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Information on population structure and diversity in cattle breeds is critical for understanding 
environmental adaptation, as well as optimal utilisation of genetic resources and breed improvement. 
In this study, we investigated at the genomic level the population structure, genetic diversity and 
admixture of the local Gudali breed and its crossbred with the Italian Simmental (Simgud) in three 
agroecological zones of Cameroon. A total of 717 Gudali and 139 Simgud were genotyped using the 
GeneSeek® Genomic ProfilerTM (GGP) Bovine 100K array and analyzed together with reference breed 
data from public databases. Principal component (PCA) and admixture analysis separated European 
Bos taurus from Asian Bos indicus, African Bos taurus and African Bos indicus breeds. These analyses 
showed that, except for recently admixed cattle, all African indigenous breeds are either pure African 
Bos taurus (N’dama) or admixtures of African Bos taurus and Bos indicus. Analysis revealed an ancient 
admixture from Asian origin in Gudali and a more recent and ongoing European introgression. Simgud 
is an unmanaged crossbreed expected to be primarily a 50% admixture of Gudali and Simmental. 
We show here that Simgud is, in actuality, composed of two genetic groups representing admixture 
of between ∼25% to ∼50% Simmental proportion. Diversity analysis revealed high average 
heterozygosity (Ho = 0.34 ± 0.14, He = 0.35 ± 0.13) for the Gudali and (Ho = 0.42 ± 0.13 , 
He = 0.40 ± 0.11) for Simgud respectively. Inbreeding measures based on the mean FIS coefficient 
were 0.03 for Gudali and 0.07 for Simgud. A general decline in effective population size was observed in 
Gudali from a large population (Ne=2475), 959 generations (4797 years ago), back to 13 generations (65 
years) (Ne=1404) ago. These results were expected, given the breeding efforts that began in 1952 with 
the introduction of various exotic (imported taurine) breeds and the Gudali selection initiative. This 
has affected the effective population size of Gudali, despite the general increase in cattle population 
in the ranches over that period. These results highlight the need for a structured breeding program 
in Cameroon for improving productivity, while maintaining a large genetic base of the pure Gudali 
population.

Several introduction and migration movements have resulted in today’s indigenous African cattle possessing 
an admixed genome of different proportions - across populations and geographies - of both taurine and 
zebu ancestries1–3. The initial introduction was from domestication center(s) in the Near East which brought 
taurine cattle into Africa about 7000 years ago4. It is nowadays widely accepted - based on evidence such as 
zooarchaeological remains, Saharan rock art and Egyptian dynastic representations5 - that the North East of 
today’s Egypt6–8 was the entry point. The taurine cattle might have been introgressed here with the African wild 
aurochs B. primigenius africanus3. From its native South Asia, in the Indus Valley, the zebuine-type cattle entered 
Africa around 2,000 AD through the Horn of Africa8. Later on, the Arab traders’ settlements (about 7th century 
AD) along the eastern coast of Africa marked the more important wave of zebu introgression4. Moreover, the 
rise of the Swahili civilization, the rinderpest epidemic4,9,10 that devastated susceptible African taurine, as well 
as the environmental adaptation of animals with predominantly indicine background to the dry, hot climate3,4, 
facilitated its wide and fast dispersal towards South and West Africa.

The long-distance westward displacement of the zebu cattle with the Fulani pastoralist ethnic group4 put 
a strong selective pressure on the genome of these animals11 to tolerate major diseases, drought, thermal 
stress, parasites, poor infested pastures and poor management conditions12. The remarkable adaptive aptitude 
developed by the zebu is shown by its wide distribution in different ecological zones of Western and Central 
Africa2. However, this adaptation is often negatively correlated with production performance. In fact, local breeds 
are well adapted to harsh environmental conditions but produce less than “exotic” taurine breeds highly selected 
for production performance traits, which conversely are highly susceptible to environmental challenges such 
as heat stress13–15. Replacement or crossbreeding initiatives4 of the adapted indigenous zebu16 with imported, 
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highly productive European taurines (that are generally bred/reared in controlled facilities17) resulted in poorer 
performance than the indigenous cattle in traditional management systems, where they are diffused to improve 
production. Moreover, in the absence of proper management schemes, there is also uncontrolled gene flow 
between breeds with a high risk of loss of genes of interest, the spread of undesired alleles and loss of diversity 
through genetic uniformity18. These recent initiatives, combined with ancient admixture (dating back up to circa 
750–1050 yr ago) and the pastoral nature of cattle husbandry in Africa, have resulted in a mosaic of admixed 
breeds of zebu, taurine and crossbreeds in the African cattle populations19.

