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Extreme environmental conditions are a major challenge in livestock production. Changes in climate, particularly those that contribute to weather extremes like drought or excessive humidity, may result in reduced performance and reproduction and could compromise the animal’s immune function. Animal survival within extreme environmental conditions could be in response to natural selection and to artificial selection for production traits that over time together may leave selection signatures in the genome. The aim of this study was to identify selection signatures that may be involved in the adaptation of indigenous chickens from two different climatic regions (Sri Lanka = Tropical; Egypt = Arid) and in non-indigenous chickens that derived from human migration events to the generally tropical State of São Paulo, Brazil. To do so, analyses were conducted using fixation index (Fst) and hapFLK analyses. Chickens from Brazil (n = 156), Sri Lanka (n = 92), and Egypt (n = 96) were genotyped using the Affymetrix Axiom®600k Chicken Genotyping Array. Pairwise Fst analyses among countries did not detect major regions of divergence between chickens from Sri Lanka and Brazil, with ecotypes/breeds from Brazil appearing to be genetically related to Asian-Indian (Sri Lanka) ecotypes. However, several differences were detected in comparisons of Egyptian with either Sri Lankan or Brazilian populations, and common regions of difference on chromosomes 2, 3 and 8 were detected. The hapFLK analyses for the three separate countries suggested unique regions that are potentially under selection on chromosome 1 for all three countries, on chromosome 4 for Sri Lankan, and on chromosomes 3, 5, and 11 for the Egyptian populations. Some of identified regions under selection with hapFLK analyses contained genes such as TLR3, SOCS2, EOMES, and NFAT5 whose biological functions could provide insights in understanding adaptation mechanisms in response to arid and tropical environments.
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INTRODUCTION

Extreme environmental conditions are a major challenge in livestock production. Changes in climate, particularly those that contribute to weather extremes like drought or extreme temperatures or humidity may result in reduced performance, reproduction and could compromise the animal’s immune function (St-Pierre et al., 2003). In chickens, extreme environmental temperatures lead to generation of reactive oxygen species (ROS), causing oxidative stress and lipid peroxidation (Altan et al., 2003). However, chickens particularly the local (indigenous) breeds often adapt over time to tolerate extreme challenging environments. Local chicken populations are characterized in terms of production status by limited management and veterinary services but are considered important genetic resources. They are reported to have been derived after many hundreds of years of successful adaptations to extreme environments (Hall and Bradley, 1995). In Egypt, there is undisputed evidence that chickens (domestic fowls) were kept since 1840 B.C (Coltherd, 1966), and Egypt was a major entry of Indian chickens to the African continent (Eltanany and Hemeda, 2016; Osman et al., 2016). Egyptian local breeds are generally characterized into three groups: the first group are the native breeds such as Fayoumi and Dandarawi, second group includes the Baladi and Sinai strains, and third group results from the cross between exotic and local strains accompanied by various trait selection (Osman et al., 2016). The native/local breeds/ecotypes have been kept as backyard or free-range chickens and could have developed adaptation mechanisms to their respective climates. In spite of successful adaptations to their environments, there is limited knowledge about genomic regions involved in the adaptation of local village chickens to the specific environmental conditions. There is also uncertainty whether geographical locations of local chicken populations could be the cause of their genetic differentiation (Mahammi et al., 2016). Domestication by humans and subsequent breed formation has led to chickens being adapted in physiology, morphology, fertility, and behavior to increase production (Ericsson et al., 2014). Selection pressure, natural or artificial, has been influential in enabling chickens to adapt to their environments and may leave signatures of selection in chicken population genomes. Signatures of selection, or selective sweeps as they are sometimes called, are particular patterns of DNA that are identified in regions of the genome with mutation or have been under selection pressure in a population (Qanbari and Simianer, 2014). Larger homozygosity regions are exhibited in such regions than expected under Hardy-Weinberg equilibrium whenever there is positive selection for a particular allele. These regions may have genes with functional importance in particular processes and reflect allelic selection under differing environmental conditions.

There are many methods used in the detection of selection signatures in the genome. These methods are classified into intra-population and inter-populations statistics. Inter-population statistical analyses can be categorized into single site or haplotype differentiation analyses (Qanbari and Simianer, 2014). To detect regions of divergence or similarity, most studies have used the single site differentiation statistic commonly known as Fixation Index, Fst (Elferink et al., 2012; Gholami et al., 2015; Fleming et al., 2017) and hapFLK (Gholami et al., 2015) analyses to detect selection signatures in both commercial and non-commercial breeds. Inter-population statistics are reported to have more statistical power to detect selection signatures in recently diverged populations (Yi et al., 2010). The major concern with Fst is that it assumes the populations have same effective population size and are derived independently from one ancestral population (Price et al., 2010). HapFLK is a method that is based on extension of the FLK statistic and accounts for both the hierarchical structure and haplotype information, and its use greatly improves the detection power and can detect signatures of selection that may be occurring across several populations (Fariello et al., 2013).

In this study we applied both Fst and hapFLK statistical analyses on indigenous chicken breed/ecotype populations from three countries that have different climates [Brazil and Sri Lanka = Tropical, and Egypt = Arid] for regions where selection may have taken place and shaped the genome to enable the chickens to adapt to different environments.

MATERIALS AND METHODS

Chicken blood sample collections procedures in Brazil were approved by Animal Care and Use Committee of São Paulo State University (Process 009999/14; approved on 06 June 2014). Chicken blood samples from Egypt and Sri Lanka were collected in accordance with the local veterinary guidelines.

Sample Collection

Blood samples were collected from 156 Brazilian, 92 Sri Lankan, and 96 Egyptian chickens under veterinary supervision in the home countries and according to accepted animal care practices. The Brazilian chickens represented eleven ecotypes/breeds (Sedosa, Cochinchina, Ketros Oceania, Suri, Backyard Giant Indian, Shamo, Brahman, Backyard, Bantham, Brazilian Musician, and Bakiva) and were sampled from different farms, outside Porto Ferreira in the State of São Paulo. A total of 92 samples were collected from 3 Sri Lanka ecotypes which were made up of 27, 34, and 31 samples collected from Gannoruwa (GN) town, Karuwalagaswewa (KR), and Uda Peradeniya (UPA) villages, respectively. A total of 95 samples were collected from an Egyptian ecotype and two breeds; 31 Baladi (Bal, ecotype) from 3 villages in Qalyubia, 31 Fayoumi (Fay) from 4 villages in Mid-Egypt, and 33 Dandarawi (Dan), from 4 villages in Southern Egypt.

Genotyping and Quality Control

Genotyping for all samples was conducted at GeneSeek (Lincoln, NE, United States) using the Affymetrix Axiom®600k Array. SNP (single nucleotide polymorphism) genotype data quality filtering was assessed with PLINK 1.9 software (Chang et al., 2015) and only autosomal SNPs were screened based on parameters of >90% call rate (-geno 0.1) and minor allele frequency (MAF) > 0.02. In total, 523,186 SNPs were utilized for downstream analysis.

Population Stratification Analyses

Multi-dimensional scaling (MDS) was performed to examine population structure for stratification in two dimensions using cluster algorithm in PLINK v1.9 (Chang et al., 2015). Shared ancestry, with no prior knowledge on the origin of the breeds, was explored using the Admixture software (Alexander et al., 2009) for varying K-values, ranging from 1 to 12, where K is the number of expected subpopulations. The optimum K-value of K = 10 was determined based on the lowest value of the cross-validation error.

