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Abstract 

The study evaluated response to selection from within-breed selection strategy for conventional (CBS) and genomic (GBS) 

breeding schemes. These breeding schemes were evaluated in both high-health environments (nucleus) and smallholder farms 

(commercial). Breeding goal was to develop a dual-purpose IC for both eggs and meat through selective breeding. Breeding 

objectives were body weight (BW), egg weight (EW), egg number (EN) and resistance to Newcastle disease (AbR). A 

deterministic simulation was performed to evaluate rates of genetic gain and inbreeding. Base population in the nucleus was 

made up of 40 cockerels and 200 pullets. Selection pressure was 4% and 20% in the males and the females, respectively. The 

impact of nucleus size and selection pressure on rates of genetic gain and inbreeding of the breeding program was investigated 

through sensitivity analysis. SelAction software was used to predict rates of genetic gain and inbreeding. Results showed that 

using CBS in the nucleus, the breeding goal was 340.41$ and 1.13 times higher than that in the commercial flock. Inbreeding rate 

per generation of selected chicken in the nucleus was 1.45% and lower by 1.32 times compared to their offspring under 

smallholder farms. Genetic gains per generation in the nucleus for BW and EN traits were 141.10 g and 1.07 eggs and 1.12 and 

1.10 times greater than those in smallholder farms, respectively. With GBS, the breeding goal was increased by 3.00 times 

whereas inbreeding rate was reduced by 3.15 times. Besides, using GBS, the selected birds in the nucleus were relatively similar 

to those in a commercial environment. Finally, the study revealed that the nucleus size and mating ratio influence the rates of 

genetic gain and inbreeding in both GBS and CBS. This study shows that IC in Rwanda have the potential to be improved through 

within-breed selection strategy using either CBS or GBS. 
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1. Introduction 

Indigenous chickens (IC) are favourable breed to poor rural 

households despite their slow growth rate and low egg pro-

duction. This because they have a higher disease resistance 

and are productive under poor nutrition and high temperature 
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than exotic chickens [24]. In tropics, IC have high genetic 

variability within populations [60, 25, 53]. Thus, it is 

to genetically boost their productivity through selective 

breeding. Selective breeding involves convention and ge-

nomic breeding programs as short and long-term strategies. 

Conventional breeding program utilises the phenotypic 

characteristic and pedigree information to estimate breeding 

values (EBV) and response to selection. The EBV from 

phenotypic data has been effective over the generations in 

implementing a selection program and realising genetic im-

provement [5]. Several limitations, however, are faced in the 

application of EBV [63], which include the aptitude to pre-

cisely and timely record the phenotypic data on candidates 

and/or their close relatives; the expense of data recording and 

the onset of a majority of the production traits are late in life 

thus hinders genetic gain per unit time [29]. All these limita-

tions led to the development of a more accurate and better tool 

for selection such as the genomic approach [61]. 

Genomic selection (GS) has reshaped the way genetic 

evaluations and selection of elite populations are performed 

[34]. It increases the accuracy of EBV and by decreasing 

generation interval, it optimizes genetic gain in breeding 

programs [78]. With the highly advanced technological de-

velopment and the decrease of the genotyping costs, GS is 

widely used in animal breeding in developed countries [19, 

35]. The adoption of GS in the developing countries espe-

cially in IC breeding programs, however, is limited due to the 

perceived high cost without due considerations to returns. 

In selection programs, the interaction between genotype and 

environment (G x E) has been rarely put into consideration 

because most experiments are done in a controlled nucleus 

breeding station [78]. This has been a matter of great concern in 

animal breeding much longer because G x E interaction reduces 

the response to selection in extensive management systems [52, 

50]. To develop superior germplasm that performs optimally 

within specific climatic conditions, G x E should, therefore, be 

considered in-flock selection and planning of breeding strategy 

[63]. Furthermore, there is a need to evaluate improved genetic 

stock under specific climatic conditions before its release for 

commercial utilisation [73]. 

