypanotolerance.

The trypanotolerance is also heritable. Quantitative genetic studies showed that maintenance
of hematocrit and productivity under trypanosomal pressure is heritable and that hematocrit
control was strongly correlated with productivity (Trail et al., 1990). Thus, the breeding of
trypanotolerant cattle could represent an interesting alternative to the very expensive control
methods whose effects remain unsustainable. However, current knowledge on
trypanotolerance does not allow for efficient selection or crossbreeding schemes. The selection
of animals on their own performance (mass selection) proves to be extremely difficult, since
the animals would have to be infected and allowed to develop the disease in order to measure
their degree of tolerance, which is of course not acceptable for the breeders. The spread of
beneficial effect by selection or crossbreeding will therefore be based on the possibility to
precisely characterize the trypanotolerant phenotype at the genetic level.

It is therefore essential to be able to characterize the fine chromosomal regions (QTL,
quantitative trait loci), or even the genes involved in trypanotolerance. The identification of
these regions or genes will enable the design and implementation of selection on
trypanotolerance in cross-breeding programs.



Aim of the thesis

The thesis aims to identify candidate genomic regions influencing trypanoresistance in
purebred Baoulé and their crossbreds with Zebu cattle.

The specific objectives were to:

1) Carry out morphometric characterization of purebred and crossbred Baoulé cattle in Burkina
Faso

2) Carry out a genome-wide association study for trypanoresistance and morphometric traits in
purebred and crossbred Baoulé cattle of Burkina Faso

3) Identify selection in response to trypanosome infection in local cattle breeds and their
crossbreds in Burkina Faso

The PhD thesis is structured as follows:

First of all, | present a literature review of the current knowledge on trypanotolerance and
trypanoresistance traits; then the material used for the study and the methods that have been
used to collect the data from the field, and analyze it in the laboratory and in silico with various
software. Finally, the results and the relevant discussions with general reflections are presented.
The concluding remarks at the end highlight the most important findings and show the way
forward for these populations.



2. LITERATURE REVIEW
2.1. African animal trypanosomiasis

2.1.1. Definition and differences between trypanotolerance and trypanoresistance
The notion of trypanotolerance and trypanoresistance comes from PARIS' (1906) observation
that humpless cattle, or taurines, in West Africa were able to survive in tsetse-infested areas,
and that they suffered less than humped cattle, or Zebus, from trypanosomal infection. Since
then, different definitions have been proposed to characterize trypanotolerance and
trypanoresistance. In parasitology, Bishop and MacKenzie (2003) define "resistance™ as the
aptitude of an animal to resist infection (invasion of the organism and multiplication of the
parasite) or to control the life cycle of the parasite. With the word "tolerance” they define the
aptitude of an animal infested by a parasite to resist the pathogenic effects of the infection, i.e.
the disease. In the case of West African taurine animals, we speak about trypanotolerance,
because trypanosomes only cause a latent infection, without overt clinical signs, accompanied
by a production of antibodies. However, there is sometimes a phenomenon of natural
elimination of parasites called "self-cure”. Thus, trypanotolerant animals are capable of better
survival in areas infested with tsetse flies (Murray et al., 1982). Under natural conditions and
under presence of a considerable number of tsetse flies, these animals show compared to
trypanosensitive animals (such as Zebu type or other exotic breeds):

- Less mortality;

- Lower parasitaemia;

- The capacity to develop a less severe anemia;

- Higher weight gain and reproductive performance.
In West Africa, trypanotolerant cattle are tolerant to both T. congolense, T. brucei and T. vivax.
However, the degree of resistance is higher against T. vivax than against T. congolense (Mattioli
et al., 1999; Murray et al., 1982). It is essential to note that trypanotolerance does not evoke
immune tolerance, which is characterized by the absence of an immunological reaction after
the introduction of a pathogen into the organism. It is to avoid this possible confusion that some
authors preferred in the past the term trypanoresistant (Duvallet, 1987). In this document, we
will use the term trypanoresistance to express that it is a tolerance to the effects of the infection,
thus to survive and to remain productive in areas infested with tsetse flies.
In Africa, the trypanotolerant character is also found in wildlife, such as buffaloes, antelopes,
warthogs, and others (Grootenhuis et al. (1982) cited by Murray et al., (1990)) and in other



domestic animals such as Djallonke sheep and dwarf goats (Geerts and Raes, 2009; Murray et
al., 1982).

2.1. 2. Trypanotolerant and trypanosensitive cattle breeds

2.1.2.1 Origin of the cattle populations in Africa

Today, the African continent is uniquely rich in cattle diversity with around 150 African cattle
breeds or populations recognized (Kim et al., 2017; Mwai et al., 2015). These are grouped
according to their phenotypes into taurine, zebu, and the ancient stabilized taurine x zebu
crossbreed known as Sanga (Hanotte, 2002). Importantly, it is now well established that
African cattle carry a taurine maternal ancestry originating from the Near East taurine
domestication center(s), while the possible genetic contribution of the now extinct African
Auroch (Bos primigenius opisthonomous) remains unclear (Bonfiglio et al., 2012; Decker et
al., 2014a)

Based on archaeological and molecular studies of African cattle populations (Bradley et al.,
1996; Epstein, 1971; Hanotte, 2002; Loftus and Masson, 1994; MacHugh et al., 1997) the Bos
taurus cattle without the cervico-thoracic hump had been domesticated in Africa and the
Fertile Crescent. The first African cattle breeds would be derived from Hamitic cattle (Aurochs,
Bos primigenius primigenius) that populated northern Africa via Egypt about 7000 years ago.
These animals would be the ancestors to the current long-horned taurine, the N'Dama and
Kouri. On the other hand, Zebus, or cattle with cervico-thoracic hump (Bos indicus), entered
the African continent later, via the Horn of Africa (Bradley et al., 1996; Epstein, 1971; Hanotte,
2002; Loftus and Masson, 1994; MacHugh et al., 1997). According to archaeological studies,
there was a center of domestication of the Aurochs African, Bos primigenius opisthonomus, in
the north-oriental region of the African continent at least 9000 years ago (Wendorf and Schild,
1994). Regarding the origin of Zebus, two theories were put forward. The first was that Zebus
originate from crossbreeding and selection of Bos taurus populations. The second theory
proposed that the Zebus were the subject of independent domestication by the first Baluchistan
society (in present Pakistan). This last hypothesis is supported by the recent molecular data,
denoting the South Asian subspecies of Aurochs (Bos primigenius namadicus) as the most
probable wild ancestor of Zebu cattle (Meadow, 1993; Bradley et al., 1996; Loftus and Masson,
1994).

When it comes to the spread on the African continent, the taurine populations penetrated the
forested, humid and sub-humid areas of West Africa around 4000 BC (Freeman et al., 2004a;



MacDonald and MacDonald, 2000; Marshall and Hildebrand, 2002) while Zebus only began
to migrate there around 1000 BC (MacDonald and MacDonald, 2000). Larger-scale migration
of Zebus has only occurred from 700 AD, especially during the epidemic of cattle pest disease
that decimated the populations taurine cattle at the end of the 19th century (Epstein, 1971;
MacHugh et al., 1997). Consequently, the earlier arrival of taurine populations in the savannah
and forests of West Africa could explain their better adaptation to subtropical regions infested
by tsetse fly (or glossinae) and their tolerance to trypanosomiasis. The introduction of Zebus
in these regions was only effective with the help of veterinary prophylaxis and the destruction
of tsetse habitats via deforestation (Lhoste, 1991).

Thus, it seems reasonable to assume that the trypanotolerance of West African taurines would
be an adaptive trait responding to the selection pressure exerted by trypanosomes from the
moment they were introduced to the enzootic zone. More generally, the natural and artificial
selection pressure, and the combined effects of the migration and genetic drift have contributed

to the development of a wide variety of trypanotolerant cattle populations.

2.1.2.2 African cattle breeds

Morphologically, taurines have a smaller size than Zebus. In addition, there are also
populations with different levels of crossbreeding between these two large groups. It should be
noted that due to the history of human migrations and animal exchanges, the taurine and Zebu
dichotomy is not straightforward in Africa. West African animals have a high proportion of
taurine, while in East Africa the Zebus are prevalent (Freeman et al., 2004a, 2006; Hanotte,
2002).

2.1.2.2.1 Trypanotolerant cattle breeds
2.1. 2.2.1.1 Long-horned taurine cattle

The current representatives of the long-horned taurines are the N'Dama and Kouri.

The N'Dama (Figure 1A) is the largest population, with about 4.9 million head representing
49.5% of the 9.8 million trypanotolerant cattle (Hoste et al., 1992). The birthplace of the breed
is in the Fouta-Djallon highland in Guinea, but its area of distribution is much larger covering
Gambia, western Guinea-Bissau, southern Senegal and Sierra Leone, northeastern Liberia,
northeastern Cote d'lvoire, and Mali (Dayo, 2009a). The N'Dama cattle was also imported into

many other countries in West Africa (Benin, Burkina Faso, Ghana, Nigeria, and Togo) and



Central Africa (Cameroon, Congo, Gabon, Central African Republic, and Democratic Republic
of Congo).

The Kouri (Figure 1B) represents a special case of African cattle living on and around the
border of the islands of Lake Chad (Zafindrajaona et al., 1999). These are morphologically,
taurines (they do not have a cervico-thoracic hump), have long horns with a characteristic
bulbous form. They have the characteristic submetacentric Y chromosome of taurines,
compared to Zebus, which have an acrocentric Y chromosome, but the genetic characterization
of Kouri using autosomal genetic markers shows that half of their genome is of Zebu origin
(Dayo, 2009a; Freeman et al., 2004b; Zafindrajaona et al., 1999). Furthermore, unlike other
West African taurines, the trypanotolerance of Kouri is not clearly established as no serious
studies have been conducted on this subject. Their origin also remains obscure and
controversial. The Kouri may have originated from crosses between side-horned Zebus and
long-horned Hamitic taurine from East Africa, Upper Egypt, and current Ethiopia (Dagris,
2005).

Figure 1A and 1B: Taurins N'Dama (left) and a Kouri cattle (right) (Dayo, 2009)

2.1.2.2.1.2 Short-horned taurine cattle

The short-horned taurine is mainly present in Southwest and Central Africa. Due to the
environment in which they are found determines the size of the animals. This group can be
subdivided into two types:

- The forest types or small taurine (80 to 90 centimeters height at withers) found in the coastal
and forest zones, represented by very small populations (100,000 head or about 1% of the
trypanotolerant cattle population) (Hoste et al., 1988; Shaw and Hoste, 1991).



These are the Lagunaires (Figure 2), with a distribution area covering Benin, C6te d'lvoire,
Ghana, Democratic Republic of Congo and Togo; the Muturu (in Nigeria) and the Manjaca
breed (in Guinea Bissau). Note that the Manjaca breed is extinct (Dayo, 2009a)..

These different small breeds probably derive from the savannah type with a reduction of body

size related to the selection pressures exerted by the rainforest environment where the fodder

is poor and the climate is hard (Hoste et al., 1988).

Figure 2: Herd of Lagunaires taurins in Benin (Dayo, 2009)

- The savannah type cattle measures about 90 to 110 centimeters at withers with an estimated
population of about 600,000 to 870,000 heads (Rege et al., 1994). They occupy the Guinean or
Sudano-Guinean savannas from Cote d'lvoire to Cameroon. The main breed is the Baoulé cattle
(Figure 3).

The Baoulé cattle (also called Lobi cattle) is a rectilinearly shaped breed. The neck is a little
short, thicker and carried horizontally in males, but light in the females. The average birth
weight of calves is 13 kg (Soro et al., 2015). One of the important characteristics of the Baoulé
cattle, living in the south-west of Burkina Faso, is its trypanotolerance. This breed is perfectly
adapted to areas infested with tsetse flies, which are vectors of the African Animal
Trypanosomosis (AAT), a major parasitic disease in sub-humid and humid zones of sub-
Saharan Africa.



Figure 3: Baoulé cattle from Burkina Faso (photo: Yougbare, 2017)

2.1.2.2.2 Trypanosensitive breeds

On the African continent, the trypanosensitive breeds are represented mainly by the Zebus
(Dayo, 2009a). Exotic taurine cattle are also trypanosensitive (d’Ieteren et al., 1998; Murray et
al., 1990). The Zebu breeds (Figure 4) are numerous, diverse and distributed mainly in areas
lacking glossinae, most often in Sahelian areas, as they are well adapted to warm conditions.
Moreover, due to their large size they are more interesting for breeders. During the dry periods
of the year, however, the Zebus need to move for several months to more humid areas in search

of greener pastures and watering points.



Figure 4: Zebu bull from Burkina Faso (photo: Zoma, 2019)

2.1.2.2.3 Crossbred African Zebu and taurine cattle

The products of crosses between trypanosensitive and trypanotolerant cattle most often have
an intermediate behaviour with regard to the pathogenicity of trypanosomes (Murray et al.,
1982). Among these populations, some are more or less stabilized crosses, such as the Borgou
breed in Benin and Togo, Keteku in Nigeria, Djakoré in Senegal, and Sanga in Ghana.

On the other hand, the situation of the Bambara or Meré in Mali, Cote d'lvoire and Burkina
Faso (Figure 5) and Guinea remains relatively unstable. The size of the crossbred population
is estimated at about 2.9 million (Hoste et al., 1988; Shaw and Hoste, 1991).

Figure 5: Crossbred Baoulé-Zébu from Burkina Faso (photo: Soudré, 2019)

10



In this crossbred population, there is a large individual variability in disease tolerance
compared to trypanotolerant taurines, as has been shown in the Borgou cattle breed in Benin
(Doko et al., 1997) .

2.1.3 Changes in population size for taurine and zebu cattle

There are approximately 33 million heads of cattle in West Africa. Of them, about 23 million
heads correspond to humped Zebu animals while the rest include a number of hump-less taurine
populations (Traoré et al., 2015). In 1985, trypanotolerant cattle populations were estimated at
9.8 million head in 19 countries in West and Central Africa (Hoste et al., 1988). An FAO report
on the numbers of trypanotolerant breeds, dating back to 1998, reported 11.7 million cattle
(Agyemang, 2005). However, this report did not detail the share of the different groups (long-
horned and short-horned taurines) in the total number of trypanotolerant cattle. Trypanotolerant
breeds account for about 5% of the cattle population, i.e. about 8 million of the 147 million
cattle recorded in these countries (Murray et al., 1990).