Fst Analyses

The Fst statistic analysis is a widely used approach and was performed to determine genetic differentiations between populations (Barreiro et al., 2008; Bonhomme et al., 2010; Fariello et al., 2013). Three pairwise comparisons were performed in Plink v1.9 (Purcell et al., 2007) for Brazil vs. Egypt, Sri Lanka vs. Egypt, and Brazil vs. Sri Lanka ecotypes to identify any genomic regions under increasing differentiation using an overlapping sliding window approach. The populations were designated as a case or control category based on hypothesized proxy climatic phenotype of tropical (Brazil and Sri Lanka) vs. arid (Egypt) climatic conditions. For each comparison, mean Fst (mFst) value was calculated in 100 kb sliding windows with a step size of 50 kb to examine data with 50% overlap using an in-house script (Karlsson et al., 2007). Genomic regions with the highest peaks, 0.2% of the empirical distributions of the mFst values, were considered for downstream analyses.

HapFLK Analyses

The hapFLK statistic accounts for varying effective population sizes and haplotype structure of the populations using multi-point linkage disequilibrium model (Scheet and Stephens, 2006; Bonhomme et al., 2010; Fariello et al., 2013). This approach was used to identify possible regions under selection across chicken breeds/ecotypes within each country. To do this, it required estimation of a neighbor joining tree and a kinship matrix based on the matrix of Reynolds’ genetic distances between ecotypes/breeds (Bonhomme et al., 2010). A phylogenetic tree was constructed among the populations from the three countries: Sri Lanka (KR, UPA, and GN), Brazil (Sedosa, Cochinchina, Ketros Oceania, Suri, Backyard Giant Indian, Shamo, Brahman, Backyard, Bantham, Brazilian Musician, Bakiva), and Egypt [Baladi (Bal), Fayoumi (Fay), and Dandarawi (Dan)]. To identify any regions under selection, analyses were performed separately across breeds/ecotypes within each climatic region (country). The number of haplotype clusters per chromosome was determined in fastPHASE using cross-validation based estimation and was set at 15 (Scheet and Stephens, 2006). The hapFLK values were generated for each SNP and computation of P-values were performed using a chi-square distribution with a python script that is provided on the hapFLK webpage1. A q-value threshold of 0.05 was applied to limit the number of false positives.

Gene Annotation

Gene annotation of the identified regions under possible selection was completed using NCBI’s Genome Data Viewer2 on the chicken genome version Gallus gallus 5.

RESULTS

Population Stratification

The MDS plot in Figure 1 shows distinct separation among ecotypes from the three countries and separation of Brazilian and Sri Lankan ecotypes from the Egyptian ecotypes. The Brazilian breeds, Cochinchina and Brahma (black circled) and Sedosa (red circled) are separated from the rest of the Brazilian breeds/ecotypes, but closer to Sri Lanka ecotypes. The admixtures analysis based on the SNP genotyping calls showed evidence of shared ancestry among breeds/ecotypes within each country and limited across countries (Figure 2). Although the Brazilian breeds/ecotypes were sampled from one location, admixture results revealed limited crossover among breed/ecotypes. The phylogenetic tree based on Reynolds’ distances with all the SNPs that passed quality control is shown in Figure 3. Here, the Sri Lankan ecotypes were separated from Egyptian breeds and some Brazilian breeds/ecotypes grouped in sub-trees. This is consistent with MDS plot. The Brazilian breeds, Cochinchina and Brahma, that are historically known to originate from Asia are grouped in one sub-tree with the Sri Lankan ecotypes.
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FIGURE 1. Multi-dimensional scaling (MDS) plot showing distinct sampling populations from three countries; Brazil, Sri Lanka, and Egypt. MDS plot was constructed using genomic distances to examine population stratification. The Cochinchina and Brahma Brazil breeds (black circled) and Sedosa (red circled) clustered separate and away from the rest of the eight Brazilian breeds/ecotypes.
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FIGURE 2. The admixture plot showing mixed ancestry among individuals and populations. The Brazil breeds/ecotypes from left to right; Shamo, Brahma, Cochinchina, Bakiva, Sedosa, Bantham, Suri, Brazilian musician, Ketros oceania, Backyard Giant Indian, and Backyard.
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FIGURE 3. Reynolds’ genetic distances population tree of three Sril Lanka ecotypes (Green), three Egyptian breeds (Red), and eleven Brazilian breeds/ecotypes (Blue).



Fst Analyses

The Fst analyses for the comparisons between Brazil or Sri Lanka vs. Egypt generally indicated the strongest peaks on chromosomes 2, 3, and 8 (mFst > 0.28) (Figure 4). A total of two regions were detected only in the Brazil vs. Egypt comparison, on chromosomes 2 (71.85–71.95 Mb) and 8 (10.45–10.55 Mb) that contained the MicroRNA 6545 and TRMT1L (tRNA methyltransferase 1 like) genes, respectively. For the Sri Lanka vs. Egypt comparison, a region on chromosome 3 (64.65–64.75 Mb) was detected and contained the HS3ST5 gene. There were also common regions between the two analyses of chickens from Brazil or Sri Lanka vs. Egypt. A total of three common regions were identified on chromosome 2 (25.25–25.35 Mb; 25.35–25.45 Mb; and 26.15–26.25 Mb) with 38, 40, and 45 SNPs, respectively. Chromosomes 3 and 8 had each one common region of 111.25–111.35 Mb and 650–750 Kb with 4 and 44 SNPs, respectively. The Brazil vs. Sri Lanka comparison had generally the lower mFst values.
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FIGURE 4. Pairwise Fst analyses to detected regions under possible selection: Sri Lanka vs. Egypt (A), Brazil vs. Egypt (B), Sri Lanka vs. Brazil (C). Red line indicates the upper 0.2% of the empirical distribution of the window mFst values.



Genes Under Putative Selection Within Egyptian, Sri Lankan, and Brazilian Populations

The hapFLK statistic is an extension of FLK, accounts for the haplotype information and hierarchical structure (Fariello et al., 2013; Servin et al., 2013) and greatly improves the power of detection of selection signatures that may be occurring across several populations. HapFLK analyses revealed significant unique selection signals within Sri Lankan, Egyptian, and Brazilian chicken populations. Eight significant regions on chromosomes 1 (1.71–2.72 Mb; 43.05–46.79 Mb), 2 (38.74–38.96 Mb), 3 (102.39–103.09 Mb), 4 (71.24–71.34 Mb), 5 (28.61–29.14 Mb), 10 (14.06–14.09 Mb), and 11 (18.79–20.20 Mb) were detected as strong selection signatures across the Egyptian breeds (Figure 5A). Multiple genes, with a majority of them such as Suppressor of cytokine signaling 2 (SOCS2), Eomesodermin (EOMES) and Nuclear factor of activated T-cells 5 (NFAT5) are involved in the immune system were identified within the regions under selection (Tables 1, 2), but to date there were no annotated genes within the regions on chromosomes 4 and 10. Two regions with strong selection signals were detected on chromosomes 1 (34.44–34.53 Mb) and 4 (61.18–62.15 Mb) across the Sri Lankan chicken ecotypes (Figure 5B). One gene was identified within the chromosome 1 region, while 18 genes, including genes involved in the immune system such as Toll like receptor 3 (TLR3) and Nuclear factor kappa B subunit 1 (NFKB1) were identified within the chromosome 4 selection region (Tables 3, 4). In addition to immune response genes, hapFLK analyses revealed genes associated with production traits in the regions under selection across Egypt and Sri Lanka chicken populations. Genes such as SNRPF, MRPL42, and ACSF3 on chromosomes 1 and 11 (Table 2) were identified across the Egypt populations, whilst MTNR1A and CYP4V2 on chromosome 4 (Table 4) were identified across the Sri Lanka populations.
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FIGURE 5. HapFLK analysis over the entire genome across breeds/ecotypes in three country populations: red line indicates the upper 0.05% of hapFLK distribution, for (A) within Egyptian breeds/ecotype, (B) within Sri Lanka ecotypes, and (C) with Cochinchina and Brahma Brazil breeds.