Cameroon has been engaged in a profound transformation20 of its livestock production system to cope 
with the emerging challenges related to climate, urbanization (with correlated increases in demand for animal 
products), food insecurity and poverty. Gudali, also known as Peulh or Fulbe zebu, is a West and Central African 
shorthorn zebu similar in conformation, size, and origin to the East African shorthorn zebu. It is the most 
popular local breed of Cameroon, especially among small farmers in the Adamawa plateau21 and represents 
about ∼60% of the total cattle production in Cameroon22. Gudali is a non-specialized breed used commonly 
as a dual-purpose animal, providing milk and meat23,24.It is a well-tempered animal endowed with good 
adaptation to poor management/harsh environment, produces quite well under low input systems25 and thrives 
optimally under Cameroon’s disease-loaded agroecological conditions. The Gudali breed, because of its well-
known production potential, has always been at the center of cattle improvement initiatives in Cameroon. These 
initiatives started in 1952 and the cattle imported were mainly of Western taurine genetic background including 
Holstein, Brahman, Salers, Montbeliard, Simmental to combine adaptation aptitude of local breed and production 
performance of these exotic taurine in a tropical environment26–29. Besides these crossbreeding initiatives, the 
first improvement initiative of the Gudali was launched in 1969 and geared towards improvement of the Gudali 
breed in the Adamawa region25 through selection without crossbreeding. Evaluation of these programmes30 
pointed to a possible genetic improvement of milk and meat production in Gudali which was even ranked as the 
best dam breed for production and reproduction traits improvement in Cameroon through crossbreeding with 
exotic taurine breeds31. More recently (2008), the Cameroon National Livestock Company (SODEPA), in its 
mission to disseminate higher performing and environmentally friendly animals in rural zones, introduced the 
Italian Simmental via crossbreeding with the local Gudali to produce a hybrid animal named Simgud29. It is not 
yet a stable hybrid and record-keeping is also sparse, limiting the ability to match optimal breed composition to 
the different agroecology of Cameroon.

These improvement initiatives have been performed without a deep understanding of the genetics underlying 
adaptation of the Gudali to the various ecological zones, with the risk of affecting the adaptive character and 
disease resistance of this local resource. A sustainable improvement scheme requires a deep understanding of the 
genetic background of the local breeds. Outstanding progress has been made in genomic and population genetics 
with the availability of single nucleotide polymorphism (SNP) arrays and next-generation sequencing (NGS) 
platforms, offering unprecedented opportunities in cattle genomic and studies are focusing on investigating 
genetic structure32, evaluating genomic diversity19,33–35,elucidating the effects of admixture and introgression 
on cattle breeding in various environments2,19,36–40 and breeding schemes are beginning to include heritable 
adaptation biomarkers in cattle improvement programs11. However, to the extent of our knowledge, there is no 
genome-wide analysis of local zebu breeds - especially Gudali - in terms of admixture and introgression as well as 
signature of selection. Very few studies have been conducted in Cameroon’s local breeds and these were mainly 
focused on maternal lineage assessment41, microsatellites18,42, blood and milk protein markers18 and, more 
recently, a whole genome analysis on a single animal per breed, for their adaptive and disease resistance traits43. 
Genome-wide population studies would help in understanding the genetic structure and genomic composition 
of the breed - deciphering the adaptive mechanisms, assessing genetic fitness and informing the design of 
improvement programs. In the present study, we therefore focused on analysing genetic diversity, admixture and 
introgression, to better understand the genetic basis of local adaptation and functional characteristics of Gudali 
and Simgud, reared under the same management system in Cameroon.