The numbers of pure taurine breeds are in decline, which could be explained by two factors.
On the one hand, there is an overall decline in the areas inhabited by tsetse flies corresponding
to the decline in isohyets (Courtin et al., 2008) as well as a deterioration of their habitat caused
by anthropic and climatic factors (Bouyer, 2006). For example, the clearing of savannahs and
the degradation of the cordons cause local reduction or disappearance of glossins (Bouyer et
al., 2007) Thus, Zebu populations enter humid areas or, more radically, Zebu breeders become
established in humid areas where they replace taurine breeds, as for example in Nigeria
between Muturu taurins and Fulani White Zebus (Jabbar and Diedhiou, 2003). Also, the
owners of trypanotolerant breeds often cross their cattle with larger Zebus to obtain larger
animals, which also leads to the decrease of purebred taurine populations. A complete
replacement with trypanosensitive breeds is also being done, even if the breeders are obliged
to regularly use trypanocidal drugs as a consequence. Indeed, taurines are generally small
animals, from low productivity and whose trypanotolerance is limited at the local level (related
to the local trypanosome strains). Targeted breeding and selection practices also in
trypanoresistant taurine breeds, however, could yield a greater benefit and increased
productivity. Studies conducted in 19 countries in the most humid parts of West Africa and of
Central Africa have shown that even in a low-risk trypanosomal area, the productivity of
N'Dama and West African short-horned taurines was equivalent to that of trypanosensitive

Zebus (Murray et al., 1990). In addition, trypanotolerance might not be limited at the local
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level, as shown by the taurine Lagunaires and N'Dama successfully imported and established
in 1920 in Zaire (current Democratic Republic of Congo), far from the cradle of the breed
(Dargie et al., 1979). However, a study carried out to determine perceptions and assess the
characteristics of cattle in the peri-urban dairy farms of Bobo-Dioulasso (Burkina Faso) has
shown that with the improvement of production conditions, taurines were often excluded from
the herds despite their great adaptability to the environment of the subhumid zones (Hamadou
and Kamuanga, 2004). The study also revealed that only F1 crosses between taurines and Zebus
fulfilled the criteria of the breeders, like large size and high productivity, which could explain

the strong degree of crossbreeding of breeds in peri-urban farms.

2.1.4 Genetic background of trypanotolerance — early detection methods

Studies have shown that trypanotolerance is a quantitative and multigenic trait (Dolan et al.,
1994). The disease resistance of first generation (F1), resulting from the crossing between the
zebu Boran and the taurine N'Dama, is intermediate between those of the parents (Leak et al.,
1993). The maintenance of hematocrit and productivity under parasitic pressure had a good
heritability and that hematocrit was highly correlated with productivity. Indeed, a study
conducted on N'Dama taurines in Gabon showed that the heritability of growth, mean
hematocrit and minimum hematocrit were 0.39 + 0.31 standard deviation (SD), 0.64 + 0.33 SD
and 0.50 = 0.32 SD, respectively (Trail et al., 1990). In F2 cattle from the N'Dama taurine and
Boran Zebus crossing, van der Waaij et al. (2003) evaluated the heritability of the mean
hematocrit at 0.31 £ 0.19 SD while the mean and log parasitaemia weights were 0.11 + 0.11
SD and 0.18 + 0.15 SD respectively. The extremely negative impact of bovine trypanosomiasis
on the farm, the limitations of control methods and the existence of a genetic component of
trypanotolerance have led to a significant increase in the incidence of the disease, and has
pushed the various African and European research structures to take an early interest in the
identification of markers associated with this trait. However, the first research projects were
oriented to research on breed markers (Belemsaga et al., 2005; Quéval and Bambara, 1984).
Molecular genetics research related to trypanotolerance has benefited from the development of
the tools available during the 1990s (bovine genetic and physical maps, experimental devices,
numerous polymorphic markers, computer tools and statistics). Various approaches were used
to research trypanotolerance in African taurine breeds:

- the genetic mapping (or linkage analysis) approach, which was consistent with the research

of QTL (Quantitative Trait Loci) on an experimental population of type F2, obtained from the
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crossing of FO individuals from trypanotolerant populations (N'Dama) and trypanosensitive
(Zebu Boran). The objective was to identify chromosomal regions that were involved in the
variability of tolerance and/or sensitivity to trypanosomiasis. This was assessed after
experimental infection of animals (Hanotte et al, 2003) ;

- the transcriptomic approach, which aimed to identify over- or under-expressed genes during
the infection and which could explain the tolerance and/or susceptibility (Berthier et al., 2008,
2003; Hill et al., 2005; O’Gorman et al., 2009);

- the metabolic pathway-based method, which combined the previous two types of information
(Fisher et al., 2007; Rennie et al., 2008).

2.2. Genome wide association studies

The Bos taurus genome was sequenced and initially published in 2009, within the Bovine
genome project (Eck et al., 2009), with the most recent update of the ARS-UCD1.2 assembly
from 2018. With the advent of high throughput genotyping technologies, the discovery of cattle
SNPs and the development of commercial cattle SNP-chips with tens and hundreds of
thousands polymorphic markers, the analysis of the genome has become possible. SNP-chips
can be used for genome wide association studies (GWAS) to find SNPs that are in linkage
disequilibrium (LD) with a quantitative trait locus (QTL) with a trait of interest. The main
purpose of a GWAS is to identify chromosome regions that harbor the gene(s) that contribute
to the phenotypic variation of a trait, which then could serve as putative regions of QTL for
further studies (Sahana et al., 2010). Moreover, because of the high density of SNPs in GWAS,
it is better suited for fine-mapping of QTLs compared to traditional linkage analysis which
usually estimates QTLs within very large chromosome intervals (Goddard and Hayes, 2009).
Hence, GWAS can be expected to have higher power than linkage studies to detect QTLs
behind quantitative traits that are influenced by many genes of small effects (Cordell and
Clayton, 2005; Sahana et al., 2010).

GWAS can be categorized into SNP-based and haplotype-based analyses. A haplotype-based
analysis is generally regarded as a powerful approach to detect rare causative variants.
Nevertheless, statistical analyses in current GWAS mostly focus on SNP-based analyses
because of problems with unclear solutions generally occurred in haplotype-based analyses,
for example, the loss of power due to many degrees of freedom, an uncertainty to define
haplotype phases or unsuitable assumptions commonly used to impute missing phases
(Balding, 2006; Meng and Fingerlin, 2008; Wason and Dudbridge, 2010).
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A number of genome-wide association studies have targeted African cattle for the
investigation of selection signatures (Bahbahani et al., 2018; Kim et al., 2017; Taye et al.,
2017). These studies have also applied different selection scan approaches and have utilized
genome wide SNP data ranging from low density SNP data (50K chip) to full genome
sequences. The focus of these studies has largely been to identify selection signatures related
to tropical environmental adaptation (disease resistance, tick resistance, and heat tolerance),
production traits (milk and meat production) and morphological traits (coat color and growth
traits).

Several studies have reported results in the West African longhorn N’Dama cattle from Guinea
and Gambia using low to high density SNPs data (Barendse et al., 2009; Dayo et al., 2009;
Gautier et al., 2009) and full genome sequence data (Kim et al., 2017; Taye et al., 2017). The
reason being that N’Dama cattle is the most popular among West African breeds might be that
it is often referred to as the trypanotolerant breed of reference.

Unravelling the genetic basis of trypanotolerance has been the major drive for the genome wide
studies in N’Dama cattle. Candidate genes such as ARHGAP15, TICAM1, INHBA, SLC40A25
and HCRTR1 which are of relevant to trypanotolerance traits including the control of
parasitemia, anaemia and feeding behaviour have been reported. The validation of these

findings in other trypanotolerant cattle breeds will be a worthwhile pursuit.

2.3. Genetic structure of crossbred populations

The genome of crossbred (admixed) individual is a mosaic of ancestral haplotypes formed by
recombination occurring at every generation (Price and Stephenson, 2009; Sankararaman et
al., 2008). In a recently admixed population, ancestral populations have been mixing for a
relatively small number of generations, resulting in a new population with different proportions
of the original populations. Due to recombination events, the genome of admixed individuals

is fragmented into shorter genome regions of different ancestries (Figure 6).
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Figure 6: Expected lengths of ancestral segments in a recent admixed population (left panel)
and in an ancient admixed population (right panel) (Racimo et al., 2015)

Estimation of the proportional contributions of ancestral populations in admixed (crossbred)
individuals is important to clarify the population structure, historical background and pattern
of admixture along the genome of admixed individuals. Recent advance in high-throughput
genotype sequencing technology have provided unprecedented opportunities to learn about the
evolutionary history of admixed populations at both global and local levels.
e Global genetic ancestry establishes ancestral proportions averaged across the genome
of an individual
e Local genetic ancestry is the identification of the ancestral origin of distinct
chromosomal segments within an individual genome
There is a growing concern in association studies about confounding effects, due to
considerable discrepancy between the allele frequencies in the cases and the controls. An
accurate inference of locus-specific ancestry in admixed populations has improved the genetic
disease (Parkinson, Diabetic disease, Alzheimer and other diseases) association studies in
human genetics (Hu et al., 2013; Rosenberg et al., 2010; Sankararaman et al., 2008; Seldin et
al., 2011).
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2.4. Selection signatures

In contrast to demographic processes of mutation, genetic drift and gene flow, which influence
the entire genome, natural selection influences specific functionally important parts of genome
(Bamshad and Wooding, 2003; Oleksyk et al., 2010). Selection tends to cause specific changes
in the patterns of variation among selected and also in neutral linked loci, leaving its footprints
in the adjacent chromosomal regions. There footprints are known as selection signatures
(Gouveia et al., 2014; Kreitman, 2000; Moradi and Abedini, 2012). The recent availability of
high density single nucleotide polymorphism (SNP) markers and the development of analytical
approaches offer the opportunity to screen the genome for evidence of selection. Analysis of
Fst (Weir and Cockerham, 1984), as the measure of genetic distance, was one of the first
approaches to screen genome to detect the loci which exhibited high variation in allele
frequency between populations. An alternative strategy is based on increased linkage
disequilibrium (LD) and search for homozygous regions along the genome, where their
frequency is more than expected (Tang et al., 2007; Voight et al., 2006). This approach is called
extended haplotype homozygosity (EHH) which is defined as the probability that two randomly
chosen chromosomes carrying the core haplotype which are identical by decent (Sabeti et al.,
2002).

In addition, the genome-wide distribution of ancestral segments in admixed individuals can be
examined to detect a selection signature that occurred after admixture (Tang et al., 2007). Using
admixed populations to study selection has a considerable history in human genetics,
particularly analyzing African, Native American and Caucasian ancestries (Khayatzadeh et al.,
2016) .

A limited number of selection signature studies involving African Zebu have only recently
been published, involving Zebu breeds from South Africa (Makina et al., 2015) and East Africa
(Bahbahani et al., 2018; Kim et al., 2017; Msalya et al., 2017; Taye et al., 2017). Only two of
these studies (Kim et al., 2017; Taye et al., 2017) have utilized full genome sequencing. These
two studies include three Zebu breeds (Kenana, Ogaden, Boran) and one Sanga breed (Ankole).
Kim et al. (2017) compared the genome of African cattle to cattle living in temperate regions
(European and Asian taurine) with the aim to detect genes involved in adaptation to the tropics.
In regards to heat tolerance, they identified a long-range haplotype across African cattle within
one of the heat tolerance QTLs on BTA 22 and also identified one heat shock protein of 70
kDa (heat shock protein 4, HSPA4). The degree of haplotype sharing at these two regions was
observed to be more extensive in the African Zebu than African taurine, this is in concordance
with previous report regarding Zebu superior ability to regulate body temperature during
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exposure to heat stress (Hansen, 2004). They also reported positive selection signals in genome
regions including two genes, SOD2 and PRLH, and they suggest their possible roles in heat
stress response in Africa Zebu.

In contrast to the non-African cattle breeds, non-synonymous mutations near fixation in the
Zebu cattle were identified in these genes. In particular, the suggestive role of PRLH gene in
thermotolerance is based on its regulatory function on the expression of prolactin (PRL), a gene
which has been reported to impact hair morphology and thermoregulation in cattle with the
slick coat phenotype (Kim et al., 2017; Littlejohn et al., 2014). Other genes in African cattle
within candidate genome regions under selection were the BOLA gene, reported to be involved
in tick resistance and the coat colour genes, KIT and MC1R were identified when Ankole cattle
was compared to other African cattle (Kim et al., 2017).

Under neutral evolution we expect each admixed individual’s genome to represent an ensemble
of ancestry blocks randomly sampled with a probability similar to genome wide average.
However, ancestral contributions in the genome of recently admixed individuals vary at locus
levels due to sampling error of the existing population, random evolutionary error of genetic
drift and systematic biases of natural selection (Long, 1991; Oleksyk et al., 2010; Tang et al.,
2007).

2.5. Methodologies for local ancestry estimates

The genome of an admixed individual comprises a mosaic of ancestral haplotypes formed by
recombination occurring at every generation. The boundaries and origin of each ancestral
segment can be reconstructed along each chromosome by statistical methods which can
estimate ancestral allele and haplotype frequencies and their distribution in the admixed
populations (Hu et al., 2013). Extreme fluctuations in ancestry differences (A ancestry), which
are calculated by subtraction of the genome wide ancestry from locus-specific ancestry for each
ancestry component, are unlikely to have occurred by chance and can exhibit a selection
signature in admixed individuals (Tang et al., 2007).

Generally, the software tools for genetic ancestry estimates rely on multivariate statistical
methods, using hidden Markov Models (HMM) and use the ancestral information as reference
panel.

The approaches for local ancestry inference rely either on Li and Stephens (Li and Stephens,
2003) framework, using an approximation to the coalescent with recombination, or on model-
based clustering algorithms with no need to information on parametric population genetic

model. Examples of algorithm using Li and Stephens (2003) include HAPMIX (Price and
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Stephenson, 2009), LAMP-LD (Baran et al.,, 2012) and MULTIMIX (Churchhouse and
Marchini, 2013). The other method for local ancestry deconvolution is based on smaller
genome segments (windows) and then clustering relative to the reference panels, as applied in
LAMP (Sankararaman et al., 2008) and PCAdmix (Brisbin et al., 2012).

2.6. Heterosis and the benefits of crossbreeding

Crossbred or admixed animals result from interbreeding, where sire and dam originate from
different breeds or lines (Balding, 2006). An optimized crossbreeding program exploits the
complementarity of the involved purebred parental populations based on breed additive genetic
effects, termed “specific combining abilities” and makes use of the additional economic
benefits of heterosis (Freyer and Lewis, 2008).

Heterosis or hybrid vigor refers to the superiority in performance of the crossbreds compared
to the average of their parents (Hill and Mackay, 2004). Heterosis is most pronounced for
fitness traits; fertility and longevity, all with relatively low heritability (Méki-Tanila, 2007).
Heterosis effects are intermediate for milk production, weight gain, feed efficiency, and body
size; and lowest in carcass traits. Reproduction and maternal traits have low heritability and
the traditional response to selection in breeding program will generally be slower compared to
high heritability traits. However, significant improvement can be made through crossbreeding
programs that maximize heterosis. For growth and milk traits with moderate heritability,
genetic improvement can be achieved by applying both selection and crossbreeding programs.
The amount of general heterosis for production traits in dairy cattle is reported 3 to 4 percent,
while higher levels of heterosis are observed for functional and reproductive traits (Freyer and
Lewis, 2008).

According to quantitative genetic theory, heterosis of a crossbred animal depends on genetic
distance between its parents (Hill and Mackay, 2004). Here, genetic distance refers to the
squared difference in allele frequencies between parents, taking into account all quantitative
trait loci (QTL) contributing to heterosis, i.e., heterotic loci (Jiang et al., 2017). Heterosis can
be explained by overdominant gene effects, where heterozygosity at individual loci leads to
superior performance relative to that of either homozygous class (Lippman and Zamir, 2007).
In the presence of partial to complete dominance, heterosis can arise because of the joint effects
of multiple loci (Lippman and Zamir, 2007). According to Boeven et al., (2020) if heterosis is

caused by positive (over) dominance effects, breeders should strive to increase the genetic
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distance between parental populations to maximize heterosis. Even if dominance effects are
absent, epistatic interactions between loci can contribute to heterosis (Boeven et al., 2020;
Lippman and Zamir, 2007). If heterosis results primarily from epistatic interactions, the
optimum design of hybrid breeding programs is elusive. Even more so as Moll et al. (Moll et
al., 1965) proposed that parents should not exceed an optimum genetic distance to avoid a
reduction in grain-yield heterosis due to detrimental epistatic effects. The concept of a
maximized fitness of individuals under an optimal genetic distance between parents has
recently also been suggested by analyses in model organisms (Wei and Zhang, 2018). To use
heterosis most efficiently in breeding, it is critical to understand the contribution of
(over)dominance and epistatic effects and the dependency on the genetic distance between
parents (Boeven et al., 2020).