TABLE 1. Putative selective signatures identified across Egyptian breeds in the hapFLK analysis.
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TABLE 2. List of genes in the identified putative selection signatures among Egyptian breeds.
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TABLE 3. Putative selection signatures identified across Sri Lanka ecotypes in the hapFLK analysis.
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TABLE 4. List of genes in the identified putative selection signatures among Sri Lanka ecotypes.
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There were no strong selection signals across the eleven Brazilian breeds/ecotypes, but two regions with strong signals were detected across the two Brazilian breeds with Asian ancestry, Cochinchina and Brahma on chromosomes 1 and 14 (Figure 5C). Three genes were identified within the selection signature region on chromosome 1 and there were no annotated genes within the chromosome 14 region (Tables 5, 6). No selection signals were detected across the rest of the nine Brazilian breeds/ecotypes (results not shown). None of the selection signature regions from the hapFLK in any country (Egypt, Sri Lanka, and Brazil) populations were consistent with Fst analyses.

TABLE 5. Putative selection signatures identified across Cochinchina and Brahma Brazilian breeds in the hapFLK analysis.
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TABLE 6. List of genes in the identified putative selection signatures among Cochinchina and Brahma Brazilian chicken breeds.
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DISCUSSION

The admixture of populations in the three countries indicates mixed genetic backgrounds of the chickens (Figure 3). The overlap across ecotypes/breeds within individual countries could be due to unrestricted inter-mating among chickens of different genetic backgrounds, resulting in chickens with ancestors from different groups that eventually contribute to the shared ancestry. The other factor that might contribute to the admixture within and across the respective countries could be due to movement of birds through trading. Although chickens were sampled from one location, Porto Ferreira in Brazil, it is surprising that there was more admixture and more discrete breeds in the Brazil population, unlike Egypt and Sri Lanka populations. Moreover, the Brazilian breeds/ecotypes clustered closer to the Sri Lankan ecotypes (Figures 1, 3). This is, however, not surprising because chickens in Brazil are not indigenous and are reported to have been imported from Asia (Komiyama et al., 2004). The Reynolds’ genetic distances population tree compliments the stratification by the MDS plot and admixture of the populations. The Egyptian breeds are within their own sub-tree and appear to have some shared ancestry with some Asian breeds as revealed by the admixture plot. The indication of shared ancestry is in agreement with previous findings which reported that Egyptian local/native breeds/ecotypes originated from Asia or the Indian sub-continent (Elferink et al., 2012; Elkhaiat et al., 2014; Eltanany and Hemeda, 2016).

The MDS results allowed the analyses to be performed on a case/control basis, with environmental/climatic conditions of the three countries as the proxy phenotype to allow the results to be viewed as regions of the genome under possible selection for environmental tolerance/adaptation by the local chicken populations of each of the three countries. The Fst results indicated possible selection signatures on chromosomes 2 and 8 for the Brazil vs. Egypt comparison, and on chromosome 3 for the Sri Lanka vs. Egypt comparison and common differences between Arid (Egypt) and Tropical (Sri Lanka and Brazil). The two genes, TRMT1L and MicroRNA 6545 detected in regions for the Brazil vs. Egypt comparison could suggest chicken adaptation and survival in hot conditions. TRMT1L catalyzed tRNA modification is required for redox homeostasis to ensure proper cellular proliferation and oxidative stress survival. Cells that are deficient in the TRMT1L will exhibit a decrease in proliferation rates, alteration in protein synthesis and perturbation in redox homeostasis including hypersensitivity to oxidizing agents (Dewe et al., 2017). The second gene, MicroRNA 6545, is reported to be involved in reproductive processes and embryogenesis, including TGF-β and Wnt that specifies the neutral fate of the blastodermal cells (Shao et al., 2012). For the Sri Lanka vs. Egypt comparison, a gene, HS3ST5 that could be important in immune response was detected. HS3ST5 is involved in immunity and defense molecular functions (Szauter et al., 2011). Although we did not detect annotated genes in the common regions between the two analyses of chickens from Brazil or Sri Lanka vs. Egypt, these regions could present recent important selection signatures that could enable chicken survival in either the tropics or arid conditions. The common genomic regions of chickens from Sri Lanka or Brazil when compared to Egypt could indicate exposure of chickens from Sri Lanka and those from Porto Ferreira (Brazil) to same environmental conditions and they may have evolved similar selection signatures for adaptation and survival.

