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Summary Different breeding systems associated with specific bovine genetic resources have coexisted in

Burundi. To prepare for the development of a national action plan for the improvement of

bovine genetic resources in Burundi, we aimed at performing genetic characterization of

Ankole and Ankole 9 European crossbred individuals and assessing the effect of European

ancestry on milk productivity of cows kept under the mixed crops livestock system. To that

end, we genotyped 37 Ankole and 138 crossbred individuals on 42 636 SNPs and combined

these genotypes with those from 21 cattle breeds, representative of the bovine genetic

diversity. We also measured milk yield not suckled and estimated suckled milk. Given the

results, we confirmed the indicine 9 African taurine admixed origin of the Ankole in Burundi

and showed that crossbred individuals present a high proportion of European ancestry (i.e.

57% on average). As the proportion of European ancestry increased, milk yield increased by

0.03 � 0.01 l/day, at a lower extent than expected. We also observed that breeders were

unable to correctly evaluate the European proportion in their livestock. Our results may

provide useful information for objective dairy breeding in Burundi. As an example, an ex-situ

conservation program of Ankole within the framework of value chains is proposed as an

accompanying strategy to improve the sustainability of the crossbreeding program.

Keywords crossbreeding, daily milk yield, ex-situ conservation, genetic diversity, mixed

crops–livestock system, smallholdings

Introduction

In Burundi, growth and high density of human population

are responsible for the reduction in pasture land. This

ongoing reduction restricts animal mobility and elicits a

decrease in the number of cows per households. The

traditional extensive agro-pastoral system (TEAP), which

consists of letting animals graze from morning to evening

and come back to night shelters, is gradually being replaced

by the mixed-crops livestock system (MCLS), in which cows

are mainly confined during the day and fed with forage and

crop residues. The MCLS thus has become the most frequent

system in smallholdings (with one to three head per farmer)

commonly found in Burundi. Indeed, it is less expensive

than TEAPs in terms of space and less expensive in terms of

investment than is the dairy intensive system, which is

developing around major cities, especially around Gitega

and Bujumbura, where the demand for fresh milk is high. It

also has the advantage of producing high quantities of

manure used for crop fertilization, which is of interest in

Burundi where lands are overexploited. At the global level,

this system is also recognized to be the most resilient to

climate extremes, to improve nutrient recycling and to

increase income diversity (Weindl et al. 2015).
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Local breeds, such as Ankole, are characterized by poor

dairy potential but valuable adaptation to harsh environ-

ments (e.g., Wurzinger et al. 2006). In contrast, dairy-type

European taurine (EUT), such as Holstein, are characterized

by high milk potential and poor adaptation to harsh tropical

environments (e.g. Tadesse & Dessie 2003). In the 1993

post-conflict context of Burundi, the government, with the

support of technical and financial partners, promoted the

importation of Holstein crossbred cows from Uganda to be

given to rural poor smallholders. Indeed, it was believed

these crossbred cows would be well adapted to MCLS and

produce more than would pure local breeds raised in the

same breeding system. As a consequence, the cattle

population in Burundi is now mainly a mix of crossbred

cows. However, thus far no study has reported on the use of

genetic markers to assess the importance of EUT cattle

introgression in Burundi cattle. It is also unknown by how

much the introduction of EUT crossbred individuals has

been improving milk productivity in MCLS. Indeed, cross-

breeding programs in the tropics face several challenges

that may limit the advantages of heterosis and breed

complementarity and jeopardize the sustainability of the

system (Galukande et al. 2013; Leroy et al. 2015).

This preliminary study aimed to (i) genetically charac-

terize the Ankole breed from Burundi and the crossbred

populations and (ii) identify the genetic contribution of EUT

ancestry in crossbred cows kept under the MCLS of Burundi

and its effect on daily milk yield (DMY). Because non-

genetic factors, such as parity, stage of lactation, climate,

cattle management and feeding, have been reported to affect

milk production (e.g. Hatungumukama et al. 2008), they

were taken into account in the estimation of the effect of

EUT ancestry on milk yield.

Materials and methods

Population and study area

The study was conducted in the highland natural region of

Crete Congo Nil (1700–2500 m in altitude) in the province

of Bururi, located in the southern part of Burundi. This

region has the highest annual rainfall (1500–2000 mm) in

the country, a cool climate and a rainy season varying from

8 to 9 months. These conditions are favorable for raising

cattle, which explains why the Crete Congo Nil hosts 41% of

the cattle population in Burundi (Epaphras et al. 2004).