Results
SNP polymorphism
The post-quality filtered dataset consisted of 77,242 variants with a genotyping call rate of 0.99 in 716 Gudali and 
139 Simgud cattle. Out of this SNP set, 5412 were haploid genotypes (from the Y chromosome and mitochondrial 
DNA) and thus removed for the purposes of the genomic variability assessment. The genetic diversity within the 
Gudali and Simgud populations and their deviation from HWE are shown in Table 1. Percentages of 10% and 
0.15% of SNP markers showed significant deviation from HWE (p< 0.05) in Gudali and Simgud, respectively. 
Diversity analysis revealed high average heterozygosity in the Gudali population, with observed heterozygosity 
(Ho) of 0.34 ± 0.14 and average expected heterozygosity (He) of 0.35 ± 0.13. For the Simgud population, 
the diversity is higher, with the average observed heterozygosity (0.42 ± 0.13) higher than the expected 

Breed N He Ho FIS HWE

Gudali 717 0.35 0.34 0.03 0.90

Simgud 139 0.41 0.44 0.07 0.85

Table 1.  Genomic estimates of heterozygosity, inbreeding coefficient and proportion of markers in Hardy-
Weinburg Equilibrium in the Gudali and Simgud populations.
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heterozygosity (0.40 ± 0.11). Moreover, the Simgud population showed higher levels of inbreeding (0.07) 
compared to 0.03 for the Gudali population, based on the FIS coefficient.

Population structure assessment
The PCA analysis shows a clear separation between European taurine (Simmental), Asian zebu (Nellore), 
African zebu (Boran, East African Zebu, Zebu Bororo, Gudali) and African taurine breed (N’Dama), as shown 
in Fig. 1. Simgud forms two groupings at ∼25% and ∼50% between Gudali and Simmental. Considering the 
Gudali population only, there is a separation on PC1/PC3 between animals from the different ranches (Fig. 2), 
possibly representing different ecotypes of Gudali.

Admixture analysis
Figure 3 shows the estimated breed proportions of the Gudali and Simgud animals from admixture analysis 
considering European Simmental, Asian Nellore and African indicine (Boran, East African Zebu, Gudali, Zebu 
Bororo and Zebu Fulani) and African taurine (N’Dama) reference breeds as a potential ancestral breed. We ran 
the Admixture analysis from K values of 1 to 10. Based on cross-validation (CV) error (see Supplementary Fig. 
S2), there is no evidence of an “optimal” K, as the CV error seems to decrease minutely with each increasing value 
of K past 5. However, from visual inspection, K=5 appears to be a reasonable choice, as it is at that point where 
the decrease in CV error starts to plateau and adding additional parameters does not improve the fit. At K=2, 
admixture shows a clear separation between taurine (represented by European Simmental and African N’Dama) 

Fig. 2.  Principal Component Analysis for the Gudali population. PC1 and PC3 explain 1.06% and 0.72% of the 
variation, respectively.

 

Fig. 1.  Principal Component Analysis of Gudali and Simgud alongside reference populations: PC1 and PC2 
explain 9.04% and 4.2% of variation, respectively.
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and indicine population (represented by Asian Nellore and African Boran, East African Zebu, Gudali, Zebu 
Bororo and Zebu Fulani). Simgud is an admixed population showing introgression of the taurine Simmental 
component varying between 7% to 74%, with an average of 47%. Increasing K to 3 leads to a finer resolution 
in the fit of the model which further split the taurine into European (Simmental) and African (N’Dama). K=3 
potentially shows a stable ancient African taurine background common to all the African breeds as represented 
by the blue color, followed by a relatively recent European taurine introgression, more pronounced in East 
African Boran and East African Zebu breeds. There is a little variation in terms of indicine and African taurine 
background in all the African breed as opposed to the European taurine background which seems more 
pronounced in East Africa and only present as trace in West African indicine. There is no further genetic cluster 
or a new individual breed cluster observed by increasing K to 4. However, increasing K to 5 resulted in a finer 
resolution in the fit of the model and no further cluster was observed beyond by increasing the goodness of fit 
with larger K. For the Gudali population only, after excluding animals with more than 10% exotic proportion, 
the remaining animals (539) - considered as non-introgressed Gudali - were used to rerun the admixture and the 
result showed a stable Gudali population (Fig. 4).

Population differentiation analysis
The global marker FST was computed and its distribution is depicted in Fig. 5. The distribution of FST showed a 
considerable number of loci (289 markers) having a high degree of genetic differentiation (FST >= 0.40). The 
FST of all markers showed a mean value of 0.096, falling within the level of moderate genetic differentiation (FST 
ranged from 0.05 to 0.15) following Wright’s classification system44. Eleven SNPs had an FST value greater than 
0.8, 28 SNPs an FST between 0.7-0.8, 44 SNPs had an FST between 0.6 and 0.7, and 50 SNPs had FST between 0.5 
and 0.6. Peaks were observed on BTA2, 3, 4, 8, 15, 16, 18 and 21. The result of the population differentiation 
analysis performed between Gudali, Simgud and the reference breeds using the pairwise estimates of F-statistics 
(FST) and Nei’s genetic distance is shown in Table 2 and reinforced by the heatmap of the relationship that 
shows a separation between taurine and indicine breeds (Fig. 6). The FST values below 0.05 are considered low 
differentiation, while those above are considered high following44. The highest differentiation was observed 
between taurine N’Dama and the other breeds, varying from 0.15 to 0.38, followed by taurine Simmental and 
the remaining breeds, with FST between 0.09 and 0.35.