The identification of genomic regions that may be under both artificial and natural selection could help identify possible selection signatures across breeds/ecotypes within a country. Several genomic regions with putative selection were identified in the current study using the hapFLK method across Egyptian and Sri Lankan breeds and ecotypes, respectively. The hapFLK analyses identified several regions under selection on chromosomes 1, 2, 3, 4, 5, 10, and 11, across the three Egyptian breeds; Fayoumi, Dandarawi, and Baladi (Figure 5A and Table 1). Some genes detected in the genomic regions under selection across the Egyptian chickens are reported to be involved in the modulation of growth (Bolamperti et al., 2013), and the immune system (Szczesny et al., 2014; Zhang et al., 2018) and others could possibly be important in thermal/heat tolerance. These genes could be relevant in the adaptation of the Egyptian chickens to the arid hot dry conditions. One notable gene in a region under selection, on chromosome 2 is the SOCS2. Suppressor of cytokine signaling (SOCS) proteins generally play vital roles in the feedback inhibition of cytokine receptor signaling (Larsen and Röpke, 2002). The SOCS2 gene is a multifunctional protein that is involved in growth hormone signaling through cytokine-dependent pathways and the JAK/STAT pathway (Metcalf et al., 2000; Rico-Bautista et al., 2006). This gene is important in the regulation of several biological processes that control growth, development, immune function, homeostasis (Rico-Bautista et al., 2006), and has been hypothesized to have an effect on breast meat yield during heat stress (Van Goor et al., 2015). The region on chromosome 2 under selection contains two genes, and one of the genes, EOMES is also important in the immune system. The EOMES is one of the two T-box proteins expressed in the immune system and are responsible with driving the differentiation and function of cytotoxic innate lymphocytes such as the natural killer (NK cells). NK cells are endowed with cytotoxic properties and contribute to the early defense against pathogens and immunosurveillance of tumors (Zhang et al., 2018). The regions under selection on chromosome 11 contains 66 annotated genes, with some genes involved in immune response. One of the genes, NFAT5 is required for TLR-induced responses to pathogens, and previous studies have shown that TLR-induced NFAT5-regulated genes such as TNF-α play a vital role in inflammatory responses (Buxadé et al., 2012; Tellechea et al., 2017). We have reported only a few genes plus their associated roles/functions in regard to the regions under selection across the Egyptian breeds. Most of the genes in these regions on the different chromosomes (1, 2, 3, 5, and 11) could play vital roles in the adaptation mechanisms to enable the survival of the Egyptian chicken breeds in the hot arid climatic conditions. Although we did not detect any annotated genes in the regions under selection on chromosomes 4 and 10, it is important to note that these could be recent possible selection signatures for the Egyptian breeds to their climate. In other parallel studies, it has been shown that domesticated animals often develop physiological and genetic adaptations when encountered with harsh or new environments such as hypoxia (Ramirez et al., 2007; Storz et al., 2010). A study conducted on Tibetan chickens that primarily live at high altitudes of between 2,200 and 4,100 m revealed several candidate genes that are involved in the calcium signaling pathway to possibly enable them adapt to hypoxia (Wang et al., 2015). There were two regions under selection on chromosomes 1 and 4 across the Sri Lanka ecotypes. Like the selection in the Egyptian breeds, the region under selection on chromosome 4 of the Sri Lanka ecotypes contain several genes and two of them, Toll like receptor 3 (TLR3) and Nuclear factor kappa B subunit 1 (NFKB1) are important in the immune system. A TLR signaling pathway is an innate immune defense mechanism against pathogen attack in both vertebrates and invertebrates. TLR3 in chickens is orthologous to its mammalian counterpart (Kannaki et al., 2010), and together with TLR7 it is known in the recognition of RNA virus encoded pathogen associated molecular patterns (PAMPs) (Akira, 2001). TLR3 are able to recognize and bind to double-stranded RNA intermediates that are produced during viral replication (Iqbal et al., 2005), and the end product of its signaling pathway is the production of anti-viral type I inferno (IFN)-α and -β (Guillot et al., 2005). Another important gene, NFKB1 could also be of importance to the survival of Sri Lanka chicken ecotypes in the tropical hot humid climate climatic conditions of Sri Lanka. NFKB transcription factors are important in immunity and inflammation (Hayden and Ghosh, 2008). TLR are activated by binding to the PAMPs that in turn initiates MAPK- or nuclear factor kappa B (NFkB) dependent cascades that leads to a proinflammatory response, resulting in the secretion of antibacterial substances, such as β-defensins and cytokines (Kogut et al., 2006). NFKB proteins are also involved in a wide range of processes, including; cell development, growth and survival, proliferation and are also involved in many pathological conditions (Morgan and Liu, 2011). Sri Lanka has hot humid climatic conditions that besides being favorable for pathological infection to livestock, also presents challenging conditions like heat stress, especially during a drought that requires the animal to adapt to such conditions. Challenges like heat stress result in the production of ROS that are produced by a variety of cellular processes. NFKB-regulated genes are vital in regulating the amount of ROS in cells (Morgan and Liu, 2011). The ROS have several stimulatory and inhibitory roles in NFKB signaling.

Chicken survival in challenging environments involves different adaptation mechanisms, among which is the ability to perform under harsh conditions. The current study indicated selection signatures with genes associated with production traits in both Egypt and Sri Lanka populations. For Egypt populations, we identified MRPL42 which is a candidate gene associated with breast yield under heat stressed chickens. The MRPL42 gene is vital in DNA synthesis, transcription, RNA processing and translation (Van Goor et al., 2015). Another gene ACSF3, belonging to the ACSF gene family is reported to be correlated to egg laying performance in chickens (Tian et al., 2018). For Sri Lanka chicken populations, the CYP4V2 gene associated with control of fat deposition in chickens was identified on chromosome 4 of the region under selection (Claire D’Andre et al., 2013). Because local chickens are mostly free range and exposed to high humid hot conditions in developing countries, such as Sri Lanka, it could be vital for chickens to control the depositions of fat as an adaption mechanism.

There were no regions of selection across all the eleven Brazilian breeds/ecotypes, but we detected possible regions of selection across two breeds, Cochinchina and Brahma, known to have Asian ancestry, on chromosomes 1 and 4. However, these regions didn’t overlap with regions under selection across the Asian Sri Lankan ecotypes. This could be due to the fact that chickens were introduced to Brazil from Asia over a few hundred years ago, and possibly because of the differences in climatic conditions between Porto Ferreira, Sao Paolo and Sri Lanka. The chicken genomes from these locations could have been modified to enable chicken adaptation and survival in the respective changing climates.

There is clear evidence that chickens, particularly the domestic fowl, were kept in Egypt for thousands of years and this is dated back to 1840 B.C (Coltherd, 1966). For other traditional breeds such as Fayoumi and Dandarawi, studies based on mitochondrial (mtDNA) sequence variation have shown that these Egyptian indigenous breeds could have roots in Indian subcontinent and southwest Asia (Elkhaiat et al., 2014; Eltanany and Hemeda, 2016), because Egypt was an entry route of Indian chickens to Africa. In spite of the fact that Egyptian chicken breeds might have Asian origin, none of the regions under selection was shared between Egyptian breeds and Sri Lanka ecotypes. Asian chicken breeds could have been imported to Egypt over thousands of years ago, and because of the difference in climatic conditions; hot arid and hot humid for Egypt and Sri Lanka, respectively, chickens in the two climatic conditions developed different adaptation mechanisms to survive in the different climates.

The two methods, Fst and hapFLK, did not detect any overlapping regions, and we noted that hapFLK detected more selection signals with several important genes compared to Fst. HapFLK approach has been reported by previous simulation studies to have the ability to greatly increase the detection power of selection signatures occurring across several populations (Bonhomme et al., 2010; Fariello et al., 2013). Due to this, were able to detect several regions under selection; within Egypt and Sri Lanka populations with hapFLK that were not detected by the Fst analyses. HapFLK considers the hierarchical structure of the population and this improves the detection power of soft sweeps.

CONCLUSION

There is evidence of stratification and admixture, particularly among breeds/ecotypes within each country’s populations. The Fst differences between Sri Lanka and Egypt populations could indicate the differences in the chicken adaptations due to the different climatic conditions in the two countries. The low Fst values between Sri Lanka and Brazil could possibly be due to common shared ancestry of Asian origin over a few years ago rather than climate. This might change with the continuous changes in climatic conditions where local Brazilian chickens from Porto Ferreira, Sao Paolo region might develop certain genome modification to adapt to the climate. For hapFLK analyses, there were no common regions under selection among breeds/ecotypes across the populations from the three countries. This could indicate climatic specific selection signals that have enabled those chickens to develop adaptation mechanisms in response to their respective climatic conditions. In that regard, Sri Lanka and Egypt chicken ecotypes/breeds have developed mechanisms to survive in their humid and dry hot climates.

DATA AVAILABILITY STATEMENT

The link to the data access: https://www.animalgenome.org/repository/pub/ISU2018.0416/. It is in the NRSP-8, Bioinformatics data repository.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

FUNDING

Funding for this research was provided by the Ensminger Endowment, State of Iowa and Hatch funding and by USDA-NIFAAFRI Climate Change Award #2011-67003-30228.

ACKNOWLEDGMENTS

We thank the Egyptian Breeders Association for providing the Egyptian chicken samples and co-authors CD, MPR, and CS for samples from Sri Lanka and Brazil, respectively.