The increased performance in crossbred animals is due to changes in non-additive genetic
effects of dominance and epistasis components of heterosis. Dominance component of
heterosis are caused by gene interaction within loci. The degree of heterosis for a specific breed
combination, expressed in a crossbred animal, is equal to the chance that the animal, at a
specific locus, has one gene from each of two breeds (Sorensen et al., 2008).

Epistatic effects are caused by gene interaction between loci and epistatic loss is considered as
unfavorable gene effect in crossbred offspring due to breakdown of parental epistatic complex
(Khayatzadeh et al., 2016).

Under both natural and artificial selection, co-adapted positive gene complexes accumulate.
However, favorable gene combinations established in the parental breeds may be lost by
crossbreeding for traits that have been under selection. Different models for estimating effects
of recombination caused by additive x additive (AxA) interaction have been proposed
(Kinghorn, 1983).

Kinghorn (1983) modeled dominance and two-locus interaction, using epistatic term to
describe effects of breakdown of parental combination. He considered heterozygosity as
synonymous with dominance and epistatic loss is proportional to the probability that two non-
allelic genes randomly chosen in diploid individual are of different breed origin.

The observed heterosis in first-generation crosses (F1) is the sum of the dominance component
of heterosis (normally positive) and the epistatic loss effects (normally negative). In a two-
breed crossbreeding program heterosis drops to 50% in the second-generation crosses (F2) and
continuing crosses between 2 breeds, 67% of the F1 heterosis will, on average, be expressed.
Including more parental breeds causes the more heterosis maintained after F1 generations,
while it causes the cross to be diluted for desired traits.
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Amount of heterosis depends on degree of dominance and its direction, differences in allele
frequencies of genetic variants contributed in heterosis between parents (genetic distance
between parental populations), number of involved parental populations and type of
crossbreeding (Khayatzadeh et al., 2016).

2.7. Consequences of crossbreeding for locally adapted breeds

In Africa, and to a lesser extent in Asia, the general increase in the overall livestock population
over the past 20 years has compensated for the decreasing proportion of locally adapted animals
within species, allowing sizes of local populations to remain relatively stable. On the other
hand, the population sizes of a majority of local and regional breeds have decreased in Latin
America, while the overall livestock population has increased less in size than in Africa (Leroy
et al., 2020).

The increased presence of exotic and crossbred animals does not necessarily mean replacement
of local populations, especially if the new animals are not raised in the same production
environments (for instance, if new, peri-urban farms are developed). However, even if the
importation of exotic animals is not intended to directly replace locally adapted breeds, they
may nevertheless remain a threat as they enter in competition with traditional breeds and herds
for resources and market share. Erosion of the diversity of local animal genetic resources is
especially problematic given the phenotypes of interest that are possessed by those breeds
(Leroy et al., 2016) and the ecosystem services they and their production systems provide
(Leroy et al., 2018). In relation to their capacity to withstand endemic diseases and harsh
climate conditions, survive on low-quality diets and walk long distances to access food and
water, locally adapted ruminant breeds are especially well suited for the valorization and
maintenance of pastoral rangelands, which constitute a large share of the global agricultural
area (2 billion ha, of which 1.3 billion ha is not convertible to cropland according to Mottet et
al., (2017) and therefore of critical importance for food security and livelihoods. More
generally, the increased number of crossbred and exotic animals is indicative of a shift in

production systems toward greater intensification and specialization.

This process may impact negatively on landscapes and use of resources, as illustrated by
Magnani et al., (2019). They showed that the sedentarisation of pastoralists and promotion of
exotic breeds over local ones resulted in land fragmentation of the middle valley of the Senegal
River. Also, considering the specific adaptive potential and robustness of locally adapted
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breeds, breed replacement may reduce the resilience of livestock production systems. The use
of mixed herds and modifying herd composition to favour more resistant species or breeds are
components of a classical strategy of herders facing long-term droughts (Blench and Marriage,
1999) and the use of locally adapted breeds has been suggested as an option to cope with
constraints (drought, feed shortage, disease) induced by climate change (Bettridge et al., 2018;
Musemwa et al., 2012). Considering the short and long term impact that the COVID 19
pandemic will have on food and agriculture in general and livestock in particular (e.g. shortage
of labor and animal feed, (Zhang et al., 2020)), both the adaptability of local breeds to less-
intensive and/or short supply chains, and their general resistance to zoonotic diseases (Marshall
et al., 2019) give them potential competitive advantages relative to exotic ones. Considering
the specific issue of mitigation of climate change, locally adapted breeds tend to perform poorly
relative to exotic breeds with regard to intensity of greenhouse gases (GHG) emissions, due to
their inferior production. However, standard measures of intensity are somewhat biased, as
they typically consider only the ratio of GHG emissions to yield of a single commodity,
ignoring other ecosystem services usually associated with locally adapted breeds and their
production systems. Single-commodity measures of GHG intensity also fail to account for the
differences among breeds in their ability to survive while consuming poor quality forage and

converting it into human-edible food (Hoffmann, 2010).
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3. MATERIALS AND METHODS

3.1. Description of the study environment

The study was conducted in the southwestern region of Burkina Faso as part of the
Characterization and Sustainable Utilization of Local Cattle Breeds (LoCaBreed) project. The
southwestern region is located around 10° 19" 00" N latitude and 3° 10" 00"~ W longitude.
This area is the original habitat of Baoulé cattle. The climate is of the Sudanese type with two
distinct seasons: a rainy season from June to October and a dry season from November to May.
In 2018 the total amount of rainfall was 1399 mm. The annual average minimum temperature
was 22 °C and the annual average maximum was 34 °C. The lowest monthly average minimum
temperature was registered in January (16 °C) and the highest monthly average maximum in
April (37 °C). In this area, people produce crops, keep livestock and also perform agroforestry.
Production systems are mixed crop-livestock, with the Lobi ethnic group concentrating on
subsistence crop production and the migrant Fulani ethnic group tending to keep their lifestyle
of pastoral livestock production (Zoma-Traoré et al., 2020). The cattle population in this region
is estimated about 343,000 heads, representing about 4% of the estimated national stock of 9
million (MRA, 2014).

3.2. Description of farms

Data was collected in 27 villages from the Loropéni, Kampti and Bouroum-Bouroum
departments in the south-western region of Burkina Faso (Figure 7). Three sites were selected
depending on the availability of Baoulé and crossbreds (Baoulé with Zebu): in the Bouroum-
Bouroum department we worked with sedentary farmers with Baoulé cattle, in the Kampti
department with Fulani transhumant and Mossi farmers herding crossbreds and in the Loropeni
department sedentary farmers with crossbreds. A total of 88 farms: 55 in Bouroum-Bouroum,
15 in Loropéni and 18 in Kampti were chosen according to the willingness of the farmers to

participate in the breeding program of the LoCaBreed project.

In Bouroum-Bouroum, the ethnic group of Lobi people own and keep purebred Baoulé animals.
In Kampti, there are crossbreds with Zebu as well as Baoulé x Zebu cattle kept by the ethnic
group of nomadic Fulani and Mossi ethnic group, who are often owners or keepers of these
animals. Finally, in Loropéni mainly crossbred animals kept by Lobi and Djan breeders, who

are the owners of these animals, were included in this study. The livestock system is extensive
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in all studied departments, with 7 to 100 cattle per breeder. The animals are on pasture all day
and are irregularly supplemented with agricultural by-products like rice, maize and cottonseed
cake. In some places, daily management of animals might be entrusted to an employee from
the Fulani ethnic group, who are perceived as experts in cattle herding and breeding. The
sanitary management of farms is maintained by private veterinarians and/or extensions
workers, employed by the Ministry of Livestock, with limited treatments against ticks, eczema

and other ectoparasites, internal deworming and trypanocide treatments.

A SAMPLING AREAS
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Figure 7: The location of the study area within Burkina Faso
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3.3. Description of available phenotype and genotype data

3.3.1. Phenotype data

The study population was assessed for 24 quantitative body measurements (Table 1) and 20

qualitative traits (Table 2) following the FAO, (2012) guidelines, and including several

additional traits such as discolored abdomen, speckle, blackness, brindle color, and white spots

to account for possible additional variation within the target area.

Table 1: List of quantitative traits measured according to FAO (2012) Guidelines on
phenotypic characterization of animal genetic resources

Head and horn measurements (11)

Body measurements (13)

cranial length, head width, head length,
cranial width, facial length, facial width,
muzzle circumference, distance between
horn tips, distance between horn bases, horn

length, earn length

height at withers, thoracic perimeter, height
at sacrum, body length, length of scapula
ischium, hip width, ischium width, tail
length, chest depth, shoulder width, chest
width, teat length, weight
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Table 2: List of characterized qualitative traits with their respective levels

Traits (20) Level

Color of muzzle 2 levels: Pigment/No pigment

Head spotting 2 levels: Spot/No spot-on forehead

Eyelid pigmentation 2 levels: Black/White

Color of the hoof 2 levels Pigment/No pigment

Stripe mullet 2 levels: Dark/Inverse

Lower legs color 2 levels: Charred/Faded

Color of chignon 2 levels: No/Yes

Discolored abdomen 2 levels: No/Yes

Speckle 2 levels: No/Yes

Coat pattern 4 levels: Pied/ Speckled /Uniform/ Red pied

Coat color 7 levels: Black/ Black pied/ Fawn/ Grey/ Roan/ Sand/White
Blackness 3 levels: Strongly/ Medium/ Slightly

Color of horn 5 levels: Black/ Brown/ Grey/ Two-color mixed/ White
Dewlap size 2 levels: Well-developed/ Poor developed

Hump position 2 levels: No hump/ Thoracic

Presence of horn 2 levels: No/Yes

Backline 3 levels: Concave/Convex/ Straight

Horn shape 5 levels: No/Crescent/Crown/ Cup/Wheel

White spots 5 levels: No/lrregular/ Lateral/White head

Brindle color 3 levels: Absent/ Slightly brindle/ Strongly brindle

Body measurements were carried out by two technicians, who were trained by the same person
(Figure 8). The training took place before the start of the collection of morphological data. The
measurements were done using a Lydthin stick, a tape measure and vernier calliper scale.
Brindle color and white spotting were considered as parts of the comprehensive morphological

characterization and therefore included in addition to coat color.
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Figure 8: Measurements of the animals during the field work (Yougbaré, 2017)
The farmers were asked to indicate if the animal was purebred or crossbred. Before the reports

were completed the crossbred status was vetted also by the recording technician.

After morphological measurements blood sample were taken from the animals. Blood was

collected with needle from jugular vein (Figure 9) in EDTA tubes.

Figure 9: Blood samples are being taken from the animals (Ouédraogo, 2017)

Blood samples from a total of 2000 animals including 1000 purebred Baoulé and 1000 cross-
breds were collected.

DNA extraction from EDTA blood samples was performed with the MasterPureTM DNA
Purification Kit for Blood Version Il (Biozym Scientific, Oldendorf, Germany) following the

manufacturer’s protocol (Figure 10).
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Figure 10: DNA extraction from EDTA blood samples (Michelle, 2018)

The indirect Elisa has been used for the diagnosis of positive or negative trypanosomosis
infection from blood samples (Desquesnes et al., 2003).

3.3.2. Genomic data and quality control

The genotype data from the Illumina Bovine SNP50 BeadChip were available for 737 animals
including 387 Baoulé from Bouroum-Bouroum and 350 crossbreeds from Kampti and
Loropeni (Table 3)

Table 3: The list of genotyped animals with their trypanosomosis status

Regions Negative animals Positive animals Total

Bouroum -Bouroum 204 183 387

Kampti 87 89 176

Loropéni 69 105 174
360

Total 377 737

The number of SNPs at the beginning was 47,843 variants. Quality control of the data was
performed with PLINK 1.9 (Chang et al., 2015). The dataset was cleaned using standard quality
control to exclude non-autosomal SNPs as well as SNPs with minor allele frequency lower
than 0.01, those with a call rate of < 95% and those that deviated from Hardy Weinberg
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equilibrium with Fisher’s exact test with P-value < 10E-6. Animals with a call rate < 90% were

excluded. After applying quality control:

- 38,322 SNPs and 619 animals including 340 purebred Baoulé and 279 crossbreds
Baoulé and Zebu were used for the GWAS analyses.

- 31,612 SNPs and 802 animals were left for the global admixture analysis and local
ancestry estimation. We assigned 30 purebred Baoulé (global admixture levels >
0.999 Baoulé) and 30 purebred Zebu (global admixture levels > 0.987) as reference
populations to investigate local admixture levels in 716 animals that were considered
as potential crossbreds based on the sampling information. Animals found to be
purebred after first screening were removed from the pool of crossbreds. It should be
noted that in this part additional 65 animals containing 30 purebred Zebus and 35
crossbreds genotyped with the Bovine SNP50 BeadChip data from Pérez O’Brien et

al., (2014) were included in the analysis.

3.4. Morphometrics data collection and analysis

A total of 421 animals (111 males and 310 females) were included in the study; 155 adult
Baoulé from Bouroum-Bouroum from 55 farms, and a total of 266 crossbreds: 136 from
Kampti from 18 farms and 130 from Loropeni from 15 farms. Only cattle between 4 years and
older were included. Age was inferred by denting, allowing separation of young animals in
various age categories and adult animals, 5 years or older. We did not rely on age in years
reported by farmers. The animals were categorized into two groups according to their ages and
weight; cattle that were 4 or 4.5 years of age weighed 189.59 + 62.16 kg and cattle that were 5
years or older and weighed 219.54 + 54.65 kg. The weight was assessed using weigh-band that
determines weight based on its strong correlation with the chest circumference. To limit
relatedness between sampled individuals, farmers were asked about the origin and relationships

of animals. Sampling was thus, limited to between 5 and 10 individuals per herd.

» Quantitative Traits
Quantitative traits were analyzed by fitting the following linear model:
y = U + genotype-location + sex + age + genotype-location*age + genotype-location*sex +

age*sex + e
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Where [ is the overall mean for each trait, y is the vector of measurements and e is the residual

variance for each measurement. The fixed effects were:

. Genotype-location: it is the combination between the genotype of the animal: purebred
Baoulé or crossbred, and the study area: Bouroum-Bouroum, Kampti and Loropeni. Therefore,
three levels were defined for genotype-location: sedentary purebred for Bouroum-Bouroum,
sedentary crossbred for Loropeni and transhumant crossbred for Kampti

. Sex: sex of the measured animal: male or female

. Age: approximate age of the animal at the time of measurement, with two levels: up to

5 years old and 5 years old and older

. Two-way interactions between fixed effects (genotype-location*age, genotype-

location*sex and age*sex) were also included

The linear models for different traits were fitted using Im function in R (The R Development
Core Team, 2008). The Shapiro test and Q-Q normality plots were used to examine the
distribution of quantitative data. The distribution was normal for all traits. We used the
ANOVA function from the car package (Fox et al, 2019) to find the significance of each fixed
effect in the model. The Least Square Means (LS-Means) for different levels of genotype-
location were calculated. The Tukey test was used for pair-wise comparison and values were

considered to be significant with p-value < 0.05, using the Ismeans package (Lenth, 2018).