To improve IC genetic stock, crossbreeding using im-

proved exotic breeds, within-local flocks selection, and their 

combinations have been utilized in developing countries [37, 

48, 2]. Crossbreeding using exotic breeds was the most pre-

ferred because there is a belief that crossing IC with the exotic 

chicken results in improved IC [1, 38, 55]. This method, 

however, has been unsuccessful due to several reasons, which 

include exorbitant costs of getting and sustaining exotic 

breeding cocks, lessened broodiness in the crossbreds, and 

unreliable stock [1, 38, 55]. An alternative breeding strategy 

that capitalises on specific-desired attributes such as with-

in-breed selection has been recommended [59]. Within-breed 

selection strategy is appropriate for IC improvement because 

it preserves economically important traits needed for sus-

taining production. It also reduces genetic dilution and ero-

sion during breeding [20]. 

Based on the above lines of reasoning, this study investi-

gated the hypothesis that IC could be improved through 

within-breed selection strategy. This hypothesis was tested 

using a deterministic simulation of breeding schemes that 

resemble those used in IC breeding programs in developing 

countries. 

2. Materials and Methods 

2.1. Procedure 

A deterministic simulation was conducted to simulate two 

different breeding approaches in a closed single-tier nucle-

us-breeding program. The considered breeding schemes were 

conventional and genomic. The conventional scheme repre-

sented the existing chicken breeding programs, while the 

genomic scheme was an alternative breeding program. The 

adoption of a single-tier nucleus breeding system aligns with 

the practice in many developing countries, where chickens not 

selected as replacement stock in breeding stations are sold to 

farmers for commercial production. This implies alignment 

between the breeding goals within the breeding stations and 

those of the farmers. The simulation focused on modeling the 

IC breeding program in Rwanda to test the hypothesis of the 

current study. 

Table 1. Phenotypic variances (Var-P), economic values (EV – US$), heritability (along the diagonal), genetic (above diagonal) and pheno-

typic (below diagonal) correlations of traits in the breeding objective 

Traits 

Correlations 

BW EN EW AbR ENC BWC BWGS ENGS EWGS AbRGS BWCGS ENCGS 

Var (P) 139,929.56 130.69 18.80 5,677,315.41         

EV (US$) 2.15 0.19 -0.001 -0.23         

BW 0.24 0.22 0.10 -0.07 0.17 0.75 0.34 0.06 0.04 -0.03 0.26 0.04 
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Traits 

Correlations 

BW EN EW AbR ENC BWC BWGS ENGS EWGS AbRGS BWCGS ENCGS 

EN 0.23 0.24 -0.19 -0.04 0.76 0.17 0.08 0.25 -0.08 -0.01 0.06 0.19 

EW 0.20 -0.13 0.44 -0.01 -0.14 0.15 0.03 -0.04 0.44 -0.00 0.05 -0.03 

AbR -0.07 -0.02 -0.00 0.27 -0.03 -0.05 -0.02 -0.01 0.00 0.36 0.02 -0.00 

ENC 0.04 0.16 -0.02 -0.00 0.24 0.22 0.06 0.19 -0.06 -0.01 0.06 0.25 

BWC 0.18 0.04 0.04 -0.01 0.23 0.24 0.26 0.04 0.07 -0.02 0.26 0.06 

BWGS 0.17 0.07 0.03 -0.02 0.06 0.25 0.97 0.03 0.02 -0.01 0.14 0.02 

ENGS 0.05 0.09 -0.04 -0.01 0.19 0.04 0.03 0.97 -0.03 -0.00 0.02 0.08 

EWGS 0.04 -0.08 0.29 -0.00 -0.06 0.07 0.02 -0.03 0.97 -0.00 0.04 -0.02 

AbRGS -0.03 -0.01 -0.00 0.19 -0.01 -0.02 -0.01 -0.00 -0.00 0.97 -0.01 -0.00 

BWCGS 0.25 0.06 0.05 -0.02 0.08 0.25 0.14 0.02 0.04 -.0.01 0.97 0.03 

ENCGS 0.04 0.19 -0.02 -0.00 0.11 0.05 0.02 0.07 -0.02 -0.00 0.03 0.97 

Var (P), phenotypic variance; EV: Economic value in US $; BW, body weight at 16 weeks (g); EN, egg number (16 weeks); EW, Egg weight (30 

weeks); AbR, antibody response at 35 days after the second immunisation. BWC: Bodyweight in production; ENC: Egg number production 

environment. Letters GS in front of the traits indicates genomic markers (genomic traits) associated with phenotypic traits. 