FOOTNOTES

1 https://forge-dga.jouy.inra.fr/documents/588

2 https://www.ncbi.nlm.nih.gov/genome/gdv/

REFERENCES

Akira, S. (2001). Toll-like receptors and innate immunity. Adv. Immunol. 78, 1–56. doi: 10.1016/S0065-2776(01)78001-7

Alexander, D. H., Novembre, J., and Lange, K. (2009). Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 19, 1655–1664. doi: 10.1101/gr.094052.109

Altan, O., Pabuçcuoǧlu, A., Altan, A., Konyalioǧlu, S., and Bayraktar, H. (2003). Effect of heat stress on oxidative stress, lipid peroxidation and some stress parameters in broilers. Br. Poult. Sci. 44, 545–550. doi: 10.1080/00071660310001618334

Barreiro, L. B., Laval, G., Quach, H., Patin, E., and Quintana-Murci, L. (2008). Natural selection has driven population differentiation in modern humans. Nat. Genet. 40, 340–345. doi: 10.1038/ng.78

Bolamperti, S., Mrak, E., Moro, G., Sirtori, P., Fraschini, G., Guidobono, F., et al. (2013). 17β-Estradiol positively modulates growth hormone signaling through the reduction of SOCS2 negative feedback in human osteoblasts. Bone 55, 84–92. doi: 10.1016/j.bone.2013.03.016

Bonhomme, M., Chevalet, C., Servin, B., Boitard, S., Abdallah, J., Blott, S., et al. (2010). Detecting selection in population trees: the lewontin and krakauer test extended. Genetics 186, 241–262. doi: 10.1534/genetics.110.117275

Buxadé, M., Lunazzi, G., Minguillón, J., Iborra, S., Berga-Bolaños, R., del Val, M., et al. (2012). Gene expression induced by Toll-like receptors in macrophages requires the transcription factor NFAT5. J. Exp. Med. 209, 379–393. doi: 10.1084/jem.20111569

Chang, C. C., Chow, C. C., Tellier, L. C., Vattikuti, S., Purcell, S. M., and Lee, J. J. (2015). Second-generation PLINK: rising to the challenge of larger and richer datasets. Gigascience 4:7. doi: 10.1186/s13742-015-0047-48

Claire D’Andre, H., Paul, W., Shen, X., Jia, X., Zhang, R., et al. (2013). Identification and characterization of genes that control fat deposition in chickens. J. Anim. Sci. Biotechnol. 4, 1–16. doi: 10.1186/2049-1891-4-43

Coltherd, J. B. (1966). The domestic fowl in ancient egypt. IBIS 108, 217–223. doi: 10.1111/j.1474-919X.1966.tb07268.x

Dewe, J. M., Fuller, B. L., Lentini, J. M., Kellner, S. M., and Fu, D. (2017). TRMT1-catalyzed tRNA modifications are required for redox homeostasis to ensure proper cellular proliferation and oxidative stress survival. Mol. Cell. Biol. 37, e214–e217. doi: 10.1128/MCB.00214-217

Elferink, M. G., Megens, H. J., Vereijken, A., Hu, X., Crooijmans, R. P. M. A., and Groenen, M. A. M. (2012). Signatures of selection in the genomes of commercial and non-commercial chicken breeds. PLoS One 7:e32720. doi: 10.1371/journal.pone.0032720

Elkhaiat, I., Kawabe, K., Saleh, K., Younis, H., Nofal, R., Masuda, S., et al. (2014). Genetic diversity analysis of egyptian native chickens using mtDNA D-loop region. J. Poult. Sci. 51, 359–363. doi: 10.2141/jpsa.0130232

Eltanany, M. A., and Hemeda, S. A. (2016). Deeper insight into maternal genetic assessments and demographic history for Egyptian indigenous chicken populations using mtDNA analysis. J. Adv. Res. 7, 615–623. doi: 10.1016/j.jare.2016.06.005

Ericsson, M., Fallahsharoudi, A., Bergquist, J., Kushnir, M. M., and Jensen, P. (2014). Domestication effects on behavioural and hormonal responses to acute stress in chickens. Physiol. Behav. 133, 161–169. doi: 10.1016/j.physbeh.2014.05.024

Fariello, M. I., Boitard, S., Naya, H., SanCristobal, M., and Servin, B. (2013). Detecting signatures of selection through haplotype differentiation among hierarchically structured populations. Genetics 193, 929–941. doi: 10.1534/genetics.112.147231

Fleming, D. S., Weigend, S., Simianer, H., Weigend, A., Rothschild, M., Schmidt, C., et al. (2017). Genomic comparison of indigenous African and Northern European chickens reveals putative mechanisms of stress tolerance related to environmental selection pressure. G3 Genes Genomes Genet. 7, 1525–1537. doi: 10.1534/g3.117.041228

Gholami, M., Reimer, C., Erbe, M., Preisinger, R., Weigend, A., Weigend, S., et al. (2015). Genome scan for selection in structured layer chicken populations exploiting linkage disequilibrium information. PLoS One 10:e0130497. doi: 10.1371/journal.pone.0130497

Guillot, L., Le Goffic, R., Bloch, S., Escriou, N., Akira, S., Chignard, M., et al. (2005). Involvement of Toll-like receptor 3 in the immune response of lung epithelial cells to double-stranded RNA and influenza A virus. J. Biol. Chem. 280, 5571–5580. doi: 10.1074/jbc.M410592200

Hall, S. J. G., and Bradley, D. G. (1995). Conserving livestock breed biodiversity. Trends Ecol. Evol. 10, 267–270. doi: 10.1016/0169-5347(95)90005-90005

Hayden, M. S., and Ghosh, S. (2008). Shared principles in NF-κB signaling. Cell 132, 344–362. doi: 10.1016/j.cell.2008.01.020

Iqbal, M., Philbin, V. J., Withanage, G. S. K., Wigley, P., Beal, R. K., Goodchild, M. J., et al. (2005). Identification and functional characterization of chicken toll-like receptor 5 reveals a fundamental role in the biology of infection with Salmonella enterica serovar typhimurium identification and functional characterization of chicken toll-like receptor. Society 73, 2344–2350. doi: 10.1128/IAI.73.4.2344

Kannaki, T. R., Reddy, M. R., Shanmugam, M., Verma, P. C., and Sharma, R. P. (2010). Chicken toll-like receptors and their role in immunity. Worlds Poult. Sci. J. 66, 727–738. doi: 10.1017/S0043933910000693

Karlsson, E. K., Baranowska, I., Wade, C. M., Salmon Hillbertz, N. H. C., Zody, M. C., Anderson, N., et al. (2007). Efficient mapping of mendelian traits in dogs through genome-wide association. Nat. Genet. 39, 1321–1328. doi: 10.1038/ng.2007.10

Kogut, M. H., Swaggerty, C., He, H., Pevzner, I., and Kaiser, P. (2006). Toll-like receptor agonists stimulate differential functional activation and cytokine and chemokine gene expression in heterophils isolated from chickens with differential innate responses. Microbes Infect. 8, 1866–1874. doi: 10.1016/j.micinf.2006.02.026

Komiyama, T., Ikeo, K., and Gojobori, T. (2004). The evolutionary origin of long-crowing chicken: its evolutionary relationship with fighting cocks disclosed by the mtDNA sequence analysis. Gene 333, 91–99. doi: 10.1016/j.gene.2004.02.035

Larsen, L., and Röpke, C. (2002). Suppressors of cytokine signalling: SOCS. APMIS 110, 833–844. doi: 10.1034/j.1600-0463.2002.1101201.x

Mahammi, F. Z., Gaouar, S. B. S., Laloë, D., Faugeras, R., Tabet-Aoul, N., Rognon, X., et al. (2016). A molecular analysis of the patterns of genetic diversity in local chickens from western Algeria in comparison with commercial lines and wild jungle fowls. J. Anim. Breed. Genet. 133, 59–70. doi: 10.1111/jbg.12151