To compare LS-means for the effect of main interest, genotype-location, models were run,
including only significant effects and interactions.

» Qualitative Traits

The chi square tests for qualitative traits were performed with R. The multiple pairwise
comparisons for sedentary purebred of Bouroum-Bouroum, sedentary crossbred of Loropeni
and transhumant crossbred of Kampti were corrected using the Bonferroni approach in the stat
package in R (Bolar, 2019).
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3.5. GWAS analysis of trypanosome prevalence and morphometric traits

The trypanosomosis status and a wide set of morphological traits was recorded for 646 animals
including 360 purebred Baoulé and 286 crossbred Zebu x Baoulé cattle from the Southwest of
Burkina Faso. For the association study a univariate linear mixed model for marker association

tests was fitted with a single phenotype as:
y=p+Xp+sex+age+e

Where y was the vector of phenotypes; u was the intercept; X was a vector of SNP genotypes;
B was the effect size of the SNP; and ¢ is a vector of errors. In addition, the sex of the individual

(male, female) and the continuous variable of age were considered as covariates.

Single-SNP associations based on the genome-wide efficient mixed model association
algorithm were performed using GEMMA (Zhou and Stephens, 2012). The genomic
relationship matrix was used to account for population structure. The two significance
thresholds used in the evaluation of the results were an arbitrary indicative threshold of —
log10(p) = 5, and the threshold based on the Bonferroni correction with a base of p = 0.05 and
38,322 SNPs independent tests (SNPs left after quality control), at —log10(p) = 5.86. The
regions within £0.5 Mb of the most significant SNPs above the Bonferroni threshold were
declared as significant, and were searched for any associated genes. The significant regions
were checked for genes based on the ARS UCD1.2 Bos Taurus Genome Assembly on the
NCBI database.

3.6. Global admixture analysis

Unsupervised global ancestry estimation was performed with the full SNP set using
ADMIXTURE software (Alexander et al., 2009) with the number of ancestral populations
(Baoulé and Zebu) fixed at two (K =2). The admixture barplots were created in R with the
barplot function (The R Development Core Team, 2020). We calculated the frequencies of the

admixture levels for all animals in Excel and plotted them in categories of 0.1 steps.
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3.7. Local Ancestry Estimation in admixed populations

LAMP (Local Ancestry in adMixed Populations) is a program for estimating locus-specific
ancestries in admixed individuals, using allele frequencies of the reference populations
(Sankararaman et al., 2008). We used LAMP in LAMPANC mode and provided the estimated
allele frequencies files for Baoulé and Zebu as the purebred ancestral populations. The
following parameters were set: admixture proportions (alpha) = 0.8 for Baoulé and = 0.2 for
Zebu based on the global ancestry estimation using ADMIXTURE program, number of
generations since admixture (g) = 07 and recombination rate (r) = 10, We estimated the local
ancestry proportion, as well as the ‘delta ancestry’ with R in trypanosome positive and negative
trypanosomosis animals following Khayatzadeh et al. (2016). The ‘delta ancestry’ reflects the
extreme fluctuations in ancestry differences across the genome, which are calculated by
subtraction of the genome wide ancestry from locus-specific ancestry for each ancestry
component, are unlikely to have occurred by random evolutionary error of genetic drift and can
potentially exhibit a selection signature in admixed individual (Tang et al., 2007). To identify
significant deviations from the genome-wide average ancestry, we performed permutation tests
(Doerge and Churchill, 1996) of the local ancestry proportions over the whole genome of
admixed animals (Tang et al. 2007), separating animals with positive and negative
trypanosomosis status. For each animal, we concatenated the local ancestry estimations of all
29 autosomes and then permuted the circularized genome by cutting at a random location and
rearranging the two resulting pieces of the genome for each individual independently. This type
of permutation preserves the extent of Linkage Disequilibrium (LD), assuming that it is
homogeneously distributed over the whole genome. We implemented 1000 permutations. The
distributions of maximum and minimum over all permutations were then used to define the 5%
and 10% genome-wide thresholds levels that indicated significant deviation of the observed

local ancestries from the genome-wide average ancestry (Gautier and Naves, 2011,
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Khayatzadeh et al., 2016;Tang et al., 2007). Finally, we used a parametric Welch t test
implemented in R using the t.test function to test significant differences in the admixture rates

of positive and negative Baoulé x Zebu crosses.

3.8. Fst outlier analysis

We applied BayeScan 2.1 (Foll and Gaggiotti, 2008) to identify Fst outlier loci putatively
under selection between the trypanosome positive (n = 244) and negative (n = 266) crossbreds
animals using a cut-off at p < 0.05 corrected for a false discovery rate (FDR; Benjamini and
Hochberg, 1995). The regions within + 0.5 Mb of the most significant SNPs were searched for
any potential associated genes based on the ARS UCD1.2 Bos Taurus Genome Assembly on

the NCBI database.

3.9. Identification of ancestry informative SNPs for effective hybrid detection

We aimed to identify SNPs with the highest Fst differentiation. We re-filtered the original
dataset for MAF < 10%, individual and genotype missingness. The Fst values were
calculated according to WEIR and COCKERHAM implemented in PLINK for 60 animals
(30 pure Baoulé and 30 pure Zebu). With these we were able to provide a set of top 200 Fst
markers, which were then used as a starting point to manually remove the ones less than 5
Mb to each other - preference given to higher Fst markers. Based on this, we selected the top
15, 25, 50 and 100 SNPs, and extracted these for the crossbred animals and repeated the
global admixture analysis (K = 2). We used the cor function in R to calculate the Pearson
correlation coefficient (Pearson’s r) for determining the linear association between admixture

levels estimated based on the different sets of ancestry informative SNPs (all 31,612 SNPs
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versus the top 100, 50, 25, 15 SNPs). Significance of the Pearson’s r was assessed with the P

Value from Pearson (R) Calculator (Social Science Statistics, 2021)..
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4. RESULTS AND DISCUSSION

4.1 The morphometric differences between purebred Baoulé and their crossbreds.

4.1.1. Quantitative Traits

All of the examined 24 traits were significant at p < 0.05 (Table 4). The differences were
significant for genotype-location for all traits, except teat length. The genotype-location effect
was further explored, in significant interaction with the fixed effects of age and sex. The effect

of age was significant for 18 traits and sex was significant for 12 traits.
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Table 4: Linear model parameters for quantitative traits (all full models were significant)

Genotype-

. Genotype — .~ Genotype- *

Traits R-squared Adjusted F-statistics location F Age F Sex F value location location * Sex* Age
R-squared value Age F F value
value value Sex F value

Head length  0.58 0.57 9/367 56.10 97.83***  5.96* ns ns ns ns
Cranial 0.34 0.32 9/367 21.07 31.04***  7.00** 9.60** 3.40* 4.23* ns
Head width  0.22 0.21 9/367 11.78 10.39*%**  21.33***  4582*** ns 0.41%** ns
Cranial width 0.12 0.10 9/367 5.81 3.51* 9.02** 18.16***  ns ns ns
Facial length  0.19 0.15 9/365 9.48 21.70***  ns ns ns ns ns
Facial width  0.07 0.05 9/366 3.22 3.06* 5.59** ns ns ns ns
Muzzle 0.13 0.11 9/367 5.96 5,94 17.32%%%  19.72%** g 3.78* 3.68*
circumference
Horn length  0.58 0.57 9/365 57.01 54.39%** 14.14*** 11.78*** 3.49* 4.97** ns
Distance
between horn  0-2° 0.27 9/357 16.14 22.26***  ns 31.34***  ns ns 5.32*
Distance
between horn 0.06 0.04 9/366 2.79 3.54* ns ns ns ns ns
base
Ear length 0.30 0.28 9/365 17.14 28.02***  ns ns ns ns 3.05*
Heightat 5y 0.51 9/367 43.86 87.66%** 548 5.11% ns ns ns
withers
Thoracic 0.37 0.36 9/366 24.34 20.04%**  2538%%*  GEAY*  305% 4,52+ ns
perimeter
Heightat 64 0.64 9/367 74.06 135.62%* ns ns ns ns ns
sacrum
Body length  0.44 0.42 9/367 31.69 41.16***  8.83** ns ns 3.54* ns
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Length of

scapula 0.37 0.35 9/367 23.63 30.24*** 12.93*** ns ns 5.05** ns
ischium

Hip width 0.24 0.23 9/366 13.19 17.23*** 4,32* 3.92* ns ns 5.14**
xf(;‘t'#m 0.28 0.26 9/367 15.55 18.23***  570* 4.96* ns ns ns
Tail length 0.25 0.23 9/366 13.28 18.10***  4,19* ns ns ns ns
Chest depth  0.33 0.32 9/366 20.36 33.24***  7.35%* ns ns ns ns
kai‘g;:der 0.26 0.24 9/367 14.41 22 56%**  4.93% 5.52% ns 5.88%* ns
Chest width  0.08 0.06 9/366 3.58 3.16* 5.45* ns 7.32** ns ns
Teat length 0.10 0.09 5/283 5.35 ns ns - ns - ns
Weight 0.34 0.32 9/359 20.65 24.70*** 22.14%** 9.51** 4.30** 6.13** ns

Notation: * for p < 0.05; ** for p < 0.01; *** for p < 0.001 and ns for non-significant
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Special attention was given to assess differences within the genotype-location effect via LS-
Means comparison, to find out if the significance in the overall model was driven by differences

between Baoulé and crossbreds, and among the two crossbred groups (Table 5).

The difference was significant between each of the three groups (Table 5) for fourteen traits:
head length, cranial length, thoracic perimeter, height at sacrum, body length, length of scapula
ischium, hip width, horn length, distance between horn bases, height at withers, tail length,
chest depth, shoulder width and weight. Five traits differed between the purebred Baoulé and
both crossbred populations: facial length, distance between horn tips, ear length, cranial width
and chest width.
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Table 5: Least square means for the quantitative traits

Bouroum-Bouroum Kampti Loropeni
Traits (Baoulé, sedendary) (crossbred, transhumant) (Crossbred, sedentary)
Head length  39.72 46.5° 44.2°
Cranial length 19.32 22.3 20.3%
Head width ~ 16.12 17.2° 16.0°
Cranial width 14.92 16.6° 16.1°
Facial length  20.22 23.6° 23.2°
Facial width ~ 20.2% 23.62 23.22
Muzzle 36.5 37.47 35,70
circumference
Horn length  13.62 27.8° 24.8°
Distance
between horn  31.0? 43.2° 39.6°
tips
Distance
between horn  13.3a 14.2° 12.4¢
base
Ear length 15.62 19.3° 18.7°
Heightat — gq 5 111.7° 106.6°
withers
Thoracic 129° 141b 135¢
perimeter
Heightat — gp, 119b 112¢
sacrum
Body length  75.9 89.1° 84.1°
Length of
scapula 1092 122° 116°
ischium
Hip width 28.12 32.1° 30.9¢
Ischium a b a
width 11.1 13.4 114
Tail length 86.52 105.3° 91.5¢
Chest depth ~ 48.0% 53.7° 52.5°
Shoulder a b c
width 25.1 28.1 25.6
Chest width ~ 10.9? 14.4° 12.1°
Teat length  2.63? 2.96° 2.36°
Weight 1742 241° 210°

The significant level was considered to be p-values < 0.05

38



The indices (a, b and c) indicated significant difference in pair-wise comparison of genotype-
location, derived from Tukey test. Different indices indicate significant difference and the same
indices show no difference in pairwise comparison

In addition, four traits differed significantly among the crossbred populations: the muzzle
circumference, head width, ischium width and teat length (Table 4). Our results showed an
increased body size of crossbred animals from Kampti and Loropéni compared to the purebred
Baoulé cattle from Bouroum - Bouroum. Comparing the two crossbred populations from
Kampti and Loropéni, the results showed that the crossbred animals from Kampti appear to be
larger than crossbreds from Loropéni.

The significant differences were found for 24 quantitative trait measurements, confirming the
notable differences in size between purebred and crossbred Baoulé. These results were in
agreement with those of Traoré et al., (2015), who showed clear differences for most body
measurements in cattle in West Africa. Among qualitative traits, some traits such as coat color
and horn shape showed large variation within cattle breeds. This likely is due to local livestock
keepers’ preferences rather than the breed identity (Desta et al., 2011; Traoré et al., 2015). This
might be due to a lack of specific breed identity agreements on phenotypic traits. Even if any
informal agreement on breed identity was in place, this would cover a larger variation than we

see for the main commercial breeds in Europe.

In order to establish an agreement on the breed identity Houessou et al., (2019) confirmed the
necessity of combining molecular analyses, phenotypic characterization and herders’
knowledge for a more accurate differentiation of the breeds and subtypes of cattle raised in
extensive African livestock production systems for their effective management and
preservation. The observed variation, such as the one in coat color, might be a consequence of
adaptation mechanisms to the local environment in Burkina Faso, as reported by Saleem et al.,
(2013) in cattle breeds and Khan et al., (2007) for buffaloes in Pakistan, Katongole et al., (1994)
for sheep in Botswana, Mani et al., (2014) for goats in Niger, and Lauvergne, (1985) for African
livestock in general. Our study, similarly to Traoré et al., (2016), our study also confirms that
qualitative traits does not seem to be utilized in the definition of cattle breeds or cattle groups
in West Africa. The observed variation in qualitative traits for individuals belonging to the
same breed is markedly different to the more consistent breed definitions in Europe. While in
the European breeds the qualitative traits are of particular importance to include animals into
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the herd book, in the West African populations in general, and for the Baoulé cattle in particular

these conditions were more relaxed.

The differences on some quantitative traits like facial length, distance between horn tips, ear
length and chest width and some qualitative traits as color of muzzle, head spot and horn shape
between the purebred and crossbred populations can be explained to some degree by
crossbreeding. Crossbreeding is an attractive approach to effectively combine breed and type
characteristics (Gregory and Trail, 1981). The goal is to combine the adaptive potential and
trypanotolerance of local Baoulé with the bigger body size of the zebu, which is an unstructured
population at the body measurements level (Moussa et al., 2017). This crossbred population is
comparable to Sanga cattle with intermediate body size measurements between zebu and West

African taurine cattle (Traoré et al., 2016).

4.1.2. Qualitative Traits
Each of the 20 traits was analyzed with a chi square independent test on the effect of the

genotype-location and 12 of which were significant with a p-value < 0.05 (Table 6).

Significant differences via pairwise chi square test between purebred Baoulé and the crossbreds
were found for 10 traits: color of muzzle, head spotting, stripe mullet, lower legs color, speckle,
coat color, blackness, color of horn, horn shape and white spotting. Significant differences
between Bouroum-Bouroum (Baoulé, sedentary), Kampti (crossbred, transhumant) and
Loropéni (crossbred, sedentary) were found for hump position, lower legs, coat color and white
spotting, respectively. For color of muzzle, head spot and horn shape we have found significant

differences between purebred Baoulé and both crossbred populations (Table 6).