A total of 144 Holstein crossbred cows, in their first stage

of lactation or last month of pregnancy, were randomly

sampled from 132 small farms located in eight villages of

three administrative communes (Matana, Bururi and

Songa). Of these, 73, 60 and 13 lactating cows were in

their first, second and third parity respectively. As far as

origin, 78 cows had been imported from Uganda, 65 cows

had been born in Burundi and three had unidentified origin.

Before genotyping, farmers were invited to estimate the

probable percentage of EUT ancestry based on the confor-

mation and milk production performance of their cows.

They classified them into three groups, low (<25%),

medium (25–75%) and high (>75%) EUT ancestry.

Phenotypes

Dairy cows were hand milked and suckled twice a day, in the

morningandevening. Thequantity ofmilk suckled by calfwas

estimated by the weigh-suckle-weigh technique (Mandibaya

et al. 2000), which was performed twice a week on 10 calves,

in the morning and evening for a period of 5 months

postpartum. The quantity of milk not suckled was measured

with a calibrated cup once a month, in the week of the first

Monday of the calendar month, on each cow and for a period

of 10 months. DMYwas calculated as the sum ofmilk suckled

and collected by hand. Data were collected between April

2014 and January 2015, with a dry season from May to

September 2014 and otherwise a rainy season. Average milk

productionpermonth is indicated for each animal inTable S1.

Genotypes

Nasal swabs were collected on each individual using the PG-

100 Performagen Livestock Kit, and DNA was extracted

according to the protocol provided by DNA GENOTECK

using the PG-AC4 Reagent Pack – Full Purification kit�.

The DNA concentration of all samples was verified by using

a Qubit� 2.0 Fluorimeter (Invitrogen) with a QubitTM dsDNA

BR Assay, as recommended by Invitrogen, using 1.5 ll of
DNA volume. The DNA extracted was genotyped on an

Illumina BovineSNP50 chip assay v2� (Matukumalli et al.

2009) at the Labogena platform (Jouy-en-Josas, France).

Genotypes of cattle sampled in this study were combined

with genotypes of 549 cattle belonging to 21 populations

produced previously (Flori et al. 2009; Gautier et al. 2009,

2010; Matukumalli et al. 2009) and stored in the WIDDE

database (Semp�er�e et al. 2015). These populations are

representative of the main groups of cattle populations,

i.e. EUT, West African taurine (AFT), Zebu cattle (ZEB) and

admixed cattle. Details about all the populations considered

are given in Table S2. Among the 49 555 autosomal SNPs

selected, we discarded SNPs that (i) were genotyped on less

than 75% of the individuals in at least one breed, (ii) did not

pass Hardy-Weinberg equilibrium tests following the pro-

cedure described by Kibwana et al. (2013) and (iii) displayed

a minor allele frequency of less than 0.01. Individuals for

which less than 95% of markers in their genomes were

known were ignored.

Analysis of population structure

Unsupervised genotype-based hierarchical clustering was

performed using the maximum likelihood method imple-

mented in ADMIXTURE 1.04 (Alexander et al. 2009), and
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results were visualized with customized functions in the

R environment.

Analysis of farmers’ judgement

The Kappa test (Sim & Wright 2005) was used to evaluate

the concordance between rankings made by cattle keepers

and results of DNA analysis, also grouped into low (<25%),

medium (25–75%) and high (>75%) percentage of EUT

ancestry.

Analysis of milk productivity

Amixed linear model was chosen to estimate the effect of the

percentage of EUT origin on DMY. This model assumes DMY

is normally distributed, but this was not confirmed by visual

inspection. A logarithmic transformation was the appropri-

ate transformation to reach normality (PROC TRANSREG, SAS).

Despite this, the model was applied to DMY without

transformation because linear models are robust when

normality of data is violated and because most scientific

studies on milk production report results without transfor-

mation. The model included the fixed effects for the month in

lactation (1–12), communes (Bururi, Matana or Songa),

villages nested within communes (Nyavyamo or Rushemeza

in Bururi; Gisarenda, Sakinyonga, Butwe or Mahango in

Mantana; or Kinwa or Gahanda in Songa), parity (1–3 or

more), season (rainy or dry season) and origin (imported or

born in the country) as well as covariates for age at first

calving (24–49 months) and for EUT admixture proportion

(from 0.6% to 90.35%), the random effects for the animal

and the error terms. The different covariates are listed in

Table S1 for each individual. In one approach, both random

effects were assumed independently and normally distributed

with null means and variances r² and υ² for the animal and

residual terms respectively. All computations were done in

SAS (PROC MIXED). For the second approach, the genomic

relationship between animals was obtained from the SNP

information, and computations were done with the

BLUPF90 family of programs (Miztal et al. 2012). Signifi-

cance levels were set at 1%.