Fig. 3.  Admixture bar plots of genetic proportions in each animal by breed represented by a vertical line 
divided into K colours for K=2 to K=5. BAN = Boran, EAZ = East African Zebu, ZBO = Zebu Bororo, ZFU = 
Zebu Fulani.
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Within Gudali, differentiation was performed between locations. The FST values were very low (mean 
pairwise FST = 0.01 between Faro and Jakiri, 0.003 between Faro and Ndokayo, 0.009 between Ndokayo and 
Jakiri). For the differentiation between Gudali and Simgud, we used the full set of filtered markers (77,242 
SNPs) and the result gave an FST of 0.05. Since Simgud is a crossbred of between 25% and 50% of Gudali type, as 

Gudali Simgud Simmental Boran EAZ N’Dama Nellore ZBO ZFU

Gudali – 0.04 0.22 0.07 0.04 0.19 0.15 0.03 0.04

Simgud 0.05 – 0.09 0.10 0.08 0.15 0.20 0.06 0.07

Simmental 0.20 0.08 – 0.26 0.24 0.21 0.37 0.22 0.23

Boran 0.06 0.08 0.23 – 0.06 0.25 0.14 0.06 0.07

EAZ 0.04 0.07 0.22 0.06 – 0.22 0.15 0.05 0.06

N’Dama 0.19 0.14 0.19 0.24 0.21 – 0.40 0.19 0.19

Nellore 0.13 0.17 0.35 0.13 0.14 0.38 – 0.13 0.15

ZBO 0.03 0.06 0.19 0.05 0.04 0.19 0.14 – 0.01

ZFU 0.04 0.06 0.20 0.06 0.05 0.19 0.14 0.01 –

Table 2.  Pair-wise Nei’s genetic distance (above diagonal) and Weir and Cockerham FST (below diagonal) 
among the cattle breeds. EAZ = East African Zebu, ZBO = Zebu Boran, ZFU = Zebu Fulani.

 

Fig. 5.  Global distribution of marker FST values across the chromosomes.

 

Fig. 4.  Admixture bar plots of genetic proportions in each Gudali animal by ranch represented by a vertical 
line divided into K=2 colours, in total Gudali (A) and after excluding highly exotic proportion animals (B).
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revealed by the PCA and admixture analysis, a threshold of FST >= 0.2 would be enough to identify the SNP 
with greater degree of differentiation. With that threshold, 5,113 SNPs had a high differentiation power between 
Gudali and Simgud, meaning that 6% of SNP were highly differentiated between Gudali and Simgud. Within 
Gudali and between Gudali and Simgud FST estimations are presented in Table 3.

Effective population size
Results from estimation of the effective population size starting from 13 generations back to 959 generations 
(selected by the SNeP software as described in Methods) showed that, in the Gudali and Simgud populations, 
recent generations have similar Ne to the surveyed population. When we perform the Ne on the Gudali 
subpopulation, Ne was double the number of actual individuals tested, compared to the one obtained using both 
Gudali and Simgud (Fig. 7).

Discussion
Our study represents the first attempt to study the diversity of a local cattle breed of Cameroon and its crossbreed 
with European taurine, using a high-density SNP array. Using He and Ho to measure the genetic diversity, 
we found moderate values. This result demonstrates that inbreeding affects many loci in the population in 
general. In both populations, the frequency of heterozygote individuals does not deviate much from 0.5, and 
indicates that the observed genetic variation corresponds with the expectations, according to Hardy-Weinberg 
Equilibrium (HWE). Genetic diversity was higher in Simgud than in Gudali, most likely simply because these 
are crossbred/admixed cattle. Also, Simgud is an unmanaged population that is not registered as a breed. In the 
absence of pedigree and record keeping, there is no performance evaluation to inform breeding schemes, using 
high-impact bulls for the next generation. The Simgud population is thus less intensely selected and animals do 
not share common elite parents. Moreover, the higher diversity observed in Simgud than in Gudali might result 
from the ascertainment bias of the SNP chip toward European Bos taurus during its design45. In the Simgud 

Faro Jakiri Ndokayo Gudali

Faro –

Jakiri 0.011 –

Ndokayo 0.003 0.009 –

Simgud – – – 0.050

Table 3.  Weir and Cockerham FST within Gudali between locations and between Gudali and Simgud 
populations.