Metcalf, D., Greenhalgh, C. J., Viney, E., Wilison, T. A., Starr, R., Nicola, N. A., et al. (2000). Gigantism in mice lacking suppressor of cytokine signalling-2. Nature 405, 1069–1073. doi: 10.1038/35016611

Morgan, M. J., and Liu, Z. (2011). Crosstalk of reactive oxygen species and NF-κB signaling. Cell Res. 21, 103–115. doi: 10.1038/cr.2010.178

Osman, S. A. M., Yonezawa, T., and Nishibori, M. (2016). Origin and genetic diversity of Egyptian native chickens based on complete sequence of mitochondrial DNA D-loop region. Poult. Sci. 95, 1248–1256. doi: 10.3382/ps/pew029

Price, A. L., Zaitlen, N. A., Reich, D., and Patterson, N. (2010). New approaches to population stratification in genome-wide association studies. Nat. Rev. Genet. 11, 459–463. doi: 10.1038/nrg2813

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., et al. (2007). PLINK: a tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 81, 559–575. doi: 10.1086/519795

Qanbari, S., and Simianer, H. (2014). Mapping signatures of positive selection in the genome of livestock. Livest. Sci. 166, 133–143. doi: 10.1016/j.livsci.2014.05.003

Ramirez, J.-M., Folkow, L. P., and Blix, A. S. (2007). Hypoxia tolerance in mammals and birds: from the wilderness to the clinic. Annu. Rev. Physiol. 69, 113–143. doi: 10.1146/annurev.physiol.69.031905.163111

Rico-Bautista, E., Flores-Morales, A., and Fernández-Pérez, L. (2006). Suppressor of cytokine signaling (SOCS) 2, a protein with multiple functions. Cytokine Growth Factor Rev. 17, 431–439. doi: 10.1016/j.cytogfr.2006.09.008

Scheet, P., and Stephens, M. (2006). A fast and flexible statistical model for large-scale population genotype data: applications to inferring missing genotypes and haplotypic phase. Am. J. Hum. Genet. 78, 629–644. doi: 10.1086/502802

Servin, B., Boitard, S., Chevalet, C., Fariello, M. I., Phocas, F., and San Cristobal, M. (2013). “Accounting for population structure and haplotype diversity in whole genome scans for selection signatures,” in Proceedings of the 10th World Congress on Genetics Applied to Livestock Production, Vancouver, BC.

Shao, P., Liao, J.-Y., Guan, D.-G., Yang, J.-H., Zheng, L.-L., Jing, Q., et al. (2012). Drastic expression change of transposon-derived piRNA-like RNAs and microRNAs in early stages of chicken embryos implies a role in gastrulation. RNA Biol. 9, 212–227. doi: 10.4161/rna.18489

Storz, J. F., Scott, G. R., and Cheviron, Z. A. (2010). Phenotypic plasticity and genetic adaptation to high-altitude hypoxia in vertebrates. J. Exp. Biol. 213, 4125–4136. doi: 10.1242/jeb.048181

St-Pierre, N. R., Cobanov, B., and Schnitkey, G. (2003). Economic losses from heat stress by US livestock industries. J. Dairy Sci. 86, E52–E77. doi: 10.3168/jds.S0022-0302(03)74040-74045

Szauter, K. M., Jansen, M. K., Okimoto, G., Loomis, M., Kimura, J. H., Heller, M., et al. (2011). Persistent inflammatory pathways associated with early onset myocardial infarction in a medicated multiethnic hawaiian cohort. Biochem. Insights 4, 13–27. doi: 10.4137/BCI.S6976

Szczesny, E., Basta-Kaim, A., Slusarczyk, J., Trojan, E., Glombik, K., Regulska, M., et al. (2014). The impact of prenatal stress on insulin-like growth factor-1 and pro-inflammatory cytokine expression in the brains of adult male rats: the possible role of suppressors of cytokine signaling proteins. J. Neuroimmunol. 276, 37–46. doi: 10.1016/j.jneuroim.2014.08.001

Tellechea, M., Buxadé, M., Tejedor, S., Aramburu, J., and López-Rodríguez, C. (2017). NFAT5-regulated macrophage polarization supports the proinflammatory function of macrophages and T Lymphocytes. J. Immunol. 200, 305–315. doi: 10.4049/jimmunol.1601942

Tian, W., Zheng, H., Yang, L., Li, H., Tian, Y., Wang, Y., et al. (2018). Dynamic expression profile, regulatory mechanism and correlation with egg-laying performance of ACSF gene family in chicken (Gallus gallus). Sci. Rep. 8, 2–11. doi: 10.1038/s41598-018-26903-26906

Van Goor, A., Bolek, K. J., Ashwell, C. M., Persia, M. E., Rothschild, M. F., Schmidt, C. J., et al. (2015). Identification of quantitative trait loci for body temperature, body weight, breast yield, and digestibility in an advanced intercross line of chickens under heat stress. Genet. Sel. Evol. 47, 1–13. doi: 10.1186/s12711-015-0176-177

Wang, M. S., Li, Y., Peng, M. S., Zhong, L., Wang, Z. J., Li, Q. Y., et al. (2015). Genomic analyses reveal potential independent adaptation to high altitude in Tibetan chickens. Mol. Biol. Evol. 32, 1880–1889. doi: 10.1093/molbev/msv071

Yi, X., Liang, Y., Huerta-Sanchez, E., Jin, X., Cuo, Z. X. P., Pool, J. E., et al. (2010). Sequencing of fifty human exomes reveals adaptation to high altitude. Science 329, 75–78. doi: 10.1126/science.1190371.Sequencing

Zhang, J., Marotel, M., Fauteux, S., Mathieu, A.-L., Viel, S., Marçais, A., et al. (2018). T-bet and Eomes govern differentiation and function of mouse and human NK cells and ILC1. Eur. J. Immunol. 48, 738–750. doi: 10.1002/eji.201747299

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Walugembe, Bertolini, Dematawewa, Reis, Elbeltagy, Schmidt, Lamont and Rothschild. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fgene-09-00737-t001.jpg
Number Peak Peak Number

Chr Position (Mb)  Sig SNP P-value Q-value of genes
1 1.71-2.72 260 238 x 1076 147 x 1078 21

1 43.05-46.79 493 526 x 1077 568 x 1074 45

2 38.74-38.96 97 3.00x 1076 1.73 x 1078 2

3 102.39-103.09 370 159 x 1072 220 x 1075

4 71.24-71.34 15 9.35 x 1075 259 x 102 -

5 28.61-29.14 133 119 x107% 502 x 1073 15

10 14.06-14.09 35 918 x 1075 2,55 x 1072 -

11 18.79-20.20 709 3.25 x 10719 220 x 105 66





OPS/images/fgene-09-00737-t003.jpg
Number

significant Peak Peak Number
Chrom Position (Mb) SNP P-value Q-value of genes
1 34.44-34.53 39 140 x 107% 2.21 x 1072 1

4 61.18-62.15 469 1.21 x 1077 2,10 x 1078 18





OPS/images/fgene-09-00737-t002.jpg
Chr

1
1

L

9w N

oo

1
1

1

i
1

bl

bl

il
1

il

11
11

11
11
11
11

11
11
11

11

11
11
11

11
11
11
11
11
11

11
11
11
11

Position window (Mb)

1421469-1841513
2200782-2647135

2002502-2187494

2713344-2713453
1848706-1850489

2048502-2050795
2058419-2061475

1916410-1918088

43966142-43979647
44020264-44058900

43987396-43999595

43925158-43947733
45323970-45368412

44841388-44860420
45669067-45679558
45597984-45634269
45552791-48670147
45439097-45489126.