Table 6: Chi square independent test for genotype-location effect for qualitative traits
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Traits Bouroum-Bouroum Kampti (crossbred,  Loropeéni (crossbre, p-value
(Baoulé, sedentary) transhumant) sedentary)
(140) (118) (119)
Color of muzzle A ab b 0.013
No pigmented 7 7 17
Pigmented 133 111 102
Head spot A b b <0.001
No spot 78 98 104
Spot 62 20 15
Hump position A b c <0.001
No hump 140 24 63
Thoracic 0 94 56
Stripe mullet A a b <0.001
Dark 140 118 104
Inverse 0 0 15
Lower legs A b C <0.001
Charred 125 71 57
Faded 15 47 62
Discolored abdomen a a a 0.048
No 107 77 93
Yes 33 41 26
Speckle A ab b <0.001
No 109 105 113
Yes 31 13 6
Color of horn A a b 0.009
Black 57 38 57
Brown 3 0 0
Grey
Two-color mixed 74 72 51
White 3 4 10
Blackness A b ab 0.035
Strongly 133 106 102
Medium 4 6 11
Slightly 3 6 6
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White spot A b c <0.001

No 88 100 110

Irregular 51 16 8

Lateral 0 1

White head 1 0 0

Horn shape A b <0.001
No 0 0

Crescent 19 53 48

Crown 3 8 10

Cup 94 44 44

Wheel 22 11 17

Coat color A b c <0.001
Black 88 25 35

Black pied 24 10 14

Fawn 6 21 10

Grey 4 2

Red pied 0 1

Roan 16 7

Sand 0 9 5

White 2 37 41

The overall assessment of the qualitative traits for the three locations revealed a diverse
population with no strict breed identity in terms of phenotype structure. The Baoulé animals
were different from the crossbreds with some traits like color of muzzle, head spot and horn
shape. The color variation of body parts was significantly higher in the Baoulé x Zebu
crossbreds. Although a large proportion of the crossbreds was darkly colored similar to Baoule,

the body color variation was more evenly distributed from black to white colors.

Interestingly, the occurrence of the hump significantly differed between the transhumant and
the sedentary breeders of the crossbred cattle. The distribution of phenotypes showed a higher
proportion of zebu admixture levels in the transhumant populations, which characterizes their

breeding system.

The differences for quantitative traits like the muzzle circumference, head width, ischium width

teat length and weight, observed between the crossbred populations could be due to the ethnic
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differences, differences in the composition of the herd and differences in the livestock
husbandry system in the transhumant Kampti and sedentary Loropéni breeders. In Kampti, the
animals were held mostly by the Fulani who come from the Sahelian zone of Burkina Faso and
who have a large number of Zebus in their herd. The Fulani move from place to place
depending on the availability of food and give importance to the animal often more than to
themselves. In Loropéni the crossbred herds are owned by the Lobi and Djan people who raise
predominantly purebred Baoulé cattle mostly for social events like funerals and weddings, and

do not practice transhumance.

Differences in body shape between the purebred and crossbred Baoulé analysed in the current
study were due to major differences in origin (Chen et al., 2010; Pérez- Pardal et al., 2010a,
2010a). In fact, the crossbreeding with Zebu increases body size, which is considered as an
improvement by the breeders. The reason for this preference was the use of crossbred animals
for ploughing, as well as their greater economic value. The economic value was also
highlighted by Batz, (1999) and R. Roschinsky et al, (2014) who identified profitability as an
important factor in crossbreeding adoption. In order to maintain the crossbreeding, however,
the Baoulé cattle with small body size must be conserved, which might cause an economic loss
to individual breeders. On the other hand, the use of this trypanotolerant breed reduces the use

of chemicals to control the disease, contributing to a balanced ecosystem health.

This significant size difference between the small, purebred Baoulé and their larger crossbreds
with zebu also reflects the difference in rearing system between different areas. Variation
between the interaction of genotype-location and age categories can also be explained by small
size and the lower growth rate of Baoulé cattle compared to crossbreds (Soudre, 2011). In
addition to the growth rate, the herding practices might be influential. The crossbreds were
mainly held by Fulani, who are renowned by their excellence in herd management. They
supplement the animals' feed with the residues of agricultural products such as cereals and
legumes and take care of animal health (Ouédraogo et al., 2020). The purebred Baoulé cattle
were largely held by Lobi livestock keepers, who usually do not devote such attention to their
herd. The feeding of the animals relies on pasture alone, without a health monitoring system in
place. These differences in rearing systems as shown in our results were comparable to those
of Boettcher et al, (2003) in Canada and Kearney et al, (2004a) comparing pasture systems

with conventional systems in the US.
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Interaction of genotype-location and age categories (Table 5) can be explained by differences
in availability of feed between the study sites, which is affecting growth rates, thus the
differences in quantitative characteristics. The abundance of fodder varies according to
seasons, with limited availability in the dry season and abundance in the rain season. It is also
noted that there is much more fodder in Kampti and Loropéni compared to Bouroum-Bouroum
due to their more favorable environmental conditions because of the increased rainfall. The
abundance of fodder in Kampti and Loropeni increases the size differences in addition to Zebu
and Baoulé crossbreeding. These results were similar to those of Berry et al, (2003), who found

genotype - environment interactions related to the silage quality and abundance in Ireland.

The results for interaction of genotype-location and sex show the differences considering the
three study locations. In general, Bouroum-Bouroum and Loropéni breeders give more
importance to males because they are used for ploughing in agriculture, whereas in Kampti the

Fulani breeders gave more importance to females used for breeding and dairy production.

In all three sites there was a preferential treatment of animals for feeding and health care
depending on the importance that the breeder gives the preferred sex. These results are similar
to those of Burrow, (2012) who affirms that sex and environment interactions may provide
new opportunities for selection to improve performance by simultaneously taking into
consideration sex and the environment. The interaction of genotype-location and sex were also
explained by the effect of the crossbreeding which alters the morphometric parameters of the
offspring from the crossing between Zebu and Baoulé cattle. These results were in agreement
with Bourdon, (2000) who affirm that crossbreeding uses breed or ‘sire x dam’
complementarity which is defined as: ‘an improvement in the overall performance of offspring
resulting from mating individuals with different, but complementary, breeding values.
Considering the sex difference, sexual dimorphism can be phenotypically expressed as
differences in skeletal size and/or body mass. Differences reported for the conformation traits
of males compared to females were in agreement with earlier reports on cattle (Mammo et al.,
2017; Polak and Frynta, 2010). The influence of sex on morphometric traits in this study were
likely connected with the usual between-sex hormonal action which leads to differential growth
rates. Isaac, (2005) reported that sexual dimorphism in body size was clearly widespread
among many mammalian taxa, with male-biased dimorphism being the more common, but
certainly not the exclusive pattern. Yakubu et al., (2009) reported that the morphological traits

of male and female goats were similar.
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4.2 Genome-wide association study for morphological traits

From the wide range of measured traits, we intend to focus on those that describe the potential
morphological differences between taurine and zebu cattle. From the qualitative traits these
were ear shape and dewlap size, both typical and easily recognizable characteristics of the zebu
cattle. From the quantitative traits these were the general body size measurements, such as
height at withers, body length, chest width, depth and girth. The differences in head size were
analysed via the head length and width, cranial length and width, as well as the length of the
ear. Furthermore, we searched for genomic regions with a possible influence on
trypanosomiasis tolerance. By associating the results of indirect Elisa for trypanosomosis
infection and genotypes of purebred Baoulé cattle, as well as their crosses we identified

genomic regions with significant SNPs and their underlying genes.

4.2.1. Qualitative traits
The GWAS analysis of qualitative traits with the fixed effects of sex and age allowed

identifying regions in a number of chromosomes responsible for these traits (Table 7).

Table 7: Chromosomes with significant effects for qualitative traits

Traits Chromosome number Number of
analyzed
individuals

Ears position 1,2,3,5,8,9,10,11,12,14,16,17,18,21,22,24,25,27,28 198

Dewlap size 2,3,4,12,18,19 198

Both, the elongated floppy ears as well as the increased navel and dewlap size in zebu are a

consequence of increased thermoregulatory mechanisms via excess skin.

For dewlap size, there were multiple indicative, but just two significant SNPs above the
Bonferroni threshold (Figure 11).
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Figure 11: Significant SNPs for the dewlap size trait (blue line = indicative threshold —
1og10(p) = 5; red line = Bonferroni threshold —log10(p) = 5.86)

One was located on CHR 2 at 70.14Mb, with the surrounding genes CCDC93, INSIG2 and
EN1, and the second on CHR 12 at 22.48Mb, with the surrounding genes LHFPL6, COG6 and
FOXOL1. As a possible candidate of an increased navel size, the HMGA2 gene on CHR 5 at
47.9Mb was identified in the Brasilian Nelore cattle (Aguiar et al., 2018). For our trait dewlap
size, we did not identify any significant SNP in the region. Interestingly, for the ear position
we found a significant SNP at 46.12 Mb in the immediate vicinity of HMGAZ2. In general, for
the ear position there were 30 significant SNPs (Figure 12) above the Bonferroni threshold
(Table 8), but none of them with a clear overlap with previously described ear morphology
related genes (Adhikari et al., 2015).
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Figure 12: Significant SNPs for the ear position trait (blue line = indicative threshold —
log10(p) = 5; red line = Bonferroni threshold —log10(p) = 5.86)

47



Table 8: Significant SNP positions and genes detected for ear position

CHR | Position p-value Gene name
(Mb)

5 67.17 1.427976e-15 STAB2, NT5DC3, LOC505479, C5H120rf42, PAH

5 27.82 1.370694e-12 ACVRI1B, FIGNL2, SCN8A, NR4Al, ATG101, KRT80,
KRT7, KRT89, GRASP, ANKRD33

11 21.01 4.453821e-12 EPYC, DCN, LUM, KERA

28 10.24 1.501148e-10 RYR2

21 55.10 2.762805e-10 TP53BP1, ZSCAN29, MIS18BP1, TGM5, TOGARAML,
FRMD5, TUBGCP4, ADAL, PRPF39, FANCM, PPIP5K1

14 6.42 1.330248e-09 KHDRBS3

14 6.39 1.362059¢e-09 KHDRBS3

16 55.88 1.728063e-09 RABGAPLL, GPR52, TNN

22 59.30 1.869962e-09 EEFSEC, MGLL, KBTBD12, RUVBL1, GATA2,
RABT7A, KIAA1257, IQSEC1, MGLL, GATA2, HMCES,
RAB43, KIAA1257, EFCCL, IQSEC1

11 59.11 1.926522e-09 LRRTM4

10 3.51 3.379697e-09 KCNNZ2

20 24.24 3.920169e-09 LOC530348, SNX18, CDC20B, MTREX, DHX29,
GZMK, LOC101908144

9 46.67 8.665168e-09 -

25 40.02 8.929194e-09 SDK1

9 82.80 1.701806e-08 EPM2A, SHPRH, FBX030

28 20.63 1.770388e-08 -

20 11.47 3.997985e-08 PIK3R1, LOC101902212

5 46.12 4.76024e-08 DYRK2, CAND1

28 22.63 5.653865e-08 CTNNA3

25 19.17 6.763742e-08 LOC524391, LOC786628, CRYM, TMEM159, DNAH3,
ANKS4B

1 69.10 7.167943e-08 KALRN, UMPS, ITGB5, MUC13, HEG1, SLC12A8

5 32.48 8.144792e-08 VDR, SENP1, PFKM, COL2Al, TMEM106C, RPAP3,
RAPGEF3, HDAC7

2 22.77 9.539847e-08 CIR1, SP3, OLA1, GPR155, SCRN3, SP9,

11 14.39 1.576455e-07 MEMO1,SRD5A2, XDH, TGFA, SLC30A6, SPAST

8 89.04 8 1.72265e-07 SHC3, S1PR3

5 15.94 1.874109e-07 MGATA4C, RASSF9, NTS

17 7.83 3.639279e-07 DCLK2, IQCM

24 17.02 4.486478e-07 TRNAK-UUU

2 81.80 4.574848e-07 -
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18 46.67 9.079853e-07 ZNF146, WDR62, NPHS1, NFKBID, ZNF382, KMT2B,
ARHGAP33, APLP1, PROSERS, ATP4A, TBCB, ZNF461,
ZNF529, ZNF565

4.2.2. Quantitative traits

The overview of the GWAS results for the quantitative traits is shown in Table 9. From these
traits, height at withers and body length were measured for a higher number of individuals, as
these were part of a general screening, with the more detailed measurements done on a smaller

set.

Table 9: Genome wide significant SNPs effects for quantitative traits

Traits Number of chromosomes Number of analyzed
individuals
Height at withers 3, 8, 14 598
Body length 19 599
Chest width 1,2,5,8,9,11,4,16,18,20,21,22,2,25,26,28,29 198
Chest depth 1,3,5,6,7,8,9,11,14,15,16,17,18,22,29 198
Chest girth 2,3,4,6,9,11,14,15,16,17,19,21,25,27,28, 197
Head length 1,3,5,6,8,9,11,14,17,18,20,21,22,25,27,28 192
Cranial length 1,3,57,8,9,13, 16, 23,25 192
Head width 1,2,5,8,9,10,11,14,16,17,19,20,21,22,24,25,27,28,29 197
Cranial width 7,8,15 197
Earn length 1,2,3,5,6,8,9,10,11,14,15,16,21,22,24,25,26,27,28 194

The quantitative traits are by definition influenced by a large number of genes of small effect.
Large scale GWAS analyses in humans uncovered hundreds of genes, which together explained
about 20% of the variation in human height (Wood and Carden, 2014). In our data set, even
with the highest number of phenotypes we were not able to detect a large number of genes with

plausible effects on height or size related traits.

The results were summarized in Table 10, showing overlaps between significant regions the

between single trait analyses.
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Table 10: Overlapping significant regions for quantitative trait GWAS analyses

Chromosome Position Traits
5 27.823 Chest girth, head length,
head width, ear length
67.166 Chest width, head length,
head width, chest girth
109.513 Chest depth, cranial length
7 0.428 Cranial width, cranial length
49.277 Chest depth, cranial length
8 89.046 Chest width, head width
9 46.669 Chest width, chest girth,
head length, head width
82.801 Chest width, head length
11 21.011 Earn length, chest width,
head length, head width,
chest girth
21.146 Cranial length, chest depth
59.110 Chest girth, chest depth,
head length, head width,
earn length
14 6.393 Head width, head length,
chest girth, chest width
6.416 Head width, head length,
chest girth, chest width
16 55.882 Chest width, head length,
head width
20 11.474 Head width, chest girth,
chest width
21 55.096 Chest width, chest girth,
head length, head width
22 59.306 Head length, earn length,
head width
23 15.346 Chest depth, cranial length
25 19.174 Head width, chest width
26 14.934 Chest width, head width
28 10.241 Earn length, head width,
head length

The significant region on CHR5 at 27.8 Mb contained a large number of genes, many related
to keratin development, involved in the formation of hair (Heid et al., 1986), horns and wound
repair (K and Pa, 1998) In addition, ACVRLL1 in the same genomic region was a growth factor,
related to endothelia and blood vessel formation (Shao, 2009). The relation of this genomic

region to the traits, chest girth, head length, head width and ear length is not clear.
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Another region on CHR5 at 67.166Mb harbored the most significant SNP nearby an
unidentified pseudogene LOC112446821. Further nearby genes were STAB2, with a proven
involvement in the bovine oviduct formation (Ulbrich et al., 2004).