Data availability

Genotypes will be publicly available in the WIDDE repos-

itory (http://widde.toulouse.inra.fr/widde/), and pheno-

types and covariates are detailed in Table S1.

Results

Population structure

To provide a fine-scale genetic characterization of cattle

sampled in Burundi, we combined the SNP data obtained on

138 Ankole–Holstein crossbred and 36 pure Ankole indi-

viduals from this study with genotypes from 21 worldwide

cattle populations representative of EUT, AFT, ZEB and

admixed populations (Table S2). Thus, 42 636 SNPs

genotyped on 723 animals were analyzed. Performing an

unsupervised hierarchical clustering of the individuals, with

a number of three predefined clusters, we interpreted the

clusters shown in green, blue and red (Fig. 1) as EUT, AFT

and ZEB ancestry respectively (Gautier et al. 2010) and

estimated the different ancestry proportions of individuals

from Burundi (Table S3). For example, ANK individuals had

on average 57 � 0.2%, 41 � 0.2% and 0.8 � 0.01% of

ZEB, AFT and EUT ancestries respectively. On the other

hand, ancestry proportions of crossbred populations were

variable, with a predominance of EUT ancestry (Fig. 1).

Overall, these proportions were 57 � 19% for EUT,

26 � 13% for ZEB and 17 � 6% for AFT ancestry. Almost

78% of the crossbred cows had between 25% and 75% EUT

ancestry, and 16% had more than 75% EUT ancestry. No

clear geographical substructure was observed.
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Figure 1 Unsupervised hierarchical clustering results of the 723 individuals genotyped on 42 636 SNPs with an inferred number of clusters K = 3. The

proportions of each cluster (y-axis) are represented for each individual. Proportions that are interpreted as representative of EUT, AFT and ZEB

ancestries are plotted in green, blue and red respectively.
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We compared this accurate estimation of EUT ancestry

with the farmers’ estimations based on the conformation

and milk production performance of their cows. A total of

141 cows were genotyped and scored by farmers (Table 1).

The Kappa coefficient was very low (j = 0.06) and not

significantly different from null, suggesting agreement in

rankings formulated by farmers and by DNA analysis was

not better than by chance. Inversely to admixture propor-

tions, farmers considered that 11%, 41% and 48% of their

cows had low, medium and high proportion of EUT ancestry

respectively.

Milk productivity

The mean (� standard error) milk yield not suckled was

3.58 � 0.06 l/day, ranging from 0.75 to 11.75 l/day, and

was 2.90 � 0.13, 3.40 � 0.06 and 4.71 � 0.21 l/day for

cows with low (<25%), medium (25–75%), and high

(>75%) proportion of EUT ancestry respectively. Average

milk suckled was 2.04 � 0.47 l/day during the first

5 months after parturition. This suggests that average total

milk produced was 5.62 l/day. Average age at first calving

was 36.96 � 7.03 months, with a range of 24–49 months,

and similar for cows with low (36.78 � 6.97), medium

(36.99 � 7.14) and high (36.74 � 7.21) proportions of

EUT ancestry.

For both modelling approaches (i.e. considering genomic

relationships or not), month of lactation and EUT propor-

tion were the only significant effects on DMY. Because they

were similar between models, only least-square means from

the model not considering genomic relationships are

reported. Milk production was highest during the first

3 months of lactation and declined thereafter (Fig. 2). The

DMY increased by 0.03 � 0.01 l/day for each percentage

increase in the proportion of EUT ancestry. For example, a

crossbred cow with an average proportion of 57% EUT

ancestry would be expected to produce 1.5 l (= 57 9 0.03 l)

more than a purebred Ankole. The variance associated with

the animal effect represented 69% and 63% respectively of

the total variation when genomic relations were or were not

considered or not.

Although statistically not significant, differences were

also observed between villages (Fig. 3) and origin. For

example, cows in the village of Gisarenda had the highest

mean DMY and the lowest mean EUT (46.33%) proportion.

Also, cows born in Burundi (mean EUT = 54.34%) pro-

duced on average of 0.44 l/day more milk than did

imported cows (mean EUT = 59.98%).