 

Fig. 6.  Heatmap of genetic distance between breeds. ZBO = Zebu Bororo, ZFU = Zebu Fulani, EAZ = East 
African Zebu.
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population, Ho higher than He was expected because of the gene flow resulting from introduction of exotic 
animals into the population. Also, having high genetic diversity appears as a mechanism of adaptation46 that 
might arise from the need to adapt to changing environmental conditions where animals are seeking grazing 
land during seasons. The same observation about high genetic diversity as result of adaptation to a complex 
environment was made regarding a large dataset of 34 Chinese cattle breeds by47. The Ho in Gudali (0.34) in 
our study coincides with the results from other breeds adapted to challenging environments. The same average 
Ho estimate (0.35) was found in 6 Indian local cattle breeds40. Similarly, on nine Bos indicus breeds of Brazil, 
Campos et al.48 reported Ho estimates varying from 0.32 to 0.39. in Angus and Hanwoo,49 found Ho values of 
0.30 and 0.31 respectively. Likewise, similar He and Ho were observed in Ethiopian indigenous cattle50. In Iraqi 
local cattle breeds51 found higher He (0.37) than in our results. The diversity in Gudali and Simgud is however 
higher than observed in South African cattle breeds that have He varying between 0.24 and 0.3052 and also 
showed low inbreeding compared to our results. The considerable genetic diversity observed in our Gudali and 
Simgud populations, offers an opportunity for setting genetic improvement initiatives to facilitate adaptation of 
animals to complex local production marked by continued changes in climatic conditions, farm management 
and food resource availability53.

The optimization of any crossbreeding program relies on a deep understanding of the link between genetic 
admixture and phenotypic performance. In the context of lacking pedigree and record keeping in Cameroon, 
we performed population structure and admixture analysis of Gudali, a well-known and widely represented 
West African zebu. The results from the PCA analysis demonstrate the existence of two genetic backgrounds 
in the Simgud. Some Gudali are distributed in the two Simgud subgroups. Likewise, some Simgud clustered 
together with Gudali. This observation means that a proportion of animals that were designated as pure Gudali 
based on phenotypic observation, appear to be crossbred of Gudali and Simmental and a proportion of animals 
considered to be Simgud crossbred were instead nearly pure indigenous Gudali. Although identification error 
might cause such observations, similar situations encountered in East African cattle breeds54, Indian indigenous 
cattle breeds55, and Australian sheep breeds56, indicate that it is not always accurate to determine breed purity 
based on phenotypic features. The PCA was able to differentiate the groups with the largest genetic differences, 
i.e. the European taurine, Asian zebu Nellore, other African zebu and taurine breeds. The first two principal 
components were able to differentiate the groups showing the greatest divergence i.e. PC1 Bos taurus vs. Bos 
indicus, PC2 European Bos taurus vs. African Bos taurus). It also separates close groups such as the African zebu 
breeds. The ability of PCA to separate between groups with largest genetic differences was also illustrated in 
previous studies36,57–60.

The same tendency was observed with the admixture analysis. At K=2, the admixture showed the divergence 
between taurine and indicine, indicating the uppermost separation at the subspecies level between taurine and 
zebu breeds after domestication in the Near Crescent. Bos taurus and Bos indicus, separated some 200,000 to 
300,000 years BP28,36,59,60, 575,000 to 800,000 years BP61,62 or even 2 M years BP according to63. The split between 
European taurine (Simmental) and African taurine (N’Dama) observed at K=3 matches previously documented 
findings32. This divergence occurred between 180,000 and 250,000 years ago64. Mitochondrial DNA (mtDNA) 
maternal lineage data estimates this separation to be between 22,000 and 26,000 years ago61. The African taurine 
(N’Dama) belongs to the group of humpless cattle that seem to be the earliest cattle domesticated in Africa8. 
These were domesticated by hunter-gatherers around 8000-10,000 years BP65, alternatively, in the Grey Crescent 
and later on crossed with the wild aurochs in Southern Crescent or North Africa - as evidenced genetically 
by the single domestication event in the Fertile Crescent57. The N’Dama population used in this study is a 
merged group of N’Dama1 (from Cote d’Ivoire), N’Dama2 (from Southeast Burkina Faso), N’Dama3 (from 
Southwest Burkina Faso) as mentioned in PCA analysis. The N’Dama from Burkina Faso may have included 
animals of zebu origin58. Gudali clustered together with the other Eastern and Western African zebu breeds as 
expected, all of which show potential signs of a stable admixture as opposed to European taurine introgression 
which is potentially recent and ongoing. This observation can be explained by the fact that the indicine and 
African taurine genome ancestries have had enough time to spread homogenously among the breeds under 