The region on CHR5 at 109.5 contained multiple genes of interest, the first one being the
TRIOBP gene that was found to influence hearing impairment (Wesdorp et al., 2017). This
gene could be of relevance to the cranial traits, although the proven effect seems to influence
hair cell stereiocilia that is essential for hearing (Kitajiri et al., 2010), rather than the cranial
cavities. Another interesting gene in the same region was the ANKRD1 gene, influencing
height at withers in horses (Al Abri et al., 2018) .

The very beginning of CHR7 at around 0.5Mb contained a genomic region of interest, with
two genes almost on the top of the most significant SNP. The FLT4 gene was involved in the
proliferation and growth in cattle (Keogh et al., 2019; Seabury et al., 2017). Interestingly, it
was also an endothelial and vascular growth factor similarly to the genes found on CHRS, and

involved in the bovine oviduct formation (Garcia et al., 2019) .

The region on CHR7 at 49.3Mb harbored a fairly large number of genes. Among the relevant
ones for the quantitative traits belongs the SPOCK1 gene, a growth factor (Miao et al., 2013),
which appears to have influence on proteoglycans. Proteoglycans are a critical part of the
extracellular structure, that act as a filler substance between the cells of the organism, but also
act in a complex way to trap soluble growth factors in the hematopoietic cells and supportive
tissues of the organism (Kaneko et al., 2008). Another gene of great interest in the same region
is EGR1 gene, a transcription factor with important roles in various cell types in response to
different stimuli, in particular when it comes to the influence on bovine skeletal muscle via

regulation of the MyoG gene expression (Zhang et al., 2018).

The genomic region that was found as significant on CHR8 at 89.0 Mb did not contain any
genes. The closest gene to this location was the MEF2C at 88.2 to 88.4 Mb with high relevance
to growth. This gene, also known as Myocyte Enhancer Factor 2 plays a pivotal role in
morphogenesis and myogenesis of skeletal, cardiac, and smooth muscle cells (Juszczuk-
Kubiak et al., 2011). It was also shown to influence the growth of bovine muscle development
in various stages of life in both Holstein and Limousin cattle (Juszczuk-Kubiak et al., 2014).
An extremely interesting point is also the connection of the MEF2C gene to the development
of the cardiovascular system (Xu et al., 2012). Although, Xu et al. (2012) highlights the

importance of MEF2C in relation to retinal vessel loss, which is not closely related to the
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quantitative traits studied in this paper. This is the second occurrence along with the FLT4 gene
on CHR7 when genes appear to have a pleiotropic effect related to development of the
cardiovascular system and muscle growth. These findings put also the previously identified
ACVRL1 gene on CHR5 into a new perspective. Although it was previously characterized only
related to the cardiovascular system, we could hypothesize about its additional pleiotropic

effects for growth following the same logic as for MEF2C and FLT4.

There were no genes of any kind located in the significant region at 46.7Mb on CHR9. The
other region at CHR9 at 82.8Mb contained several genes such as UTRN, EPM2A, FBX030,
SHPRH and GRM1, but none of them with an apparent effect on quantitative size traits.

On CHR 11 the region around 21.2 Mb was found significant for a number of traits. This region
harbors the GALM gene involved in glycol-metabolism and meat quality traits in cattle (Zhang
et al., 2018). This genomic region was also identified to harbor a selection signature for body
weight in Korean breeds (Edea et al., 2020). The gene TMEM178A was found to be
suggestively associated with loin muscularity in multiple beef cattle breeds (Doyle et al., 2020).
In the same region was the MAP4K3 gene, involved in the Trypanosome resistance of the
N’Dama cattle (O’Gorman et al., 2009).

The region on CHR11at 59.1Mb contained only LRRTM4, a single gene spanning about 1Mb
in length. This gene was previously found to be associated with milk yield traits and mastitis

resistance (Cai et al., 2020), as well as yearling weight in Hanwoo cattle (Li et al., 2017).

The most significant SNP on CHR14 was directly on the top of the KHDRBS3 gene, found to
be associated to fat deposition in cattle (Nayeri and Stothard, 2016; Seabury et al., 2017), as
well as cell growth and proliferation in a study of Brazilian Nelore cattle (Mudadu et al., 2016).

On CHR16 the most significant SNP at 55.8Mb was the nearest to the gene GPR52 with no
apparent connection to size or growth traits, but it is involved in feed efficiency in Bos indicus
beef cattle (Alexandre et al.,2018). The CACYBP gene in the same region was related to
skeletal muscle function in Holstein cattle (Sadkowski et al., 2008).

The CHR20 contained a single region of interest at 11.5Mb, with PIK3R1 as the only protein
coding gene, and the most significant SNP in our analysis on the top of it. The gene itself is
involved in various cellular processes including cell survival, growth, proliferation and motility
(Donini et al., 2012). In cattle, it has been shown to be associated to milk production traits (Han
etal., 2019).
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The significant region at CHR21 at 55.1Mb contained a lot of genes, but none of them had a

plausible effect on size or growth traits that could be mentioned here.

The most significant SNP on CHR22 was at around 55.3Mb, containing the DNAJB8 gene
previously identified as a heat shock protein gene in cattle (Ajayi et al., 2018). Also the
RUVBL1 gene nearby appears to contribute to thermo-tolerance mechanisms in African cattle
(Taye et al., 2017). The EEFSEC gene in the same region was identified having a pleiotropic
effect in milk traits in Nordic Holstein (Cai et al., 2020) and amino acid concentration in

Japanese Black beef cattle (Sasago et al., 2018).

The top SNP on CHR23 was just nearby the FOXP4 gene at 15.3Mb. Although there is no
specific information related to this gene in particular, the members of the FOXO gene family
are known to be involved in numerous gene pathways, including growth in cattle (Sun et al.,
2016). The neighboring MDFI gene influences muscle development (Hou et al., 2018). This
part of the genome, with all genes around our most impactful SNP in our analysis was also
highlighted as being positively selected towards Zebu genotypes in relation to Bovine

leucocyte antigen (BoLA) region (Goszczynski et al., 2018).

The most significant SNP on CHR25 at 19.2Mb is directly on the top of the unidentified protein
coding ATP-binding cassette sub-family a member 3-like LOC524391 gene, with no further
information available on it. The other genes in the region are DNAH3, ZP2 influencing fertility
(Hinsch and Hinsch, 1999; Rezende et al., 2018) and feed intake (Chen et al., 2011) in cattle.

On CHR 26 at 14.9 Mb resides the MYOF gene witch has a proven effect on muscle biology
(Sorbolini et al., 2017). Apart from this function, members of the ferlin family, of which
Myoferyn is part of seem to regulate vascular endothelial growth, similarly to other genes
highlighted in the current study. The RBP4 gene also from the same region was found to be
involved in the insulin signaling pathways and glucose metabolism, with effects on growth and
weight traits in cattle (Wang et al., 2010).

On CHR28 at 10.2Mb the most significant SNP was directly on top of a large gene RYR2, but
his was without an apparent connection to growth traits or any other relevant aspect of the

current study.
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4.3. Genome-wide association for trypanoresistance
The results for genome-wide association for tolerance against trypanosomiasis in the purebred

Baoulé cattle (Table 11) indicated two significant genomic regions (Figure 13).

Table 11: Chromosomes with significant effects for Trypanosomosis status

Trypanosomosis status Chromosome number Number of analyzed
individuals
Purebred Baoulé 16,24 332
Crossbreds 5 278
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Figure 13: Significant SNPs related to resistance against trypanosomiasis in the purebred
Baoulé cattle (blue line = indicative threshold —log10(p) = 5; red line = Bonferroni
threshold —log10(p) = 5.86)

The first signal was on CHR16 at 6.4Mb. Just 200kb downstream of our most significant SNP
was the CFH gene. This gene was first identified in an epidemiology context in connection to
malaria, where it acts as a negative regulator of complement to protect host tissues from
aberrant complement activation (Kennedy et al., 2016). Based on these functions, the CFH was
selected as a candidate gene as it could produce protein products that are involved in the Human
African Trypanosomiasis (Kimuda et al., 2018). In the study of Tiberti et al., (2010), the CFH

was not found as a promising candidate, as it did not fulfill the arbitrary criteria to be selected
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in this study. Our results in the Baoulé cattle are closer to the findings of Ahouty et al., (2017),
who identified CFH as a candidate gene related to African Human Trypanosomiasis. The other
of the two protein coding genes in the same region was KCNT2, which does not seem to be
relevant for trypanoresistance, although it was found to be connected to other disorders, such

as ketosis (Freebern et al., 2020) and metritis (Guarini et al., 2019) in Holstein cattle.

The second significant region for trypanoresistance in our purebred Baoulé cattle data set was
on CHR24 at 22.5Mb. The most significant SNP was on the top of the LRRN1 gene, which
was not found to be in a direct connection to trypanosomiasis. The CRBN gene however at
around 23.1Mb, so around 600kb upstream from our signal is a more promising candidate. The
CRBN gene forms the Cereblon protein, and its orthologs are highly conserved from plants to
humans, which underscores its physiological importance. Cereblon forms an E3 ubiquitin
ligase complex, which in turn was shown to have parasite-specific effects, in particular in
connection to malaria (Jain et al., 2017). This pattern of an effect related to parasite and malaria
are reminiscent of the CFH gene as discussed above, which was also previously connected to
malaria, an another parasite borne disease. Along the same lines, we hypothesize that this gene
could be an additional candidate for trypanosomosis resistance that was not highlighted in any
of the previous studies. The two additional nearby genes TRNT1 and IL5RA also seem to be
involved in immunological processes (Scott et al., 2020; Villarreal-Ramos et al., 2018; Zhu et

al., 2020), which could be also relevant for the trypanosomiasis resistance in cattle.

In crossbreds, the most significant SNP was in a gene sparse region of CHRS (Table 11) at 16.1
Mb (Figure 14).
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Figure 14: Significant SNPs related to resistance against trypanosomiasis in crossbreds
cattle (blue line = indicative threshold —log10 (p) = 5; red line = Bonferroni threshold —
10g10 (p) = 5.86)

The closest gene to the most significant SNP was the MGAT4C about 150kb downstream,
which was found to affect the growth rate in buffaloes (de Araujo Neto et al., 2020), seemingly
not in direct connection to trypanosomiasis. An indirect lead to its connection could be that the
MGATA4C gene was also identified as a QTL for Cytokynes (Li et al., 2016), which are proteins

produced by T-lymphocytes as an immunological response to viral and non-viral antigens.

The second gene about 600kb downstream of the most significant SNP is NTS (Neurotensin),
whose degradation is mediated by the enzyme of the T. brucei prolyl oligopeptidase gene,
providing a clear connection to trypanosomiasis and the sleeping sickness disease that it causes.
The POP Tb enzyme of the T. brucei might not completely deactivate the peptides, as NTS
generated products with weaker affinity for their receptors (Bastos et al., 2010). A similar effect
was discussed also in Morty et al., (2006) about the influence of peptidases released by
trypanosomes that could affect regulatory peptides such as neurotensin and gastrin.
Interestingly, the other genes related to trypanosomiasis, identified in our study (TRNT1 and

IL5RA) were also connected to immunological response.

Although the regions identified in our study seem to be relevant to the trypanoresistance, we

did not found an overlap between our results and some of the notable previous studies. In
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N'Dama cattle Hanotte et al, (2003) mapped QTL associated with trypanotolerance on 18
different cattle autosomes in F2 crosses of trypanotolerant N’Dama and trypanosusceptible
Boran cattle. They showed independent genetic control for parasitaemia and body weight, with
most QTLs having minor effects and the major ones being located on chromosomes 2, 4, 7, 16
and 27. Subsequently, expression analyses in blood cells reported pathways and genes
differentially regulated in trypanotolerant N’Dama and trypanosusceptible Boran (Gachohi et
al., 2009; Noyes et al., 2011). Genes such as TICAM1, ARHGAP15, SLC40A1, GFM1 and
INHBA have been proposed as candidate genes for trypanotolerance (Dayo, 2009b; Noyes et
al., 2011). More recently, full genome sequence analysis reported several candidate genome
regions under positive selection in N’Dama cattle including genes with functions related to
immunity, anaemia and feeding behaviours that may be linked to the trypanotolerant
phenotypes (Kim et al., 2017; Taye et al., 2017). Tijjani, (2019) considered the common
candidate genes in Muturu and N’Dama breeds and reported pathways linked to
trypanotolerance in West African taurine population as well as selected candidate genes in
Muturu cattle only. In total, the authors identified 20 candidate genes in West African taurines.
Functional annotation and enrichment analyses based on Reactome pathways in PANTHER
verl3.1 (Thomas et al., 2003) confirmed their relevance in response to trypanosome infection
pathways. They are all members of the major histocompatibility complex (MHC) class 1l with
related functions in immune responses. Although our results also point into the direction of
genes involved in immunological response, we did not find exact overlaps with regions
identified in Tijjani, (2019) and Hanotte et al, (2003).

4.4 Global Admixture and local ancestry estimation

The genomes of crossbred Baoulé x Zebu cattle comprise a mosaic of ancestral haplotypes
formed by recombination occurring at every generation. The boundaries and origin of each
ancestral segment can be reconstructed along each chromosome by statistical methods, which
estimate ancestral allele and haplotype frequencies and their distribution in the crossbred
populations. The determination of the admixture level and the average ancestry in positive and
negative crossbred animals is very important for a better understanding of trypanoresistance in

south-west African cattle.
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4.4.1. Global admixture of all animals

The individual admixture proportions using the full set of SNPs were estimated for all pure and
admixed animals and are presented in Figure 15. The distribution of the global admixture
proportions for the 802 animals is presented in (Figure 16). Notably, we detected 91 cattle with
a Baoulé ancestry > 0.995 among the presumed crossbreds, which we excluded from the

subsequent analysis of local ancestry in admixed animals.

Global admixture levels in Baoulé = Zebu crossbred cattle
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Figure 15: Global Admixture in Baoulé- Zebu Crossbred cattle with the full set of 31612
single nucleotide polymorphisms (SNPs).
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Figure 16: Distribution of the global admixture proportions for 802 animals with the full set
of 31612 single nucleotide polymorphisms (SNPs)

The high amounts of global admixture observed in the taurine cattle population in the three
studied departments of Burkina Faso indicated mixed genetic backgrounds of the cattle in
Borouom-Bouroum, Kampti and Loropeni (Figure 15, 16). The observed admixture levels
within the departments are likely due to unrestricted mating among cattle of different genetic
backgrounds. Long-distance migrations within and across countries, utilization of communal
pastures, exchange of breeding animals, and uncontrolled mating facilitate constant gene flow.
Houessou et al., (2019) explained this situation by lack of selection and high levels of gene
flow due to cyclical cross-border cattle herd movements known as “transhumance” and
extensive commercial transactions of cattle in the West African region.