Discussion

Crossbreeding with highly selected breeds is often imple-

mented in developing countries to rapidly improve the

productivity of local populations (Leroy et al. 2015), and

Burundi is no exception. In this study, we characterized at

the genome-wide level the genetic diversity of the Ankole

cattle breed, sampled in Burundi, and confirmed its

ZEB 9 AFT admixed origin, in agreement with previous

reports on the genetic history of East African cattle (Hanotte

et al. 2002). We also showed that crossbred animals

considered in this study were EUT 9 AFT 9 ZEB admixed,

as expected because they were obtained by crossing Ankole

with EUT breeds such as Holstein.

Crossbred animals present a high proportion of EUT

ancestry (i.e. 57% on average), suggesting that they may

benefit from positive heterosis. As a matter of fact, we found

a significant increase in milk collected by hand (i.e. not

suckled) in those with higher EUT percentage: means were

2.90 and 4.71 l/day for cows with low (<25%) and high

(>75%) percentage of EUT ancestry respectively. These

means are higher than the milk yield (not suckled) of pure

Ankole cattle, for example, 2.1 l/day in Burundi (Hatungu-

mukama et al. 2008), 2.2 l/day in Uganda (Kugonza et al.

2011) and 2.4 l/day in R. D. Congo (Kibwana et al. 2012).

The mean total milk produced (5.62 l/day suckled and not)

was similar to that reported in Holstein crossbred cows kept

under MCLS in other countries: 5.2 l/day in R.D. Congo

(Kibwana et al. 2013), 5.2 l/day in Ethiopia (Tassew & Seifu

2009) and 6.7 � 0.4 l/day on the eastern coast of Tanzania

(Bee et al. 2006).

This significant increase in milk productivity should

improve family nutrition and provides extra income to

MCLS farmers. In Burundi, the quantity of milk sold by most

Table 1 Proportion of European taurine (%) according to the rankings

made by cattle keepers and the results of admixture analysis based on

DNA genotyping: absolute number of responses.

Ranking made by

cattle breeders (%)

Results of admixture analysis

<25% 25–75% >75%

<25 4 5 0

25–75 10 44 55

>75 2 8 13
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Figure 2 Milk least-squares means (l/day) per month in lactation.
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MCLS farmers varies from 30% to 60% of DMY depending

on rural market access. Due to the breeders’ small process-

ing know-how, the lack of electricity and cold chain in rural

areas, fresh daily milk produced in the morning is marketed,

whereas the evening milk production (around 40%) is

usually consumed by the producer and/or given free to the

neighbors and exchanged for forage.

However, in this study, the observed DMY increase was

not as spectacular as expected. Indeed, according to a

review of 23 studies, lactation milk yields of crossbred dairy

cows with 50 percent Bos taurus can be two to three times

higher than that of local cattle (Galukande et al. 2013).

Here, without information on milk produced by cows with

0% EUT, we observed milk yield of cows with more than

75% EUT ancestry to be only 1.6 (4.71/2.90) times higher

than that of cattle with less than 25% EUT ancestry. Such

disappointing improvement could be partly attributed to

inadequate management and feed resources in line with the

requirements of these crossbred dairy cows. Indeed, advan-

tages of crossbreeding are justifiable only if crossbred

animals are raised in an adequate environment such that

they can fully express their genetic potential (Leroy et al.

2015). The basic diet in MCLS includes Trypsacum laxum

and Napier grass, with no legumes or concentrates. This

diet, although not analyzed here, is not balanced to fill the

gaps between available resources and animal needs for

protein and minerals. Therefore, feed quality and quantity

should be improved to supply the needs of crossbred

animals, but the question of how MCLS breeders will pay

for increased feed and how they will acquire the necessary

knowledge must be addressed in future studies. Indeed, in

many circumstances, production systems cannot be easily

changed and adapted to fit the needs of crossbred animals

(Leroy et al. 2015).

It is also possible that some alleles associated with high

milk yield were not fully transferred from EUT breeds or

selected for in crossbreds in local farms. For example,

breeders may have favored crossbred animals with higher

survivability instead of those with a higher ability to

produce milk yield, but information on the length of

productive lives and other components of cattle productivity

was not available in this study. It would be interesting to

investigate the genomic features underlying the effects of

crossbreeding with a view of the entire genome and to

determine whether haplotypes of the few influential bulls

selected in Western countries for economic traits are found

in crossbred animals. Note also that the choice of EUT

breeds used to improve local breeds could be more profitable

if it were possible to distinguish between progenitors whose

offspring would show higher heterosis. One approach to

doing so would be to identify QTL involved in heterosis

formation and to follow the general theoretical framework

proposed by Melchinger et al. (2007) for determining the

contributions of the different types of genetic effects to

heterosis. Reciprocally, use of genes hidden in low-yielding

Ankole in EUT breeds could be a novel option for enrich-

ment of genetic diversity for productivity traits in exotic

cattle (Mwai et al. 2015).