2.2. Indigenous Chicken Breeding Goal and 

Traits in the Breeding Objective 

Breeding goal was to develop a dual-purpose IC for both 

meat and eggs production through within-breed selection. 

Breeding objective traits were identified through a participa-

tory approach and included body weight (BW), Egg weight 

(EW), egg number (EN) and resistance to Newcastle disease 

(AbR) [41]. Inclusion of the traits of economic importance in 

the breeding objective requires the estimation of their eco-

nomic values [6]. Economic value of a trait is the change in 

profit attributed to change in a unit's genetic merit of a trait, 

holding other traits constant [26]. Economic values for the 

above-mentioned traits had been estimated [39] and are pre-

sented in Table 1. These values were adopted in the current 

study after adjustments using cumulative discounted values of 

each trait. 

2.3. Genetic, Phenotypic Parameters and 

Genetic Correlations 

Phenotypic and genetic parameters should be obtained from 

the same population when evaluating breeding programs. Due 

to several challenges such as poor data recording, small data 

size, and small populations in developing countries, however, 

it may be difficult to generate genetic and phenotypic pa-

rameters from the same population [77]. The current study, 

therefore, used the consensus genetic and phenotypic param-

eters for IC generated from Meta-Analysis [56]. Since the 

correlation between the same trait may deviate from unity in 

different environments due to G x E [50], correlations be-

tween traits in the breeding objective in the current study were 

sourced from the literature [3, 36] and subjected to Me-

ta-Analysis and are presented in Table 1. 

 
Figure 1. Breeding structure for the simulated indigenous chicken 

breeding program in Rwanda. 
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2.4. Breeding Program, Schemes and Population 

Structure 

A single-tier nucleus breeding program was established 

within the research station by purchasing fertilized eggs from 

the smallholder farmers. Figure 1 shows the design of 

breeding program and selection schemes modelled. Two 

breeding approaches under consideration were conventional 

and genomic. 

Conventional Breeding Schemes (CBS): This approach 

assumed that parents were chosen solely based on pedigree 

and phenotypic information. This mirrors the existing breed-

ing program in many developing countries, where selection 

relies on performance records. In this scheme, it was assumed 

that selection is done within the breeding station (nucleus) and 

the unselected birds to replace parents are returned to small-

holder farmers for raising (commercial) where recording is 

minimal. Response to selection was therefore monitored both 

within the nucleus and in the smallholder farms. 

Genomic Breeding Scheme (GBS): This scheme was similar 

to CBS but assumed that the candidates in the nucleus were 

genotyped and therefore had genotypic information in addi-

tion to performance records on traits in the breeding objective. 

Candidates were, therefore, selected on genetic markers as an 

additional source of information. 

The initial population structure was obtained by incubating 

and hatching one thousand fertile eggs purchased from 

smallholder farmers (Figure 1). Forty cockerels and 200 pul-

lets were selected based on body weights at 16 weeks and 

used as the base population. Each hen was assumed to lay 10 

fertilized eggs per clutch with a hatchability of 85%, the sur-

vival rate to weaning of 60%, and a sex ratio of 0.5 [40]. 

Selection was by truncation using Best Linear Unbiased Pre-

diction Estimated Breeding Values (BLUP-EBV). For 

sex-limited traits and those phenotyped later in life such as EN 

and EW, the candidates were selected based on information 

from their female ancestors and sibs’ performances. For BW 

and AbR, the candidates were selected based on their own 

performance before maturity and phenotypic data from their 

male and female ancestors and sibs’ performance. 

Common environmental effect within the nucleus was as-

sumed constant since the animals were within the same station. 