Fig. 7.  Effective population size in Gudali, Simgud and after introduction of Simgud.
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study, while the European taurine introgression is of more recent origin2 and has not yet reached a balance. 
Our study points once again to an admixed genome of all the African indicine groups, confirming the findings 
from almost all studies so far on this group. These animals may have formed hybrids between Bos taurus and 
Bos indicus when migrating to Africa around 4200 years BP66. The European taurine introgression in African 
breeds is still ongoing2 and might have provoked the high susceptibility to infectious diseases in breeds such 
as the East African Short-horn zebu67. It is thus widely accepted that there is almost no pure Bos indicus in the 
African continent58,68 and their genome is a mosaic resulting from different degrees of admixture of taurine and 
indicine lineages69–71. Admixture results at K=4 did not lead to further separation of breeds. Gudali seems to 
have arisen from two ancestral backgrounds, probably resulting from the first separation of zebu and taurine 
after domestication, as well as a third component representing more recent admixture of European genetics due 
to backcrossing with Simgud. The ancestral backgrounds are more pronounced in Zebu Bororo and East African 
Shorthorn Zebu, confirming the origin and history of African zebu breeds and previous findings2,4. Increasing 
K to 5 resulted in a finer resolution and no further cluster was observed beyond by increasing the goodness of 
fit with larger K.

When the Admixture analysis is carried solely within Gudali, there is a common admixture observed, which 
is more pronounced in the Ndokayo and Faro ranches. This admixture level in Gudali varying between animals 
needs to reach an equilibrium because it is potentially of recent origin. In fact, Gudali has been selected and used 
in the very earliest genetic improvement breeding program in Cameroon because of its good meat and milk 
production potential23,24. The similarity with Zebu Fulani, as seen in the admixture plots, reinforces its meat and 
milk aptitude because the white Fulani are recognized as having good dairy and meat potential72. It was reported 
by27 and26 that Gudali has been implicated in crossbreeding for beef production improvement initiatives since 
1952 with the formation of the wakwa composite and later (1969) in a selection program21. More recently, the 
ongoing program crossing the Italian Simmental and the Gudali was initiated by the SODEPA supported by 
Italian Simmental Breeders’ Association (ANAPRI) to improve meat and milk production in the Gudali29.

Using both PCA and FST estimation, a clear divergence between different groups of African zebu breeds 
(Gudali, Boran, East African Zebu, Zebu Bororo, Zebu Fulani), Asian zebu (Nellore), European (Simmental) and 
African taurine (N’Dama) was observed. There is a closer proximity between taurine Simmental and N’Dama 
than between African zebu and Asian Nellore. These estimations were expected because of the population history 
of taurine and indicine breeds from their domestication to their dispersal. The FST estimations between African 
zebu show a high degree of similarity between East African (Boran, East African Zebu) and West African zebu 
(Gudali, Zebu Bororo, Zebu Fulani) breeds. Similar differentiation was observed in Indian40 and South African52 
breeds. Between both African and European taurine and Asian indicine, there is a high differentiation. Taken 
together, the moderate differentiation between Gudali and Simgud and the moderate to high heterozygosity 
observed (0.35 and 0.44, respectively), indicate that these populations have the diverse genetic background 
necessary to adapt to climatic variability53.