The uncontrolled mating in extensive production systems, which are typically practiced in West

Africa, can lead to the introgression of Zebu genes in the small taurine cattle population, which
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represents a threat to their genetic integrity (Dossa and Vanvanhossou, 2016), and might lead
to a potential dilution of their trypanotolerance (Albert et al., 2019; Traoré et al., 2015). The
increasing importance of Zebu in the south-western region of Burkina Faso might endanger
Baoulé cattle in the long term. Thus, suitable management is required for the sustainable use
of local breeds, and recently community-based breeding programs (CBBP) for Baoulé cattle
and their crossbreds have been implemented (Ouédraogo et al., 2020). Within the CBBP, Zoma
et al., (2020) identified four distinct types of cattle production systems sedentary Lobi farms,
sedentary crossbreed farms, semi-transhumant Fulani Zebu farms, and transhumant Fulani
Zebu farms. The admixture between Zebus and Baoulé cattle observed in this study could be
due to differences in the production systems. Furthermore, notable size differences between
purebred and crossbred Baoulé were confirmed (Yougbareé et al., 2020) and breeders prefer to
have large animals like Zebu cattle. As shown in Figure 15, we identified several purebred
Baoulé cattle that had been considered as admixed based on the sampling information. These
animals originated from the populations of Loropeni and Bourboum-Bouroum where the

farmers have a preference for breeding purebred Baoulé (Zoma et al., 2020).

4.4.2. Different local ancestry in trypanosome positive and negative Baoulé x Zebu crosses

The average ancestry estimation for every single SNP was performed across 29 autosomes for
trypanosome positive and negative Baoulé x Zebu crossbreds, respectively. In general,
trypanosome negative individuals showed a lower average admixture rate (0.548 £ 0.026) and
higher amounts of Baoulé ancestry than positive ones (0.552 + 0.030) (p < 0.001). The
permutation tests over all chromosomes indicated significant local ancestry deviation from the
average (above the 5% and 10% genome-wide thresholds) in chromosomes 8 and 19 for
trypanosome positive crossbreds (Figure 17), and in chromosomes 6, 19, 21 and 22 for
trypanosome negative animals, respectively (Figure 18).
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The local admixture proportions for these chromosomes are presented in Figure 19 and for all

other chromosomes in Figures S1 and S2
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Figure 19: Individual admixture proportions across chromosomes 6, 8,19,21,22 for the 244

trypanosomose positive and 266 negative crossbreds as determined by LAMP

We further visualised the deviations from the average ancestry in the respective chromosomes
and identified regions of higher delta ancestry (wide peaks) on chromosome 8 between 35-50
Mb and in chromosome 21 between 20-35 Mb and 40-50 Mb, respectively (Figure 20). The
delta ancestry for all other chromosomes in Figures S3 and S4. These genomic regions might

harbour candidate genes associated to tolerance or susceptibility of trypanosomaosis.

62



Trypanosome positive hybrids

02
0.0
-0.2

02
0.0
-02

02
0.0
-02

Delta ancestry

02
0.0
-02

02
0.0
0.2

Chromosome 6

e e
IR S e SRR Ry R o e SRR A s IR,
| R N i B [ DR CEE EE RO R
0 10 20 30 40 50 60 70 80 90 110 130
SNP Position (Mb)

Chromosome 8
_:‘-&:M __________
T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 120
SNP Position (Mb)
Chromosome 19
e i e e e e
T T T T T T
0 10 20 30 40 50 60 70

SNP Position (Mb)

Chromosome 21

SNP Position (Mb)

Chromosome 22

SNP Position (Mb)

-02

-0.2

-0.2

-0.2

-0.2

Tryeanosome negative hybrids

Chromosome 6

02

0.0

T 1 I I 1 I I 1 I I 1 |

0 10 20 30 40 50 60 70 80 90 110 130

SNP Position (Mb)

Chromosome 8

02

0.0

0 10 20 30 40 50 60 70 80 90 110

SNP Position {Mb)

Chromosome 19

0.2

0.0

SNP Positicn (Mb)

Chromosome 21

02
0.0

SNP Position (Mb)

Chromosome 22

0.2

0.0

SNP Position (Mb)

Figure 20: The delta ancestry across chromosomes 6, 8, 19, 21and 22 for the 244 positive

and 266 negative crossbreds trypanosomosis status

In a recently admixed population, ancestral populations have been mixing for a relatively small

number of generations, resulting in a new population with different proportions from the

original populations (Khayatzadeh et al., 2016). Due to recombination events, the genomes of

admixed individuals are fragmented into shorter genome regions of different ancestries

(Racimo et al., 2015). Local ancestry analysis of admixed populations has been successfully

used to detect recent selection in admixed Swiss Fleckvieh cattle (Khayatzadeh et al., 2016).

In our study, we applied this approach to identify significantly different local admixture levels
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and detected five chromosomes with higher deviation from the average ancestries, with an
excess of Baoulé ancestry, which might account for a higher resistance to trypanosomiasis.
Similarly, Decker et al., (2014) investigated the population structure of domesticated cattle and
calculated Asian indicine (Bos indicus), Eurasian taurine, and African taurine (both Bos taurus)
ancestry proportions.

We applied an approach of significance testing and performed a permutation test of
circularizing the genome by concatenating the SNPs of all autosomes in a single string, cutting
this string once and rearranging the two resulting segments, as proposed by Tang et al., (2007).
The permutation approach destroys not only the effects of selection, but also the local effects
of genetic drift; the threshold is considered non-conservative. Nevertheless, based on
simulations (Tang et al., 2007) outliers are unlikely to be due to genetic drift. Therefore, this
procedure is considered robust to correct for multiple testing to find significant signals for
selection.

We found regions deviating from the average ancestry with a higher amount of Baoulé
proportions on chromosomes 6, 8, and 19 in trypanosome negative individuals. A previous
study (Noyes et al., 2011) identified VAV1, PIK3R5, RAC1, VAV2, GAB2, INPP5D genes on
chromosome 8 to be genes under selection in Muturu and N'Dama cattle breeds in response to
trypanosomes infection. Surprisingly, we also found higher Baoulé ancestry chromosome 8
(35-50 Mb) also in trypanosome positive cattle, which could indicate that these regions harbor
beneficial Baoulé haplotypes which are not connected to trypanosomosis resistance. These
regions might harbour genes of general importance for adaptation to the environment. Some,
candidate genes on chromosome 6 at 71373513-71421283 (PDGFRA) and chromosome 19 at
41185975-41196948 (CDC6) for trypanotolerance in West African taurines have been found

on these chromosomes (Tijani, 2019). Furthermore, Smetko et al., (2015) identified
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chromosomes 7 and 22 as regions with the highest Baoulé ancestry proportion, similar to our

results.

4.4.3. Genes under potential selection identified by Fst outlier tests

We screened the genomes of the admixed animals for outlier SNPs with high Fst values and
detected seven variants with an FDR corrected threshold of p < 0.05 (Figure 21). The seven
outlier SNPs with the highest levels of Fst values are presented in Table 12, together with their

associated genes.
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Figure 21: FST outliers between trypanosome positive and negative crossbreds

Table 12: The 7 outlier SNPs with the highest levels of FST values
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Chromosome SNP name Position Genes

number

2 BovineHD0200021582 75210246  LOC100138101, LOC101902632

3 BovineHD0300017052 56576857 HS2ST1, LMO4,
ENSBTAG00000054817,
ENSBTAG00000052091

5 ARS-BFGL-NGS-110363 108172899 CACNAI1C, DCP1B, CACNA2D4,
LRTM2, ADIPOR2,
LOC101903199, ERC1, WNTS5B,
WNK1, RAD52, FBXL14

20 BovineHD2000008166 27620224 ISL1

21 ARS-BFGL-NGS-22971 11067328 LOC107131341, NR2F2,
LOC101907985

23 BovineHD4100016034 20992806 CD2AP, ADGRF2, ADGRF4,
OPNS5, PTCHDA4

23 BovineHD2300012802 44142970 PHACTR1, HIVEP1, ADTRP,

EDN1

Identifying recent positive selection signatures in domesticated animals can provide
information on beneficial mutations and their underlying biological pathways for economically
important traits. Global Fst values are one useful method to detect selection signatures across
breeds (Biswas and Akey, 2006). The seven outlier SNPs, which we identified between
trypanosome positive and negative crossbreds, were on chromosome 2, 3, 5, 20, 21, and 23.
The chromosomes BTA 2, 3, 5, and 23 have previously been identified harbouring common
candidate genes in Muturu and N’Dama breeds linked to trypanotolerance in West African
taurine population as well as selected candidate genes in Muturu cattle only (Tijjani, (2019a).

Functional annotation and enrichment analyses based on Reactome pathways in PANTHER
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ver 13.1 (Thomas et al., 2003) confirmed their relevance in response to trypanosome infection
pathways. In our study, we identified other genes (Table 12) such as LOC100138101, LMO4,
LTRM2, ISL1, PTCHD4, and HIVEP1 as genes potentially responsible for trypanotolerance.

From the previous studies genes such as TICAM1, ARHGAP15, SLC40A1, GFM1 and INHBA
have been proposed as candidate genes for trypanotolerance on chromosomes 2, 3 and 5 (Dayo,
2009; Noyes et al., 2011). We have identified on the same chromosomes but not in the same
regions. More recently, full genome sequence analysis reported several candidate genome
regions under positive selection in N’Dama cattle including genes with functions related to
immunity, anaemia and feeding behaviours that may be linked to the trypanotolerant

phenotypes (Kim et al., 2017; Taye et al., 2017).

4.4.4. Ancestry informative markers to detect admixture for routine genetic monitoring.

To reliably detect hybrids even with a smaller SNP set applicable for routine genetic
monitoring, we selected the most differentiating SNPs between Baoulé and Zebu cattle. The
100 highest Fst values ranged between 0.98 and 0.79 (Table S1). We estimated admixture
levels of the crossbred individuals using the top 15, 25, 50, and 100 SNPs (Figure S5). The
Pearson correlation coefficients r between the levels of admixture using different ancestry
informative SNP sets (allSNPs, top100, top50, top25, topl5 SNPs) were generally high and
ranged between 0.974 (allSNPs/top15) and 0.995 (allSNPs/top100) (Table 3). All Pearson

correlation coefficients were statistically significant (p < 0.001).
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Table 13: Correlation matrix between the levels of admixture using the most ancestry
informative SNP sets compared to 31612 SNPs

Top100 Top50 Top25 Topl5
allSNPs  0.995 0.992 0.985 0.974
Top100 0.997 0.990 0.981
Top50 0.993 0.983
Top25 0.992

The indigenous cattle breeds are disappearing because of indiscriminate crossbreeding by
individual farmers, and schemes for genetic improvement developed without concern for
preserving locally adapted breeds (Belemsaga et al., 2005). Many breeding programs or genetic
improvement strategies in developing countries failed due to the lack of involvement of
beneficiaries (Duguma et al., 2011). Community-based breeding (CBBP) is recognized to be
adapted to low input production systems and this approach requires full participation of farmers
in the different steps of implementation(Wurzinger et al., 2011). The implementation of a
sustainable community-based breeding program requires a good understanding of production
system, selection criteria and breeding goals (Mueller et al., 2015). In many developing
countries, livestock crossbreeding has been implemented with poor or no pedigree recording.
Thus, ancestry informative markers would provide a great opportunity to estimate the level of
admixture in a cost effective way. Sélkner et al., (2010) proposed that individual admixture
levels were estimated more accurately based on the genomic data using panels of pure reference
animals, compared to estimation based on pedigree. Getachew et al., (2017) indicated that the
Ovine 50KSNP array is a powerful tool to identify small sets of AlMs for admixture studies in

crossbred sheep populations in Ethiopia.

68



The minimum set of the 25 highest differentiating SNPs (Table S1) can be used to develop an
efficient competitive allele-specific PCR (KASP™, LGC Group, USA) genotyping assay.
KASP achieves a bi-allelic discrimination through the competitive binding of the two allele-
specific forward primers. If the genotype at a given SNP is homozygous, only one of the two
possible fluorescent signals will be generated. If the genotype is heterozygous, a mixed
fluorescent signal will be generated. Such an easy and fast genotyping array can be
implemented at any laboratory equipped with Real-Time PCR machine and can be used for
routine monitoring of hybridisation in Baoulé cattle. Understanding the relationship between
genetic admixture and performances is crucial for the success for local cattle breed
conservation and crossbreeding programs. Use of small sets of ancestry informative markers
(AIMs) is a cost-effective option to estimate the levels of admixture in situations where

pedigree recording is difficult like in Burkina Faso.
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5. GENERAL REFLECTION AND CONCLUSIONS

Trypanosomosis is a parasitic disease. It is caused by infection with trypanosomes, blood-
borne, flagellate protozoan parasites transmitted by tsetse flies (Glossina spp.). The
trypanosomes replicate in the tsetse fly and are transmitted through saliva when the fly feeds
on animal. Trypanosomosis is also mechanically transmitted by tsetse flies and other biting
flies through the transfer of blood from one animal to another.

Trypanosomosis is generally a chronic evolving disease which is usually fatal if appropriate
treatment is not established. The incubation period varies from 4 to 40 days, depending on the
involved trypanosome. The cardinal clinical sign observed is anemia that is characterized by
decrease in packed cell volume (PCV), hemoglobin, red blood cell, and white cell levels.
Parasitemia can also be observed at clinical level. The most common symptoms are: presence
of intermittent fever, edema and loss of condition; depression, lethargy, weakness, anemia,
salivation, lacrimation, nasal discharge, change of hair colour (black to metallic brown),
accelerated pulse and jugular pulsation, hard breathing. The back of a suffering animal is often
arched and the abdomen “tucked up”. As said above the symptoms are variable according to
the trypanosome that infected the animal, but most of those symptoms are observed with T.
congolense. Abortion may be seen, and infertility of males and females is a common sequel.
The disease can evolve from peracute, acute to chronic disease in cattle and the other
susceptible animals (sheep, goats, horses, camels, pigs, dogs) depending again on the

trypanosome.

In Burkina Faso, most of the animals at risk are located in the sub-humid zones that represent
32% of the total land area (Soudre, 2011). In contrast, risk of trypanosomosis is lower in the
Sahelian domain (Traoré et al., 2015) where it even doesn’t exist in some areas. Among the
livestock the Baoulé cattle, like most taurine breeds have in general inherited resistance to
trypanosomosis (trypanotolerance) that allows them to inhabit areas infested with tsetse flies.
In contrast, Zebu cattle possess no innate resistance to trypanosomosis and have only started to
penetrate the tsetse infested regions with the assistance of veterinary prophylaxis and other
control methods (Dayo et al., 2009). These migrations of zebu cattle pose a serious threat to
the genetic integrity of trypanotolerant populations of taurine cattle in the southern areas. In
this study, the genomic candidate regions for trypanotolerance and body size with high-density

genotype data of purebred Baoulé and crossbred Baoulé and Zebu cattle were investigated.
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This study is associated to community-based breeding programs as is recognized to be adapted
to low input production systems and this approach requires full participation of farmers in the
different steps of implementation. The implementation of a sustainable community-based
breeding program requires a good understanding of production system, selection criteria and
breeding goals. A breeding objective defines the direction in which the farmer aims to go

towards satisfying the demand for specific products and services from the animal.

This thesis presented the differences between purebred Baoulé and their crossbreds with zebu.
A total of 421 animals (111 males and 310 females) were included in the study. The quantitative
traits were analyzed by fitting a linear model and chi square tests were performed for qualitative
traits.

This thesis related to characterization of the Baoulé cattle is also an effort to underline its
national and cultural importance. The visual assessments of clear distinction between crossbred
and purebred animals were confirmed also in this work, when all of the 24 examined traits were
significant (Table 4), and all but one was different between genotypes. The effect of age was
significant for 18 traits, and the effect of sex for 12 traits. These apparent and proven
differences in morphological and size traits are relevant, considering the importance of the
purebred Baoulé cattle in cultural practices. We show that the crossbred status is easily
detectable even in an environment where the routine animal recording is not in place, with
increased crossbreeding practices potentially leading to diminished purebred stocks and

maintenance of cultural practices.