The performance of the chicks hatched in the nucleus but 

raised in the smallholder farms was simulated by accounting 

for the genetic correlation between on-station and smallholder 

farms for different traits in breeding objective [17]. This is 

because, in Rwanda, the majority of IC farmers are small-

holder rearing their chickens under extensive management 

with nutrient deficiency, disease prevalence and stress [44, 

41]. The transfer of superior genes to smallholder farms from 

the nucleus was through both cockerels and pullets. 

2.5. Prediction of Response to Selection 

Conventional breeding scheme (CBS) 

Genetic gain for each trait was calculated based on the 

method described by [75]. 

∆𝐺 =
𝑏′𝐺𝑖

𝜎𝘐
                 (1) 

where ∆𝐺 is a vector containing selection response for each 

trait;   is a vector of index weights and 𝐺 , is a matrix of 

co-variances between information sources and true breeding 

values of selection candidates, i, selection intensity and  𝘐, 

standard deviation of the index. Total gain in the breeding 

goal was calculated as [82]: 

∆𝐻 = 𝑖 𝐼                 (2) 

where ∆H is the breeding goal 

The response to selection was calculated for all traits in the 

breeding objective (H), which represented the total of the true 

breeding values of traits, each weighted by its respective 

economic value. It was computed as [62]: 

𝐻 = 𝐴1𝑉1 + 𝐴2𝑉2 +⋯        (3) 

where Ai are true breeding values and V are weighting factors 

for each trait. 

Genomic breeding scheme (GBS) 

In this scheme, traits were incorporated into the selection 

index as additional correlated traits with a heritability close to 

unity. This is due to the fact that marker information is en-

tirely heritable and lacks residual variance. [64, 14]. Conse-

quently, the environmental correlation between the true and 

extra trait is insignificant and was set to null [15]. Phenotypic 

and genetic correlations between the true and additional trait 

were calculated as       and       where   is the square root 

of the heritability of the trait and     ’, the accuracy of ge-

nomic estimated breeding values. The      was determined by 

the size of the reference population (  ) , the effective 

number of loci in the base population ( 𝐺), and the correla-

tion of true breeding values of genotyped individuals and their 

phenotypes (r). They were computed based on the model 

below [15, 13]. 

    = √
𝜆𝑟2

𝜆𝑟2+1
                  (4) 

where λ =
 𝑝

 𝐺

 and r
2
, heritability, nG=2NEL, NE is the effec-

tive size of the base population, and L is the size of the ge-

nome in Morgan units. The IC genome was presumed as 32 in 

Morgan units [23], the effective population size was 17.14 

based on the formula of [76] as follows: 

NE =
4𝑁𝑓∗𝑁𝑚

𝑁𝑓+𝑁𝑚
               (5) 

where Nf: number of females; Nm: number of males 
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Phenotypic and genetic correlations between the genomic 

traits were computed as per the procedure of [14] and are 

presented in Table 1. 

2.6. Prediction of Inbreeding Rate 

Rate of inbreeding was computed based on [81]. In the first 

step, a regression model was used to predict long-term con-

tributions. 

𝐸( ) = 𝛼 + 𝛽(𝐵𝑉 − 𝐵𝑉̅̅ ̅̅ )         (6) 

where E(r) is the expected contribution, α, the contribution of 

an individual with an average breeding value, β accounts for 

the increase of the contribution of parents with a higher 

breeding value implying that the parents with high breeding 

values will have more selected offspring. Secondly, the square 

of the expected contributions was computed. This results in 

the calculation of inbreeding as; 

∆𝐹 = 1
2⁄ 𝑁𝐸( )2       (7) 

where N is the number of parents, and E (r)
2
 the square of the 

expected contributions. 

2.7. Optimum Nucleus Size 

Optimal nucleus population size was investigated by 

simulating the effect of the nucleus size and different mating 

ratios on response to selection. This was considered by in-

creasing the number of breeding parent flock in the base 

population from 240 to 24,000 hens and mating ratio from 

1:5 to 1:100. The use of artificial insemination (AI) was 

adopted when the mating ratio was increased. With AI, it has 

been reported semen from one cock can be used to insemi-

nate 100 hens by use of extenders [47]. 

SelAction software [62] was used to model and simulate 

different breeding systems and schemes in the current study. 