In the Gudali and Simgud populations, estimates show that recent generations have similar Ne to actual 
sample numbers, suggesting not much loss of genetic diversity in the population. Estimating Ne on the Gudali 
subpopulation, there are some periods of increment in Ne between 915 and 958 generations ago, and between 
38 and 65 generations ago. At 13 generations (the most recent measured by the SNeP package), Ne was almost 
double (1404) the number of actual individuals tested (717). This demonstrates that the Gudali population has 
high genetic diversity, unlike in Simgud, where Ne at 13th generation is only 35 while the actual population 
tested is 139 individuals. When Gudali and Simgud are considered together, Ne is less (661) than in Gudali alone. 
Introducing Simmental has thus had a large effect on the local cattle population, halving the effective population 
size in less than two decades since their introduction. Considering a generation interval of more than 4 years 
as generally observed in cattle prior to intensive breeding programs73, we assumed here a generation interval 
of 5 years as in55. It is shorter than the 6 and 6.72 year interval estimated for the East African short-horn zebu2 
and Sudanese Kenana respectively74. The number of generations (13-959) generations thus corresponds to 65-
4795 years ago. The increment in Ne observed around 65 years in Gudali coincides with the setting of various 
Gudali breeding programs in Cameroon between 1952 and 1970 such as the Gudali selection for pure breeding 
initiative26,27. The recent introduction of Simmental marking the resumption of the crossbreeding program had a 
drastic effect on the Gudali population. The effective population size decreased considerably in just two decades 
after the introduction of the program. This is an understandable consequence of using only a few Simmental sires 
- which probably shared some ancestry since European Bos taurus might have been domesticated from a smaller 
population58 and have been under intense selection for decades. Composite breeds can be difficult to manage 
without rotational backcrossing to both parent breeds to maximize diversity and heterosis. Selective pressures 
(both natural and induced by breeding programmes) can also reshuffle the proportion of the progenitor breeds 
in a composite over generations75–77, as some genomic regions become more favoured over others78. Moreover, 
continuous breeding among the existing Simgud would also result in the loss of heterosis and an increase in 
inbreeding. To overcome this possible issue, a representative pure Gudali population should be maintained to 
minimize introgression.

The findings from our study have substantial implications for animal breeding in Cameroon. In the 
absence of pedigree information and performance record keeping, the study managed to determine the breed 
composition of the local Gudali and its crossbred Simgud. The Gudali breed has large genetic diversity and very 
low inbreeding, thus can be used extensively for the diffusion of animal material in rural areas. However, there is 
a recent and ongoing introgression calling for the development of a structured breeding scheme to maintain the 
purity of the breed. Simgud is a composite of different proportions of Simmental and Gudali. A breeding program 
could be designed to test the performance of each different composition of Simgud in the various agroecological 
zones of Cameroon. Simgud animals are managed as one single population and artificial selection as practiced 
by SODEPA now, combined with natural selection would lead to a decrease in heterozygosity. Moreover, the 
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reduced effective population size would also increase inbreeding with time. Setting such a breeding program 
would permit us to identify the genomic regions with a signature of selection, associated with production traits 
and environmental adaptation in the composite78 and improve our understanding of genetic background of 
traits of economic importance in Gudali and Simgud.

Methods
Ethical approval declarations
The relevant permissions from the Ministry of Scientific Research and Innovation (Research permit N0 000156/
MINRESI/B00/C00/C10/C13) and ethical clearance from the University of Buea (Permit number: UB-IACUC 
No 12/2021) were obtained before sample collection. Moreover, the study complies with the Nagoya protocol 
on access to genetic resources, their derivatives, and associated traditional knowledge through the authorization 
number: 00014/MINEPDED/CAN/NP-ABS/ABS-FP of May 09, 2022.

Sampling zone and study population
The Gudali and Simgud samples were collected in different herds, camps of each of the 3 SODEPA ranches located 
in 3 different agroecological zones of Cameroon (see Supplementary Fig. S1), selected based on the accessibility 
of the site and the availability of the animals in that period of the year. Blood was collected in vacuum tubes 
containing EDTA from the animals’ jugular veins, with a sterile 10 ml syringe. The tubes were labeled with the 
animal ID as on the animal body or its ear tag and stored during the fieldwork (at 0-8oC, where possible) and 
later after the transfer of samples from Cameroon to Ege University Molecular Biology Laboratory, kept at -20oC 
until DNA extraction. The DNA isolation was carried out using a phenol-chloroform-based extraction method. 
Genomic DNA was checked for its purity via agarose gel electrophoresis, and quantified on a NanoDropTM 2000 
Spectrophotometer. A total of 856 animals (717 Gudali and 139 Simgud) was used in the study.

