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Table 1- Descriptive statistics of the phenotypes

Phenotype Number Mean SD Min Max SE
BWO (g) 587 30.17 2.85 215 39.8 0.12
BW?2 (g) 589 166.63 17.98 99.6 219.3 0.74
BWa4 (g) 585 433.93 58.79 246.5 630.5 2.43
BW6 (g) 599 775.54 118.59 315 1199 4.85

3 Enrichment Score (ES)
4 Gene Set Enrichment Analysis- SNP

" Hypergeometric
" Heuristic fuzzy
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BWS (g) 598 11477 185.55 662 1855.2 7.59
BW10 (g) 598 1510.34 272.44 760 2419 11.14
BW12 (g) 598 1895.33 365.81 936 3094.5 14.96
BW14 (g) 588 2090.48 398.21 1079 31275 16.42
SC4 (cm) 590 2.99 0.2 2.4 3.7 0.01
SC6 (cm) 599 3.52 0.26 2.9 4.4 0.01
SC8 (cm) 590 3.77 0.3 3 48 0.01
SC10 (cm) 596 4.02 0.34 33 5 0.01
SC12 (cm) 592 4.23 0.36 35 5.3 0.01
SL4 (cm) 590 51.21 2.98 42.99 59.24 0.12
SL6 (cm) 599 66.6 4.44 53.79 79.33 0.18
SL8 (cm) 595 76.66 6.11 62.37 96.66 0.25
SL10 (cm) 585 84.79 8.28 66.77 107.41 0.34
SL12 (cm) 576 91.36 105 71.28 119.8 0.44

BWO: body weights at hatching; BW2: body weights at 2 weeks of age; BW4: body weights at 4 weeks of age; BW6: body weights at 6 weeks of age;
BWS8: body weights at 8 weeks of age; BW10: body weights at 10 weeks of age; BW12: body weights at 12 weeks of age; BW14: body weights at 14
weeks of age. SC4: shank circumference at 4 weeks of age; SC6: shank circumference at 6 weeks of age; SC8: shank circumference at 8 weeks of age;
SC10: shank circumference at 10 weeks of age; SC12: shank circumference at 12 weeks of age. SL4: shank length at 4 weeks of age; SL6: shank length
at 6 weeks of age; SL8: shank length at 8 weeks of age; SL10: shank length at 10 weeks of age; SL12: shank length at 12 weeks of age.
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Table 2- Gene set enrichment analysis significantly (P < 0.05) associated with body weight

Category  Term
genes

No. of Genes

P value FDR

GO_BP
GO0:0048634: Regulation of 8
muscle organ development

GO0:0006641: Triglyceride 6
metabolic process

G0:0055088 :Lipid 6
homeostasis

G0:1900046:Regulation  of 9

hemostasis

TBX20, CAPN3, HEY2, LEF1, 5.36E-09 1.95E-02
MAPK14, MEGF10, MSTN,

ABCC4

ABHD4, PNPLA3, PNPLA2, 2.54E-05 3.29E-02
LPIN1, LIPC, GK5

ABHD4, PNPLA3, PNPLA2, 6.08E-06 4.05E-02
TMEMS56, MTTP, TLCD2

ADAMTS18, ANXA2, CPB2, 7.20E-08 4.29E-03

PRKCD,

SERPINC1,

TEC, TLR4, VAV2
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G0:0001558: Regulation of 6 HOMERS, IGF1, BCL2, 9.24E-07 5.76E-02
cell growth ADAM10, MYOCD, ABL1
G0:0060249: Anatomical 14 ABCA4, BCL2, LDB2, PIF1, 4.71E-05 2.16E-02
structure homeostasis SOX9, TYRO3, EPASI,
HMBOX1, ILDR2, LPCATI,
MC4R, PIGR, TLR4, TNFSF11
G0:0098868: Bone growth 4 BNC2, COL27Al1, LEPR, 7.28E-10 3.51E-02
MMP13
GO_CC
G0:0005925: Focal adhesion 5 ADAM10, NCKAP1, AFAP1, 1.78E-04 3.11E-02
CYFIP1, CDH2,
GO_MF
G0:0015485:Cholesterol 5 OSBPL6, OSBPL10, OSBPL1A, 3.72E-07 6.93E-03
binding TSPO, OSBP2
KEGG
Pathway
bta04921:0xytocin  signaling 20 ADCY3, ADCY5 ADCY8, 3.7E-4 1.93E-02
pathway ADCY?9, CACNA2D2,
CACNA2D3, CACNG],
CACNA1D, CAMK2A, CAMK4,
EGFR, GUCY1A2, ITPR1,