This software predicts rates of genetic gain and inbreeding for 

livestock breeding programs using deterministic simulation 

approaches. It presents the total response to selection, re-

sponse for males and females separately. It also accounts for 

rate of inbreeding. Response to selection and rate of in-

breeding are presented per generation [62]. 

3. Results 

This study revealed that the within-breed selection strategy 

improves egg and meat production of IC in Rwanda. Fur-

thermore, it revealed that GBS performed better than CBS 

based on rates of genetic gain and inbreeding. 

3.1. Response to Selection in Breeding Program 

Response to selection was presented as overall genetic gain, 

rate of inbreeding, accuracies of selection and genetic gains of 

individual traits realised in the two breeding schemes. Rates 

of genetic gain, inbreeding and accuracies of selection in the 

CBS and GBS are presented in Table 2. In CBS, the genetic 

gain was 1.13 times higher in the nucleus than in commercial. 

Rate of inbreeding per generation of selected chicken in the 

nucleus was 1.32 times less inbred than their offspring under 

field conditions. The accuracy of selection was 1.17 times 

higher in the nucleus than in smallholder farms. In GBS on the 

other hand, there was no difference in rates of genetic gain, 

inbreeding and accuracy of selection between the nucleus and 

smallholder farms. When GBS and CBS were compared, the 

GBS was 3.0 and 3.15 times superior to CBS in genetic gain 

and reduction in the rate of inbreeding, respectively. In addi-

tion, accuracy of selection was 1.8 times higher in GBS than in 

CBS. 

Table 2. Rates of genetic gain (US$), inbreeding (%) and accuracy of selection in the conventional (CBS) and genomic (GBS) breeding 

schemes. 

Scheme  Response (US$) Rate of inbreeding (%) Accuracy of index 

CBS Nucleus 340.41 1.45 0.55 

 Commercial 301.17 1.91 0.47 

GBS Nucleus 1,024.45 0.46 0.97 

 Commercial 1,024.44 0.46 0.97 

CBS, Conventional breeding scheme; GBS, Genomic breeding scheme; US$: United State dollars 

Genetic gain for individual traits in CBS and GBS are dis-

played in Table 2. There were differences in genetic gain per 

trait in the CBS and GBS and also between nucleus and 

commercial. In CBS, the genetic gains for BW and EN traits 

were 1.12 and 1.10 times greater in the nucleus than in 

smallholder farms, respectively. Contrarily, the correlated 

responses of EW and AbR to BW and EN traits were lower in 

the nucleus than in the commercial flock. In GBS, the genetic 
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gains for BW and EN traits were similar in the nucleus and 

commercial. Correlated responses of EW and AbR were, 

however, greater in commercial than in the nucleus. Genetic 

gains for BW and EN were 3 times more and 2 times less in 

GBS than in CBS, respectively. The correlated response of 

AbR was also greater in GBS than in CBS, but that of EW was 

lower in GBS than in CBS. 

Table 3. Genetic gains for individual traits realised in conventional (CBS) and genomic (GBS) breeding schemes. 

Trait 

CBS GBS 

Nucleus Commercial Nucleus Commercial 

BW 158.24 141.39 476.44 476.44 

EN 1.07 0.97 0.49 0.48 

EW 0.24 0.43 0.13 0.20 

AbR -82.10 -72.17 -45.39 -30.37 

BW, body weight at 16 weeks (g); EN, egg number (16 weeks); EW, Egg weight (30 weeks); AbR, antibody response at 35 days after the 

second immunisation 

3.2. Optimum Nucleus Size 

Figure 2 demonstrates the effect of the increase in the nu-

cleus size on the rate of change in genetic gain and inbreeding 

in CBS and GBS. Nucleus size did not affect considerably the 

genetic gain. There was a sharp increase of genetic gain up to 

a nucleus size of 960 and 303 hens, with sex ratios of 1:5 and 

1:100, respectively and then, increased at a diminishing rate in 

both CBS and GBS. Rate of inbreeding declined at a dimin-

ishing rate with a gradual increase in nucleus size in both CBS 

and GBS. 