Genotyping and quality control
The samples were genotyped by Neogen Europe Ltd. using their GeneSeek® Genomic ProfilerTM (GGP) 
Bovine 100K array (http://www.neogen.com/geneseek/). Genotype data for Gudali and Simgud animals was 
mapped to the ARS-UCD1.2 genome build and converted to a Variant Call Format (VCF) file uploaded to the 
European Variant Archive (https://www.ebi.ac.uk/eva/) as project PRJEB79966 and analysis ERZ24835341. We 
performed quality control of the dataset (Gudali and Simgud) in PLINK 1.0779, with parameters set as: minor 
allele frequencies (MAF) < 0.05 and maximum SNP missingness < 0.1. Individuals with maximum individual 
missingness < 0.1 were also removed. A total of 77,242 SNPs and 856 animals with a call rate of 0.99 passed 
the filter and were considered in subsequent analysis. Additionally, some reference breeds were downloaded 
from the Web-Interfaced next generation Database for genetic Diversity Exploration (WIDDE) resource80 and 
consisted of 24 Nellore, 20 Simmental, 20 Boran (BAN), 20 East African Short-horn Zebu (EAZ), 56 N’dama, 23 
Zebu Bororo (ZBO) and 43 Zebu Fulani (ZFU) all genotyped with the Illumina Bovine SNP50v2 array. The total 
data for 1062 animals were merged in PLINK, retaining only SNPs common to the considered breeds i.e. 23,278 
markers. The merged dataset was used for population structure analysis and specific filtering for some analysis 
will be mentioned in related sections. Details of the used datasets can be found as Supplementary Table A1.

Heterozygosity estimation
The genetic diversity within the Gudali and Simgud populations was assessed using average observed (Ho) and 
expected heterozygosity (He), inbreeding coefficient and Hardy-Weinberg Equilibrium (HWE). The estimation 
of the considered genetic parameters was performed in PLINK on the Gudali and Simgud dataset of 856 animals 
and 77,242 SNPs.

Population structure assessment
For the population structure assessment, a random subset of Gudali (n=130) was selected to avoid bias that 
might result from oversampling of Gudali whose population was very high compared to the Simgud in the 
dataset. On this subset, the reference populations were added for stratification and population structure analysis. 
PCA was performed on this full dataset to depict the relationship between populations. The analysis was based 
on the identity-by-state (IBS) matrix and performed using the TASSEL 5.2.13 program81 and the resulting 
vectors plotted using the plotly express package in Python.

Admixture analysis
Admixture analysis was carried out using the ADMIXTURE software v1.3.082, describing each animal as 
admixed based on hypothetical populations. The number of populations (K) was predefined to vary from 1-10. 
Cross-validation error was calculated for each value of K. Results were plotted using in R as per the Admixture 
software manual.

Genetic relationship estimation and genetic differentiation
To perform the different analyses based on the Bovine GGP 100K array, several in-house scripts were written 
for data reformatting and handling for downstream analysis using both R and Python. Global FST was calculated 
using the Weir and Cockerham unbiased estimator83 of the Hierfstat R package84, to assess divergence between 
all the breeds under study. The raw global FST was ranked from the highest value that depicts the potential 
signature of selection. Negative FST values were rounded to zero for biological interpretation reasons85. The 
genome-wide distribution of marker FST was displayed in the form of a Manhattan plot using the QQman 
package in R86. Between population differentiation analysis was performed between Gudali, Simgud and 
the reference breeds using Weir and Cockerham’s FST estimator83 (weighted by population sample sizes) and 
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Nei genetic distances87 of the Hierfstat package 0.5-11, in R software. The FST estimator refers to the genetic 
variability between populations expressed as a proportion of the total genetic variance.

Effective population size
To assess the demographic history of the cattle populations, the effective population size was estimated starting 
from 13 generations back to 959 generations ago, using the SNeP v1.1 software88 on the Gudali-Simgud population 
and later on each population separately. The estimation infers Ne based on LD against past t generations, with 
t = 1/2c and c representing the between SNP distance in Morgans, assuming (100 mbp = 1 Morgan)89 and a 
generation interval of 5 years55.

Data availability
Genotype data for Gudali and Simgud animals is available as a VCF file mapped to the ARS-UCD1.2 genome 
build and hosted at European Variant Archive (https://www.ebi.ac.uk/eva/) as project PRJEB79966 and analysis 
ERZ24835341.
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