In addition to the differences between purebreds and crossbreds, the crossbred groups kept in
different regions and production systems were also distinct (Table 5). The reason for these
differences could be feed availability, but also ethnic differences of the livestock breeders and
their preferred sedentary or transhumant lifestyle, in response of the seasonal variability in feed
resources. Compared to animals from sedentary herds, the animals from transhumant herds

tend to be larger, with higher zebu proportions.

The large variability of qualitative traits, such as horn shape and color traits, indicates their
lack of importance in the definition of breed characteristics of local breeds. The lack of strong
section on these traits is in a stark contrast to e.g. European breeds, where a unified appearance

in one of the hallmarks of the breeds.
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An additional important advantage of Baoulé cattle, in addition to its cultural relevance, is its
trypanoresistance. This characteristic was duly recognized throughout the thesis work, with a
main goal to identify genomic regions that harbor genes related to resistance to trypanosomosis.
GWAS studies were performed with trypanosomosis positive and negative animals as the
observed phenotypes. The recognition of the potential differences between purebred and
crossbred Baoulé cattle resulted into separation of these data sets into separate GWAS analyses.
The GWAS results were not extremely clear in terms of signals, with only single SNPs
denoting regions of importance, and not a large number of SNPs in the same location, as seen
in some other studies. In the purebred Baoulé analysis there were two such regions (on CHR16
and CHR24), and in the crossbred set only one (on CHR5). All signals indicated highly relevant
genes, however, with direct connection to trypanosomosis, or other similar diseases caused by
blood parasites (e.g. malaria). For some of these genes (CFH, TRNT1, IL5RA, MGAT4C and
NTS) we have confirmed results of previous studies by their connection to trypanosomaosis,

while CRBN was to our knowledge identified in this context for the first time.

The continued fight against trypanosomosis has major importance to the health of both human
and livestock populations. The genetics of individuals seem to affect the outcome of the
disease, yet there were no genomic regions and genes consistently identified throughout
independent association studies. Also, in our case we have identified genes highly relevant to
the disease, but did not confirm genes and regions identified in other livestock populations.
The reason could be in a generally complex and elusive nature of the genetics of
trypanosomosis response, but also in the differences among these response mechanisms

between breeds.

The differences in response to trypanosomosis were also apparent among the Baoulé and zebu
crossbreds. Few of the crossbreds showed resistance similar to Baoulé cattle, others
succumbing to the disease, similar to purebred zebus. These differences were most likely

caused by the breed ancestry of respective genomic regions in crossbreds.

The global admixture studies revealed a wide range of admixture, from almost pure Baoulé to
almost pure zebu, all being labelled as “crossbred”. This finding was consistent with
expectations, given the lack of animal recording and strict breeding practices in the study areas.
The global crossbreeding levels were not good indicators of trypanosomosis resistance,

however.
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More precise analyses of local admixture were performed to uncover genomic regions related
to trypanoresistance in crossbreds. The top 10% of the extreme deviations from the average
ancestry levels in favour of Baoulé cattle were denoted as potential regions of interest, given
the proven trypanoresistance of this breed. Chromosomes 6, 8, 19, 21 and 22 contained such
regions of higher ancestry proportions of Baoulé cattle. These results suggest that selection on

these regions being of Baoulé ancestry increases the trypanoresistance of crossbreds.

In addition to endeavors related to trypanosomosis we have identified a set of ancestry
informative markers that could be used as a cost-effective means of identification of breed
proportions in Baoulé x zebu crossbreds. It was shown that a set of 25 carefully selected SNPs
could be equally well used to identify breed proportions, even in the absence of pedigree
information. The low costs and relatively lower technical requirements associated with this

approach allow large scale application of genomics in the breeding programs of Burkina Faso.

Generally, the results of this thesis will serve as basis for further characterization, conservation
and improvement strategies for purebred and crossbred populations. Information about best
levels of admixture and the most important parts of the Baoulé genome regarding the resistence
to trypanosomiasis is a premise of more effective and sustainable use of trypanotolerant types
of cattle, in both purebred and crossbred populations.

This study will contribute to a better understanding of the mechanism of trypanotolerance and
will allow building a suitable breeding strategy in the south — western region of Burkina Faso.

Thus, the following recommendations are given:

* The Baoulé breed, well known for its trypanosomosis resistance, is threatened by
crossbreeding with Zebu cattle. The morphometric characterization is the first step and a
suitable breeding strategy must be built for its preservation.

» While we were able to identify a number of candidate regions and associated candidate genes
with plausible connection to trypanosomiasis and other parasitic diseases, the precise genetic
control underlying the trypanoresistance in Baoulé cattle was not confirmed with certainty. In
future, research should continue and further studies should be conducted, focused in particular

on genomic analyses of targeted case-control trials, involving large cattle cohorts.

« Based on the results from our research it is plausible that the other livestock genetic resources
and indigenous breeds of Burkina Faso also harbor genomic regions responsible for adaptive

traits in general, and trypanosomiasis resistance in particular. The Ministry of Animal
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Resources and Fisheries of Burkina Faso through their genetic conservation section is advised
to conduct similar studies on all local breeds in Burkina Faso, to fully capitalize on their genetic

potential.
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ANNEXES
Annex 1. Questionnaire

MORPHOLOGICAL TRAITS CHARACTERIZATION OF TRYPANOTOLERANT ANIMALS

INDIVIDUAL DATA OF INQUIRY
MEASUREMENTS AND OBSERVATIONS PHENOTYPIC (1)

IDENTIFICATION OF SURVEY

Name and first name of investigator: Number of questionnaires:
Date of investigation: _/ [/ Province :
Village/Site : site code :

IDENTIFICATION OF ANIMAL

Identification: Date of birth: _/ /  Age: Sexe: M/ F
Type genetic Dateentryinthe herd: _ / /  Entry mode: Birth / Buy

Genetic type of mother: _Identification of mother:

Genetic type of father: _ Identification of father:

‘ HEAD AND HORN MEASUREMENT

Head length

Head width

Cranial length

Cranial width

Facial length

Facial width

Muzzle circumference

Horn length

Distance Point -point horn

Distance Base-Base horn
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Earn length

* Bind the order number in herd number: for example, order number 1.3 for the first herd and 3rd herd animal in

the province

Head profile

Concave Il
Convex Il

Rectilinear Il

Color of muzzle

Pigmented [

No pigmented [

Evelid pigmentation

Pigmentation (black) [

Not pigmentation (white)[]

Color of horn

Black [
White [
Brown [J
Grey [
Two coloured []

Dewlap size

Well developed
Poorly developed

[ O

Small developped []

Presence of horn:
Yes [
No ]

Ears position

Horizontal

Drawn [

Falling
Head Tache

Yes

No

Color hoof
Pigmented

No pigmented []

Cephalic profile

Concave ]
Convex ]
straight ]

Hump position

Absence ]
thoracic ]
Cervicothoracic [

Backline
straight ]
Concave U]

Convex U
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Horn shape
Short [

Long [
Polled [
Cup O
Crescent []
Lyre [
Wheel ]
Crown [
Spirale []
Backwards []

MEASUREMENT OF BODY

Heigth at weithers

Thorax depth

Heigth at sacrum

Length of scapula-lschium

Chest depth

Chest width

Tail length

Shoulder Width

Hip width

Height at hips

Ischium width

Pelvic width

Basin lenght

Height of the hump

Rump length
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Heart girth

Teat Length

Body length

COLOUR OF COAT

General of the dress appearance:

Type of hair

Uniform L]
Presence []

Pied O]

Absence O]

Speckled []

Coat color

Black
black - pied
White

Red

Red- pie
Roan

Fawn

Sand

Grey

Diluted fawn
blond
fawn-blond
dun-red
Fawn-red

white variegations
Irregular

white head

lateral color

white belt

lateral depigmentation

Black hair in legs
Short ]

Medium ]

Long (]
Curly (]
Straight (]

Blackness

slightly charred ]
medium charred L]
charred strongly (]

Spotting pattern

OO0U0oooo™

Absence [
Pied O
Spotted []

Sooty pattern
Absence [

[
O
(] Light ]
L] Apparent []
L Strong [
O

Brindling
slightly brindle []

O

(] Medium brindle [l
(] strongly brindle [
Il
[
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Brindle

Absence [
Light ]
Apparent[]
Strong [l
Particular of the coat
stripe mullet Extremity
Inverse [ Charred Il
Dark [ faded [
Color of chignon Discolored abdomen
Yes Il Yes [
No ] No ]
If yes, specify color------------------mememeoee--
Speckle Colored belly
Yes ] Presence
No ] Absence
White blazens Dorsal stripe
Presence Absencel[]
Absence Black [
Presencel]
Local name of the breed
BREATS OF THE FEMALE
Development of breasts
Developed (]
Medium ]
Small ]
BLOOD SAMPLE
The blood of animal was taked? Yes [ If yes, specify the tube code:
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Annex 2. Supplementary table
Table S1: The 100 highest differentiating SNPs according the FST value

Chromosome

number

~ o1 O1

13

13
13
18

~ o1

12

A w NN o1

B = =
o 00 Ulolg g ©ON

N NN OTOO DN O N

= = A
O~ ODMNWDNDEFEO

SNP-Name

BovineHD0500014038
ARS-BFGL-NGS-4763
BovineHD0700014767
BovineHD1300012337
ARS-BFGL-NGS-67960
BovineHD1300010688
BovineHD1300014423
ARS-BFGL-NGS-11936
BovineHD0500018676
BovineHD0700019952
BovineHD1200008699
BovineHD0700015011
ARS-BFGL-NGS-100547
BovineHD0200008300
BovineHD0300016644
BovineHD0400011124
BTA-31783-no-rs
BovineHD0900021248
BovineHD0500006844
BovineHD0500026582
BovineHD0500035017
BovineHD1500020125
Hapmap52308-rs29009652
ARS-BFGL-NGS-101656
BovineHD0700021133
BovineHD0900021283
BovineHD0200020386
BovineHD0600032704
Hapmap41950-BTA-72999
ARS-BFGL-NGS-15459
BovineHD0700008786
Hapmap30596-BTA-161397
BovineHD1600011216
BovineHD1100014651
ARS-BFGL-NGS-83221
BovineHD1300022886
BovineHD0200020335
BovineHD1000017894
BovineHD0400019264
BovineHD4100003413

Position

48684632
56585423
50596886
42418952
34263481
36956520
49869007
25653308
66809794
68127848
29542838
51739128
66784879
28396626
55064457
40104459
19982250
76270904
23543325
93664518
119886893
69707369
54470798
41992472
71697239
76385110
70972553
115296748
26082666
23756162
31011979
69939162
39118839
49934803
70719167
79109584
70770040
61946034
70100877
9211843

FST-Value

0.983051
0.964319
0.949183
0.949183
0.92997

0.915361
0.913063
0.912438
0.911919
0.911919
0.911919
0.911294
0.906898
0.898467
0.898467
0.898467
0.898467
0.897829
0.895597
0.894536
0.894536
0.893883
0.893871
0.891385
0.881588
0.881588
0.880937
0.880937
0.878144
0.877495
0.876847
0.874726
0.874726
0.864721
0.864058
0.863395
0.862019
0.860705
0.859211
0.857857
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12

13
19
10
11

20
12
14
11

~N w

11
19

12
20
10
10
13
18
12

~N A

o

BovineHD1200008803
BovineHD0600013238
Hapmap57282-ss46526266
BovineHD1300008042
UA-IFASA-6210
BovineHD1000025823
BovineHD1100011251
BovineHD4100004930
BovineHD2000004622
BovineHD1200007107
BovineHD1400012544
BovineHD1100014397
BovineHD0400022404
BovineHD0300035702
BovineHD0700015218
BovineHD4100007585
ARS-BFGL-BAC-11783
BovineHD1900006203
Hapmap51282-BTA-67903
BTA-70284-no-rs
BovineHD1200008483
BTB-01300413
BovineHD1000011295
ARS-BFGL-NGS-28776
BovineHD1300016722
ARS-BFGL-NGS-15837
BovineHD1200014463
BovineHD0700014460
BovineHD0400014383
Hapmap35191-

BES11 Contig367_1030
BovineHD0500018581
Hapmap33430-BTC-037618
BovineHD1700000823
BovineHD1300022893
BovineHD0200002852
BovineHD0400022134
BovineHD1300009238
BovineHD0300027088
BovineHD0800021888
BovineHD1800016466
Hapmap53284-rs29015774
BovineHD0300028475
BTB-00272418
BovineHD1100004099

29864049
48243519
95924827
27686629
59715027
90327707
37930714
46808748
15282042
23573797
44320278
48966315
81050716
117337293
52757805
76516167
74603943
21678830
55187147
41895490
28644619
15253542
36041911
17377774
58378178
62591127
52404316
49961510
52024984
55144387

66379267
41588847

3479572
79143377
10166949
80034734
31608219
94006679
72806242
56446320
55327770
98991477
96493695
12441952

0.855593
0.855501
0.85154
0.84787
0.84787
0.847194
0.847194
0.846518
0.844948
0.843281
0.843281
0.83987
0.8392
0.836942
0.836942
0.831153
0.831034
0.831034
0.830345
0.830345
0.830345
0.830345
0.829655
0.8219
0.8219
0.8219
0.820535
0.816846
0.816167
0.815489

0.814215
0.814215
0.814215
0.813875
0.813512
0.813512
0.813512
0.812808
0.812808
0.812104
0.809708
0.808481
0.808481
0.807782
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AN R OO

14
15
16

BovineHD0600015761
BovineHD0400011578
BovineHD1300016713
BovineHD0100013052
BovineHD0600032874
BovineHD0700010226
BovineHD0900017167

Hapmap40862-BTA-100125

BovineHD0600012731
BovineHD0500025003
BovineHD0100003512
BovineHD0200002816
BovineHD0400033226
BovineHD1400014933
BovineHD1500012190
BTB-01226007

57608133
41938042
58347218
45719178
115853782
35704892
62432661
62144546
46730204
88134041
11155914
9928973
114860030
52870232
43894485
32591482

0.806384
0.803254
0.803245
0.800582
0.800582
0.800582
0.800582
0.800582
0.798352
0.797661
0.797414
0.797414
0.797414
0.797414
0.797414
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Annex 3. Supplementary figures
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Figure S1: The local ancestry estimation plot for 29 autosomes chromosomes for 266
trypanosomes negative, in Baoulé X Zebu crossbred cattle, excluding CHR 6,8,19, 21, and

22 which are presented in Figure 19
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Figure S2: The local ancestry estimation plot for 29 autosomes chromosomes for 244
trypanosomes positive, in Baoulé X Zebu crossbred cattle, excluding CHR 6, 8,19,21,22 which

are presented in Figure 19

108



7 Pustien (ME)

Figure S3: The delta ancestry for 29 autosomes chromosomes for 244 trypanosomes positive,

in Baoulé X Zebu crossbred cattle, excluding CHR 6, 8,19,21,22 which are presented in Figure

20
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Figure S4: The delta ancestry for 29 autosomes chromosomes for 266 trypanosomes negative,
in Baoulé X Zebu crossbred cattle, excluding CHR 6, 8,19,21,22 which are presented in Fig.

5which are presented in Figure 20
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Figure S5: the admixture rate of the top 100, 50, 25 and 15 differentiating SNPs according the
Fst value
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