45371070-45438999

45308442-45315920

45161626-45287027

45133308-45152944
45063882-45133354
44398412-44400942

44870317-44877531
45679230-45694836

45796319-45887288

45759159-45793337

45920347-46028422
38923901-38967870

38739416-38744143

102659050-102693303

102386988-102495414
28073589-28983400

28992145-29040405
28910734-28954526
28002870-28910030

19157119-19158772
19174900-19176268

19004528-19008784

20121004-20145653
20108842-20121014.

19994665-20039204

19961317-19964798

19949492-19960006
19316519-19321831

19283664-19316100

19192249-19206013
18946166-18076689

19123969-19151197
19281166-19283712
19105007-19107786
19093976-19096929

19057744-19063946
19022586-19055008
19015485-19022670

18990705-18993412

18983791-18089285
18857696-18939049
18993512-18997373

18999512-19008217
19010926-19015340
19007943-19008052
19114383-19123146
19107862-19113818
19310301-19310395

19321916-19834198
19278734-19280589
20079229-20088689
18978071-18982325

Gene.

EXOC4
PLXNAS

CHCHDS

MIRE621
LOC101752016

LOC107054335
LOC107054228

LOC107053764

KERA
DON

Lum

EPYC
NR2C1

UBE2N
AMDHD1
NTNG
Uspas
VEZT

FGD6

NDUFA12

T™CC3

CEPB3
PLXNCT
BTG!

MRPLA2
HAL

CDK17

ELK3

CFAPS4
cmet

EOMES
APOB

EIF2S1

MPPS
ZFYVE26
RDH12

CHTF8.
NP7

CDK10

ADAT1
KARS

AP1GT

DHODH

DHX38
PSMD?

wwp2

cvess
sPG7

™CO7
NOBI
URAH

DBNDD1

SPIRE2
FANCA
2NF276

SuLT2B1L

CPNE7
ANKRD11
DPEPY

CHMP1A
VPS9DI
MIRGE67
COHI
COH3
MIR140

ZFHX3
NQO1
TAT
RPL13

Gene name

Exocyst complex component 4
Plexin Ad

Coled-coil-heix-coled-Coil-nelix
‘domain containing 3

microRNA 6621

G2/M phase-specific E3
ubiquitin-protein igase-ike

PHO finger protein 7-fike
Pre-mANA-splicing factor CWC22
homolog

Serine/arginine repeitive matrix
protein 2-ike

Keratocan

Decorin

Lumican

Epiphycan
Nuclear receptor subfamily 2, group.
C. member 1

Ubiquitin conjugating enzyme E2 N
Amidohydrolase domain containing 1
Netrin 4

Ubiauitin specific peptidase 44
Vezatin, adherens junctions
transmembrane protein

FYVE, RhoGEF and PH domain
containing 6

NADH:ubiquinone oxidoreductase
subunit A12

Transmembrane and colled-coil
‘domain family 3

Centrosomal protein 83

Plexin C1

BTG anti-proiferation factor 1

Mitochondrial ribosomal protein L42
Histidine ammonia-lyase

Oycin dependent kinase 17
ELK3, ETS transcription factor

Cilla and flagella associated protein 54
CX9-C motif containing 1

Eomesodemin
Apolipoprotein B

Lipid droplet associated hydrolase
Eukaryotic transiation initation factor 2
subunit alpha

Membrane paimitoylated protein

Zinc finger FYVE-type containing 26
Retinol dehydrogenase 12
(altrans/9-cis/11-cis)

Chromosome transmission fidelty factor 8
NIP7, nucleolar pre-RNA processing
protein

Oyciin dependent kinase 10

Adenosine deaminase, tANA specific 1
LysyHRNA synthetase

‘Adaptor related protein complex 1 gamma
1 subunit

Dihydroorotate dehycrogenase (quinone)

DEAH-box helicase 38
Proteasome 268 subunit, non-ATPase 7

WW domain containing E3 ubiquitin protein
ligase 2

Cytochrome bS type B

‘SPGY, paraplegin matrix AAA peptidase
subunit

Transmembrane and colled-coil domains 7
NIN1/PSMDS binding protein 1 homolog
S-hydroxyisourate hydrolase

Dysbindin (dystrobrevin binding protein 1)
‘domain containing 1

‘Spire-type actin nucleation factor 2
Fanconi anemia complementation group A
Zinc finger protein 276

‘Sulfotransferase family cytosolic 28
member 1-ike 1

Copine Vil
Ankyrin repeat domain 11
Dipeptidase 1 (renal)

Charged multivesicular body protein 1A
VPS9 domain containing 1

MicroRNA 6667

Cadherin 1

Cadherin3

MicroRNA 140

Zinc finger homeobox 3
NAD(P)H quinone dehydrogenase 1
Tyrosine aminotransferase
Ribosomal protein L13

1
1

1

"
1

"

1

1
i

1

11
11

11
11
11
11

11
11
11

11

11
11
11

11
11
1
11
11

11
11
11
11

‘window (Mb)

43088463-43293178
45665323-45666646

46695788-46706502

46669629-46691852
46033709-46057314

45703687-45718329
45535393-45550179

44903727-44979578

43306701-43370334
45041553-45243426

46756364-47168914

46718009-46745676
44507766-44618159

44892703-44894378
46334585-46334684
46258844-46258934
44585149-44588135
46516656-46518848

45604932-45698789

44901482-44905021

43397796-43455131

44618268-44689672
44816343-44840242
46708852-46717870

28054792-28959688
29050393-29057204

28817094-28868644.

28804687-28902644.

29066540-29333342
28869790-28876697

102733739-102742985
28877624-28394686
28083479-28991363
28060146-28968627

28761835-28794172
28405397-28748814.
20154497-20159550

20160472-20168822
20146831-20154681

19173208-19174878

19163629-19168951
19158792-19163525

19089879-19093651

20088785-20104757

19986527-19994083
18805604-18846630

19169788-19172777

19064480-19082896
20039684-20070358

19972783-19984346
18926659-18926760
18874320-18874423
19730962-19731058

19000229-19010041
18848471-18853003
19944361-19949539

20069985-20076137

19086009-19087230
19255421-19262314
19940111-19944311

18853081-18856750
19965154-19972318

19084582-19085526
20106176-20109169
19176609-19179130

19152159-19155850
19180205-19188036
19212134-19277188
19097379-19105093

Gene

DUSPE
SNRPF

SLC25A3

™PO
NEDD1

LTAdH
METAP2

CRADD

POCIB
SNAPC3

ANKS1B

APAFT
PLEKHG7

socs2
MIR135A2
MIR1691
Ci2o74
LOC101747799

LOC107052957

LOC107052933

ATP2B1

EEA1
NUDT4
IKBIP

LOC423277
FAM71D

PLEKHH1

vIine

GPHN
PIGH

TORDI5.
ARG2
ATPBVID
PLEK2

TMEM2298
RADS18
TMEM231

CHST6
GABARAPL2

coGs

SNTB2
uTP4

DEF8

CHsT4

ATXNIL
ACSF3

VPSIA

TerF25
PHLPP2

ZNFe21
MIR1785
MIR1560
MIR1699

SPATAZL
CDHI5
PMFBP1

MRVLDCS

LOC107054334
LOC101750188
LOC415872

SLC22A31
[yl

MCIR
TERF2IP
TMEDS

HAS3
TERF2
NFATS
GAS8

Gene name

Dual specificity phosphatase 6
Smal nuclear ribonucleoprotein
polypeptide F

Solute carrier family 25 member 3

‘Thymopoletin
Neural precursor cell expressed,
developmentally down-regulated 1
Leukotriene A4 hydrolase
Methionyl aminopeptidase 2