MAP2KS5, PLA2G4D, PRKAAL,
PRKCA, PRKCB, RYR2, RYR3
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Table 3- Gene set enrichment analysis significantly (P < 0.05) associated with bone traits

Category  Term No. of genes! P value FDR
genes
GO_BP
G0:0048646: Anatomical 12 ARL13B, ABCC4, DSCAM, 6.21E-10 6.51E-03
structure formation involved in HERC1, FGF18, FN1, IGF1,
morphogenesis ITGB1BP1, ITGB1, LEPR,
PIBF1, TGFB3
GO0:0045778: Positive 14 SMAD1, SUCO, ACVR2A, 8.20E-06 4.59E-02
regulation of ossification ACVR2B, ANO6, TMEM135,
BMPR1B, CYR61, GTF2H4,
IGF1, JAG1, TOB2, TGFBS,
TP63
G0:0060560:Developmental 6 FN1, ITGB1, IFRD1, OGN, 9.32E-07 3.41E-02
growth involved in PLXNAL, PLXNA2
morphogenesis
G0:0045669: Positive 9 SMAD1, SUCO, ACVR2B, 1.48E-06 4.15E-02
regulation  of  osteoblast ACVR2B, BMPRI1B, CYR61,
differentiation GTF2H4, IGF1, TP63
GO0:0006816: Calcium ion 7 HTR1D, HTR1E, ABL1, 4.02E-05 4.10E-02
transport CACNA1G, CAPN3, FFAR4,

TRPC1
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G0:0007204:Positive 6
regulation of cytosolic calcium
ion concentration

CAPN3, FFAR4, PTGFR, 7.28E-09 2.03E-03
PTPN6, CASQ2, EDN1

GO _CC
G0:0034704: Calcium channel 11 AKAP6, SESTD1, ANXA2, 1.78E-05 2.10E-02
complex ANXA5, CACNAI1C,
CACNAI1B, CACNAI1G,
CACNA1H, CCDC109B,
SMDT1, TRPC4
GO_MF
G0:0005262: Calcium 6 DENNDS5A, DENND5B, 3.42E-07 1.98E-02
channel activity TRPC1, TRPC3, TRPC4,
TPCN2
KEGG
Pathway

bta04020: Calcium 12
signaling pathway

ADCY5, PTGFR, ADCY2, 3.7E-4
CHRM3, CHRMS,
ADAMTS18, ITPR2, MYLK2,

MYLK, PLCZ1, PLCGL,
ERBB4
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Figure 1- Calcium signaling pathway and candidate genes related to bone traits highlighted (KEGG database)
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Introduction: Understanding the genetic control of growth traits is essential for effective poultry
breeding poultry. One way to identify new loci and confirm existing QTL is through genome-wide
association analysis (GWAA) (Wang et al., 2011). In addition, identifying loci with large effects on
economically important traits, has been one of the important goal to poultry breeding. QTL assisted
selection and genomic regions affecting the production traits have been considered to increase the
efficiency of selection and improve production performance (Seabury et al., 2017). Genome wide
association studies typically focus on genetic markers with the strongest evidence of association.
However, single markers often explain only a small component of the genetic variance and hence
offer a limited understanding of the trait under study. A solution to tackle the aforementioned
problems, and expand understanding of the genetic background of complex traits, is to move up the
analysis from the SNP to the gene and gene-set levels (Pefiagaricano et al., 2013). In a gene-set
analysis, a group of related genes that harbor significant SNP previously identified in GWAS, is tested
for over-representation in a specific pathway.