 
Figure 2. Trends for the rate of genetic gain and inbreeding attributed to the increase in nucleus size. 
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Figure 3. Trends for change in the rate of genetic gain and inbreeding due to the increase in the mating ratio. 

4. Discussion 

Findings of the present study confirm our hypothesis that 

the use of within-breed selection strategy improves egg and 

meat production of IC in Rwanda. Furthermore, this study 

revealed that based on rates of genetic gain and inbreeding, 

GBS outperformed CBS. This was confirmed by a low and 

high response to selection for overall breeding goal and indi-

vidual traits realised in CBS and GBS, respectively. 

4.1. Rates of Genetic Gain and Inbreeding of 

Indigenous Chicken in CBS and GBS 

Generally, the rate of genetic gain for the breeding goal of 

IC in CBS in this study was adequate, but inferior to that 

realised in GBS (Table 2), confirming the findings from the 

previous studies [72, 51, 18]. This could be attributed to an 

increased accuracy of index realised in GBS (Table 2). High 

accuracy has been associated with high selection response 

[18]. It indicates, therefore, that GBS would increase the 

values of genetic improvement. The GBS is associated with 

higher accuracy than CBS because genomic relationships are 

more accurate than pedigree-based relationships [45]. Accu-

racy is positively correlated with heritability [78] and in GBS, 

the marker information is entirely heritable [64, 15]. This is 

because markers are linked to a gene affecting the trait [45]. 

Besides, the increase in accuracy is attributed to the upgraded 

measurement of the relationships between animals and better 

prediction of the Mendelian sampling terms [11, 28]. With 

GBS, Mendelian sampling terms are better exploited than with 

CBS [10], and thus accuracy from GBS increases compared to 

those realised in CBS. This is because GBS captures not only 

the additive genetic relationship between individuals but also 

the information about linkage disequilibrium between mark-

ers and traits [35]. This study suggests GBS be a breeding 

scheme that results in more rapid genetic progress compared 

to CBS. 

The simulated performance of the chickens selected in the 

nucleus using CBS was less than the performance of their 

descendants raised in the smallholder farms (Table 2), con-

firming G × E [52, 50]. Since, in practice, environments in 

which chickens are kept and selection is done, are often dif-

ferent, the breeding goal should, however, reflect the eco-

nomic and production environment in which the animals are 

reared [59, 43]. This is done by involving genetic correlations 

caused by G × E [74], which is generally lower than unity [17]. 

A loss in genetic gain should be expected when G × E is less 

than 0.8 [52, 21]. This is because, G × E reduces the accuracy 

of selection and, hence, effective heritability of EBV for 

commercial population performance [16]. The G x E is a 

cause of genetic variation with regards to the environment [50] 

http://www.sciencepg.com/journal/avs


Animal and Veterinary Sciences http://www.sciencepg.com/journal/avs 

 

102 

as genes are affected by environmental change [69]. The 

effect of selection is to change gene abundance [27] and ad-

aptation of animals in a new environment can, therefore, 

happen through the modification of their chromatin structure, 

especially change in the gene sequence through recombina-

tion, genetic drift and mutation, [69]. Improvement obtained 

in the nucleus by using CBS would not, therefore, be fully 

realised in the production environment where G x E interac-

tion is significant. These findings are supported by [14, 21, 51] 

who demonstrated that using CBS, the performance of se-

lected animals in the nucleus could be a poor predictor of 

performance of their offspring under field conditions due to G 

x E. This study advises that by using CBS, G x E should, 

therefore, be considered to develop superior germplasm 

among IC that performs optimally under specific management 

practices. 

This study revealed, however, that by using GBS, the per-

formance of chickens in the nucleus was not different from 

that of their descendants in smallholder farms (Table 2). This 

indicates that GBS had better opportunities to exploit G x E 

than CBS. This could be explained by the fact that in GBS, 

there is either less or no emphasis on own performance under 

ideal nucleus environments and high selection accuracy in a 

harsh environment for both sexes [50]. The GBS possesses the 

ability to move the emphasis to performance in field condi-

tions [50], confirming the use of GBS to select chicken in the 

nucleus for the improvement of their offspring performance 

under the field conditions [14, 21]. This shows that GBS is 

much better in increasing resilience and reducing the envi-

ronmental sensitivity of animals [50]. Being a good predictor 

of performance of IC in smallholder farms, GBS would 

thereby be a beneficial breeding scheme to adopt in Rwanda. 