A final explanation for the less than expected contribu-

tion of the EUT ancestry in milk yield improvement is

methodological: the model proposed here includes a random

animal effect (a) and a fixed effect of the EUT admixture

proportion (t). Then, non-additive genetic effects may be

confounded with direct additive effects, and this may

explain the upward bias in the heritability estimates. It is

also possible the random animal effect includes not only

genetic background for milk yield but also for other traits

including tolerance to disease (Detilleux 2012), which may

also bias heritability estimates. The model was also

constrained because sample size was limited and because

no pedigree information was available, both of which are

very important for the prediction of genetic parameters.

The lack of pedigree records may also explain why

rankings of EUT ancestry formulated by MCLS breeders

were not in agreement with results of DNA analysis

(j = 0.06). Indeed, due to the intense distribution of cows

coming from Uganda with Burundi restocking, it remains

difficult for most beneficiaries to estimate percentage of EUT

ancestry based only on phenotypic observations. Moreover,

hard conditions characterized mainly by small farmers’ low
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capacity to feed animal cause the farmers to be confused

about their cows’ genotypes and their adaptability to local

conditions. Even if Burundian breeders would like to

increase milk productivity by crossbreeding Ankole with

EUT, they are still limited by low availability of land, which

allows the majority of them to rear only a maximum of

three adult cows. Moreover, there remains a need for

providing proper guidelines for management and care of

crossbred animals. In addition, such programs will need to

be strengthened by an adequate program of milk value

chain with milk collecting, processing and marketing being

well studied (Leroy et al. 2015). Otherwise, there is the risk

that interest in the crossbreeding program will decrease and

will possibly generate little gain in the productivity of

crossbred cows. Research about such situations was funded

by socio-economic studies that showed that disinterest was

linked with the disappearance of crossbred cows within

farms (Roschinsky et al. 2015).

Although data from this study are too limited for far-

reaching conclusions on the use of crossbreeding with EUT

breeds in Burundi, genetic improvement of Ankole cattle

could be considered by MCLS breeders and decision-makers

as an alternative. Indeed, milk productivity could gradually

be raised by selective breeding because milk heritability in

crossbreds raised in Burundi (Mahwa station) was shown to

be close to 27% (Hatungumukama & Detilleux 2009). The

genetic gain associated with the selection of the top 5% of

the cows will be close to 0.34 l of milk per year [calculated

as ðh2 � i� rpÞ=L ¼ ð0:027� 2:06� ffiffiffiffiffiffiffiffiffiffi

3:43
p Þ=2:8].

Specific labeling of purebred Ankole products could, in

addition to the promotion of the use of the Ankole breed,

allow breeders to benefit from higher prices for their

products (e.g. Lauvie et al. 2008). Although selective

breeding is comparatively slower than crossbreeding to

generate highly productive cattle, it is more sustainable.

But, to be successful, performance and pedigree records

must be made available via recording systems adapted to

the tropics, (i.e. contracted herds, bi-monthly or AM–PM
recordings).

From a strict conservation point-of-view, selective breed-

ing of Ankole cattle should guarantee better diversity across

local breeds. Moreover, Ankole cattle could constitute a

genetic source for better adaptation of EUT cattle to future

extreme weather conditions because it can survive in

extremely harsh and dry conditions. For example, animals

with the lowest EUT ancestry could be used as a nucleus for

recovery of the native genetic background in the current

admixed population in Burundi, because it is widely

recognized that on-farm management of genetic resources

is the preferred method of conservation (Gibson et al. 2006).

However, breeders do not consider the preservation of

genetic resources per se but, instead, take into account

genetic considerations and local development goals. There-

fore, selective breeding of local cattle should be organized at

the community level (e.g. Community Based Organization

for Genetic Improvement of livestock), and the whole

Ankole value chain should be analyzed with, for example,

structure–conduct–performance models (Bett et al. 2012) to

guarantee economic, social and environmental interest and

to gain acceptance by all stakeholders along the value

chain.
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