Material and methods: The aim of the this study was to genome wide association studies (GWAS)
based on Gene set enrichment analysis for identifying the loci associated with related to body weight
and shank length and diameter traits in advanced intercross line (AIL) using the high-confidence
SNPs that enable us to study 161376 SNP markers simultaneously. For this purpose, the 599 advanced
intercross line and 161376 markers were performed with mixed linear model (MLM) approach was
used for the GWAS of the F9 generation, as implemented in the GCTA package (v1.92) (Yang et al.,
2011) and no any correction to adjust the error rate. The gene set analysis consisted of three different
steps: (1) the assignment of SNPs to genes, (2) the assignment of genes to functional categories, and
(3) the association analysis between each functional category and the phenotype of interest.

In brief, for each trait, nominal P-values < 0.005 from the GWAS analyses were used to identify
significant SNP. Using the biomaRt R package, the SNP were assigned to genes if they were within
the genomic sequence of the gene or within a flanking region of 15 kb up- and downstream of the
gene, to include SNP located in regulatory regions. For the assignment of the genes to functional
categories, the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway databases
were used. The GO database designates biological descriptors to genes based on attributes of their
encoded products and it is further partitioned into 3 components: biological process, molecular
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function, and cellular component. The KEGG pathway database contains metabolic and regulatory
pathways, representing the actual knowledge on molecular interactions and reaction networks.
Finally, a Fisher’s exact test was performed to test for overrepresentation of the significant genes for
each gene-set. The gene enrichment analysis was performed with the goseq R package. In the next
step, a bioinformatics analysis was implemented to identify the biological pathways performed in
BioMart, Panther, DAVID and GeneCards databases.

Results and discussion:

Gene set enrichment analysis has proven to be a great complement of genome-wide association
analysis (Abdalla et al., 2016). Among available gene set databases, GO is probably the most popular,
whereas KEGG is a relatively new tool that is gaining ground in livestock genomics (Morota et al.,
2015, 2016). We had hypothesized that the use of gene set information could improve prediction.
However, neither of the gene set SNP classes outperformed the standard whole-genome approach.
Gene sets have been primarily developed using data from model organisms, such as mice and flies,
so it is possible that some of the genes included in these terms are irrelevant for meat production. It
is likely that a better understanding of the biology underlying meat production specifically, plus an
advance in the annotation of the chicken genome, can provide new opportunities for predicting
production using gene set information. Eleven SNP markers on chromosomes 1, 2, 4, 5, 7, 8, 10, 11,
and 27 located in MSTN, CAPN3, PNPLA3, ANXA2, IGF1, LDB2, LEPR, FN1, TMEM135, MC4R,
EDNL1, and ADAMTS18 genes were identified. Some of the genes found to be consistent with some
previous studies. Those seem to be involved in biological pathways related to muscle skeletal growth,
energy metabolism and bone growth and development. According to pathway analysis, 19 pathways
from gene ontology and KEGG pathway were associated with the body weight, shank length and
diameter trait (P<0.05). Among those pathways, the regulation of muscle organ development,
regulation of cell growth and anatomical structure homeostasis biological pathway have important
roles in the growth and skeletal muscle development. Also, the anatomical structure formation
involved in morphogenesis, positive regulation of ossification and calcium signaling pathway
presumably has significant association with body weight and shank length as well as diameter traits.
Some of these regulatory regions, such as enhancers, are located far from the genes. Therefore,
although the gene might be part of the analysis, the relevant variant would probably not be included
in the gene set SNP class. Finally, linkage disequilibrium interferes with the use of biological
information in prediction because irrelevant regions (regions without any biological role) capture part
of the information encoded in relevant regions, causing both regions to exhibit similar predictive
abilities. The use of very high density SNP data or even whole genome sequence data could alleviate
some of these issues.

Finally, it is worth noting that our gene-set enrichment analysis was conducted using a panel of SNP
obtained from a single marker regression GWAS, which relies on a simplified theory of the genomic
background of traits, without considering for instance the joint effect of SNP. Hence, other
approaches (e.g., GWAS exploring SNP by SNP interactions) might provide a better basis for
biological pathway analysis.

Conclusion: Our observations agreed with the previous results from GWAS of body weight, shank
length and diameter traits. Moreover, additional regions in the chicken genome associated with
economically important traits were revealed. Our findings would contribute to a better understanding
of the genetic control of growth traits in broiler chicken accelerating the genetic progress in poultry
breeding programs.

Keywords: Body weight, Candidate gene, Chicken, Genome scan, Gene set enrichment analysis