This is because so far there is no information about G X E and 

the majority of IC farmers are smallholder rearing their 

chickens under extensive management [44, 41]. 

The current study revealed that the rate of inbreeding was 

lower in GBS than CBS (Table 2). The reason for this lower 

rate of inbreeding is that, by offering information on Men-

delian sampling terms, genomic markers distinguish rela-

tives, comprising full sibs, which decreases the likelihood of 

co-selection of relatives [12, 15]. Marker information is 

entirely heritable and has no residual variance since it is 

supposed that genotypes can be observed without error [64], 

thus, as heritability increases, accuracy of selection in-

creases thereby rate of inbreeding decreases [15]. This infers 

that GBS should be adopted by breeding programs at the 

earliest possible time to improve genetic gain over the 

shortest period and to restrain the inbreeding rate as per the 

recommendation by [59, 18]. The challenge of implementing 

GBS, however, was the exorbitant cost of genotyping [67]. 

Fortunately, the cost of genotyping is, however, becoming 

low [66] and it is therefore supposed that genomic selection 

would be largely applied in poultry breeding programs even 

in Rwanda. 

Genetic gain realised for individual traits differed between 

CBS and GBS (Table 3), and also between nucleus and 

commercial. Genetic gain per generation for BW observed in 

this study was positive and higher than 69.92g of IC in Tan-

zania [37], 38.72g of IC from Kenya [59] and 72.00g of 

Ethiopian chicken [80]. Genetic gain for EN obtained in this 

study was lower than 1.36 IC eggs from Kenya [59], 2.45 eggs 

for Tanzanian medium IC [37], 2.6 eggs for the Indian 

chicken ecotype [74] and 3.10 eggs for chicken in Nigeria 

[58]. These dissimilarities could be attributed to either popu-

lation size considered, selection procedure used, or selection 

intensities employed [70]. This is because the most important 

factors which affect genetic gain include effective population 

size, accuracy of selection, and selection intensity [58]. Op-

timal genetic gain could be realised by maximising these 

aforementioned factors [9]. Regrettably, with restricted re-

sources, all these factors cannot be maximised concurrently 

[58]. For instance, increasing the intensity of selection lowers 

an effective population size and leads to a reduced genetic 

gain [49]. Correlated genetic gain achieved for EW was lower 

in the nucleus than in commercial in the two breeding 

schemes, contrarily to BW and EN. This difference could be 

caused by the negative phenotypic and genetic correlation 

between EW and EN [56]. This suggests that selection of IC 

for EN would compromise egg size. However, eggs from IC 

can be marketed with their present low weight with no prob-

lem [37]. Furthermore, egg consumers are currently not ready 

to pay much more for bigger eggs [4, 54]. The negative ge-

netic gain for AbR realised in the two breeding schemes was a 

sign of decreased AbR combating Newcastle disease and 

thereby low immunity. Observed decline in correlated re-

sponse for AbR in the two breeding schemes suggests that 

intense selection for BW and EN would compromise the 

immune system of fowls. In poultry as in other livestock 

species, the antagonistic relationship between functional and 

production traits has been demonstrated [32, 42, 31]. The 

current study suggests that selecting IC for BW together with 

EN and selection of IC for EW alongside AbR and crossing 

them would, therefore, assist in the utilisation of hybrid vig-

our and complementarities. 

4.2. Optimum Nucleus Size 

Increase in nucleus size resulted in an upturn in genetic gain 

and a decrease in the rate of inbreeding in both CBS and GBS 

(Figure 2). The cause for this trend was that the increase in 

nucleus size would increase the number of selected unrelated 

parents and hence reduce the rate of inbreeding [30]. In GBS, 

by increasing the amount of genomic information and the size 

of the reference population improves the genetic gains [18]. 