CASP2 and RIPK1 domain containing
adaptor with death domain

POCT centriokar protein B

Small nuciear RNA activating complex
polypeptide 3

Ankyrin repeat and sterile alpha motit
omain containing 18

Apoptolic peptidase activating factor 1
Pleckstrin homology and RNOGEF
domain containing G7

Suppressor of cytokine signaling 2
MicrofiNA 135a:2

MicroRNA 1691

Chromosome 12 open reading frame 74
€3 wiquitin-protein igase ICPO-ike

Leukotriene A-4 hydrolase-ike.
Translation initiation factor IF-2-like

ATPase plasma membrane Ca?*
transporting 1

Early endosome antigen 1

Nudix hydrolase 4

IKBKB interacting protein

Galectin-related protein-ike

Family with sequence similarity 71,
member D

Pleckstrin homology, MyTHA and
FERM domain containing H1

Veside transport through interaction
with - SNARES 18

Gephyrin

Phosphatidylinositol giycan anchor
biosynthesis class H

Tudor domain containing 15
Arginase 2

ATPase H+ transporting V1 subunit D
Pleckstrin 2

Transmembrane protein 2298
RADS!1 paralog B
Transmembrane protein 231

Carbohydrate sulfotransferase 6
GABA type A receptor associated
protein ke 2

Component of oligomeric golgi
complex 8

Syntrophin beta 2

UTP4, small subunit processome.
‘component

Differentiall expressed in FOCP 8
homolog

Garbohydrate (N-acetylglucosamine
6:0) sulfotransferase 4

Ataxin 1 ke

Acy-CoA synthetase family

member 3

Vacuolar protein sorting 4 homolog A

Transcription factor 25
PH domain and leucine rich repeat
protein phosphatase 2

Zinc finger protein 821

MicroRNA 1785

MicroRNA 1560

MicroRNA 1699

Spermatogenesis assodiated 2 ke
Cadherin 15

Polyamine modulated factor 1

binding protein 1

MARVEL domain-containing protein 3

Transiation iniiation factor IF-2-lke
Envelope glycoprotein gpo5-like

Inner nuclear membrane protein
Mant-lke

Solute carrier famiy 22 member 31
IST4, ESCRT-Il associated factor

Melanocortin 1 receptor
TERF2 interacting protein
Transmembrane p24 traficking
protein &

Hyaluronan synthase 3

Telomeric repeat binding factor 2
Nuclear factor of activated T-cells 5
Growth arrest specific 8





OPS/images/fgene-09-00737-g002.jpg
cooooo00o
O 0WaHaEWVO~NOW O

Egypt breeds

| Sri Lanka Ecotypes |

Brazil population

Baladi Dandaraw1 Fayoumi

TETIN
)v“‘g. L

GN KR UPA






OPS/images/fgene-09-00737-t005.jpg
Number

significant Peak Peak Number
Chrom Position (Mb) SNP P-value Q-value of genes
1 65.52-66.12 299 525 x 10712 4.42 x 107 3

14 10.47-10.58 45 8.87 x 1076 1.69 x 1072 -





OPS/images/fgene-09-00737-g001.jpg
c2

000 005 010 015

-0.05

-0.10

e o 0 0000

Brazil
Sri-Lanka_GN
Sri-Lanka_KR
Sri-Lanka_UPA
Egypt_Bal
Egypt_Dan
Egypt_Fay

cew

0.05

0.10 0.15






OPS/images/fgene-09-00737-t004.jpg
Chr

N

NG NN

Position window

34429461-34736907

61704266-61714229
61175278-61232965
62021985-62071062
62099614-62202082
61451128-61473588
61300211-61333975
61433970-61441668
61337821-61362524
61774102-61783297
61714653-61743467

61486294-61629945
61426124-61433976

61379229-61415856
61362628-61376776

61334093-61340503
61229303-61288017
61746761-61759707

Gene

GRI

P1

TLR3
NFKB1

MTN

R1A

FATA

PDLI

IM3

UBE2D3

CCDC110

SLC9B2

F1
FAM1

SOR

C4H40RF47

1
49A

BS2

CENPE
BDH2

CIs

D2

MA

BA

CYP4v2

Gene name

Glutamate receptor interacting
protein 1

Toll like receptor 3

Nuclear factor kappa B subunit 1
Melatonin receptor 1A

FAT atypical cadherin 1

PDZ and LIM domain 3

Ubiquitin conjugating enzyme E2 D3
Coiled-coil domain containing 110
Solute carrier family 9 member B2
Coagulation factor Xl

Family with sequence similarity 149
member A

Sorbin and SH3 domain containing 2

Chromosome 4 open reading frame,
human C4orf47

Centromere protein E

3-hydroxybutyrate dehydrogenase,
type 2

CDGSH iron sulfur domain 2
Mannosidase beta

Cytochrome P450 family 4 subfamily
V member 2





OPS/images/fgene-09-00737-t006.jpg
Chr Position window Gene Gene name

1 65660324-66227364 SOX5 SRY-box 5
1 65898377-65898486 MIR6608-2 microRNA 6608-2
1 656891957-65892066 MIR6608-1 microRNA 6608-1





OPS/images/cover.jpg
, frontiers

in Genetics

Detection of Selection Signatures
Among Brazilian, Sri Lankan, and
Egyptian Chicken Populations
Under Different Environmental
Conditions





OPS/images/fgene-09-00737-g005.jpg
10 Pvalue >

7.5-
|5.0“
o 2.5" "y F
(=)
' 0.0 T BUE $ 4 s - W W W W law s
1 2 3 VRN e T Al 1oL R | i i | ) i -
B Chromosome
&
=6
s
»
n-.la-
e
o 2
(=)
Vo .
1 2 3 7SR 7 S e T | S [ ) (i
C Chromosome
9]
=
~
>
n"l
fe)
w—{
o0
(=)
Iy ] G W W A S 4aalsa
3 TR Sl <k, i T BRI | G LY | e} T 7

Chromosome





OPS/images/fgene-09-00737-g004.jpg
0.5 1

0.4
o=t
0.3 4

o

[+
‘Eo.u & °g% "» :
0.1 '
0.0

L) L} L L] L] LR AL IR AR IRLLR1100 |

] 2 3 4 5 6 7 89 11 13 17 2126
Chromosome

0.5

0.4
203
Zo.

0.2
0.1-
0.0

-

L

] 2 3 4 5 6 7 89 11 13 17 2126
Chromosome

C 0.5
0.4 -
2 0.3- ©

0.2

1 2 3 4 S 6 7 89 11 13 17 2126
Chromosome






OPS/images/fgene-09-00737-g003.jpg
Sedosa

Brahma

=

Cochinchina

I Ketros Oceania

L

Suri
Backyard Giant Indian

Shamo

Backyard
Bantham

Brazilian Musician

'
]

Bakiva
] Baladi

| I Fayoumi

Dandarawi









OPS/images/logo.jpg
’ frontiers
in Genetics