Rates of inbreeding may be reduced by increasing the flock 

size and the numbers of sires and dams selected [77]. In-

creasing flock size, however, could increase the cost of a 

nucleus flock program [33]. Researches have, therefore, 

recommended to focus on ways to obtain a maximum genetic 

response in nucleus herds/flocks of small size and to limit 
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inbreeding at the same time [7]. Through this study, there was, 

therefore, a sharp increase of genetic gain up to a nucleus size 

of 960 and 303 hens with sex ratios of 1:5 and 1:100, respec-

tively and then, a diminishing increase as the nucleus size gets 

much larger. Since this study also revealed an effect of sex 

ratio on nucleus size, the optimal nucleus size in Rwanda, 

therefore, could be considered as one ranging between 303 

and 960 hens with sex ratios varying between 1:100 and 1:5, 

respectively. 

In addition, the current study showed that the increase in 

mating ratio resulted in a great genetic response in both CBS 

and GBS (Figure 3). This trend may be because, by increasing 

the mating ratio, the selection intensity of males increased, 

leading to the improvement of response to selection due to a 

positive correlation between selection intensity and genetic 

response [8]. This result could justify the use of semen from 

one cock to inseminate one hundred (100) hens using artificial 

insemination reproductive technology [47]. This later ap-

proach allowed the quick dissemination of genetic material 

from a small number of superior males to a high population of 

females [47]. Besides, a higher mating ratio yielded a greater 

rate of inbreeding in CBS. This could be because, once the 

number of parents is small, the rate of inbreeding is expected 

to be higher [72]. Inbreeding leads to increased homozygosity 

within the population, resulting in reduced genetic variance 

[82]. Increase in inbreeding is of great burden in livestock 

breeding programs because it decreases the long-term re-

sponse to selection due to reduced genetic variance in a pop-

ulation [14]. Even if inbreeding cannot be avoided [22], the 

mating ratio would, therefore, depend on an optimal rate of 

inbreeding not more than 1% per year recommended by FAO 

[68] to void the loss of merit and genetic variance. This study 

revealed that an increase in the mating ratio led to a reduction 

in the rate of inbreeding in GBS. This is because using ge-

nomic information reduces the probability of co-selection of 

relatives in the parents [12, 15]. As recommended by [46], the 

nucleus size and mating ratio that capitalize on genetic gain 

while limiting the rate of inbreeding in IC would further result 

in an optimal genetic contribution of the current generation to 

next generations. 

4.3. Practical Implications 

In general, the two breeding schemes for IC improvement 

simulated in this study had a positive response to selection, 

but with a considerable difference between them. This implies 

that the adoption of any of them would lead to the genetic 

improvement of IC. This study, however, proved that GBS 

was highly efficient in terms of rates of genetic gain and in-

breeding. High genetic gain and low inbreeding rate both in 

the nucleus and under smallholder farmers’ conditions ob-

tained with GBS indicates that within-breed selection of IC 

would be worthfully considered. In Rwanda, due to the 

growing demand for chicken products due to the increasing 

human population, limited land resources, economic growth 

and urbanisation [65], there would be a need to adopt GBS, a 

breeding scheme that would lead to faster genetic progress 

[59]. Implementation of GBS in Rwanda, however, may re-

main a challenge due to inadequate well-established infra-

structure and trained personnel [57] for its smooth operation. 

This implies that Rwanda could at the moment start with CBS 

while developing infrastructure for implementation of GBS. 

5. Conclusion 

This study has established that it is promising to improve IC in 

Rwanda for dual-purpose for both meat and egg through with-

in-breed selection strategy using either CBS or GBS. Both CBS 

and GBS simulated in this study had a considerable positive 

response to selection. The GBS with the higher selection re-

sponse and lower inbreeding rate, however, appears to be a fa-

vourable breeding program scheme. Besides, the GBS being a 

good predictor of the IC performance under field conditions 

should, therefore, be adopted to greatly improve IC genetic pro-

gress, both in speed and accuracy. Lastly, CBS and GBS schemes 

would rely on an optimal nucleus size and appropriate mating 

ratio for optimising selection response at the same time con-

straining the rate of inbreeding in IC in Rwanda. 
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