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Abstract

Introduction: Integrating RNA-seq and microarray data provides an advanced statistical approach to combine
heterogeneous transcriptomic datasets. This approach controls technical variations and can model individual
variance, thereby improving the sensitivity for identifying differentially expressed genes and enabling integrated
biological pathway analysis. In the livestock and poultry breeding programs, improving feed efficiency is a key
goal due to its significant economic benefits. Defined as the ratio between feed intake and weight gain or
production, feed efficiency is influenced by a combination of genetic, physiological, nutritional, and
environmental factors. Understanding the molecular mechanisms underlying feed efficiency variation can lead to
targeted breeding strategies in selective breeding. Given the critical role of the intestine as the primary site of feed
digestion and absorption, in this study, transcriptomic data from different platforms was integrated to identify
genes, regulatory microRNAs, and shared biological pathways associated with feed efficiency in the duodenum
of broilers. The findings support the coordinated roles of energy metabolism and gene expression regulation in
intestinal feed efficiency and provide a foundation for the development of molecular markers for breeding
applications.

Materials and methods: RNA-seq and microarray datasets were integrated based on the shared Ensembl ID using
the BASE package in R. Batch effects across datasets were corrected using ComBat, followed by cross-platform
quantile normalization. Low-expression genes were filtered using the 25" percentile threshold, and differential
gene expression analysis was performed with the limma package in R. The genes with [logFC|>1.5| and P<0.05
were considered significant. Gene ontology and pathway enrichment analyses were conducted using DAVID and
KEGG. Protein—protein interaction networks were constructed using STRING and visualized in Cytoscape, with
hub genes identified using the MCODE and CytoHubba plugins. Additionally, miRNA-mRNA regulatory
networks were generated based on predictions from TargetScan and miRDB.

Results and discussion: Comparison of the gene expression profile between groups with low and high feed
efficiency revealed a total of 918 significantly differentially expressed genes, including 563 downregulated and
355 upregulated genes. Pathway enrichment analysis highlighted the involvement of energy metabolism, lipid
metabolism, and immune-related processes in feed efficiency. The phagosome pathway was significantly
enriched, with increased expression of /L 16 in the group with high feed efficiency, suggesting higher immune and
inflammatory activity. In contrast, the tricarboxylic acid (TCA) cycle was among the most enriched pathways,
showing higher expression levels in the group with high feed efficiency. Given the high ATP demand of the
intestine for digestion, nutrient absorption, and rapid epithelial renewal, enhanced TCA cycle activity reflects
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more efficient energy production in the group with higher feed efficiency. Furthermore, increased expression of
glutathione S-transferase family genes (GSTA2, GSTA3, GSTMI, and GSTM2) in the group with high feed
efficiency indicates an improved antioxidant defense system, which may contribute to reduced oxidative stress
and enhanced metabolic efficiency. The key genes involved in fatty acid metabolism (ACADL, ACSL5, EHHADH,
and FABPI) were enriched in the PPAR signaling pathway, underscoring their roles in lipid oxidation and energy
homeostasis. The identification of ACO! suggests that regulation of energy metabolism extends beyond the TCA
cycle and is linked to nitrogen metabolism and protein synthesis. Moreover, ribosomal protein genes, particularly
RPS6, along with hub genes associated with oxidative phosphorylation (NDUFABI, NDUFA12, NDUFA9,
NDUFS6, UQCRQ, and COX7C), emphasize the major role of mitochondrial function and the mTOR-ribosome
axis in enhancing ATP production efficiency and lean tissue growth. The robustness of these key genes was further
supported by ROC analysis, with all identified biomarkers exhibiting AUC values greater than 0.8, highlighting
their potential as molecular indicators of feed efficiency.

Conclusions: Overall, the findings of this study indicate that feed efficiency is largely influenced by the
coordinated regulation of intestinal energy metabolism, mitochondrial function, and antioxidant defense systems.
Higher feed efficiency was correlated with an increased activity of the TCA cycle, oxidative phosphorylation,
fatty acid oxidation, and the mTOR-ribosome axis, leading to more efficient ATP production and protein
synthesis. Concurrently, the upregulation of glutathione S-transferase—related genes in the group with high feed
efficiency reflects improved redox balance and reduced metabolic burden, whereas higher immune-related
pathway activity in the group with low feed efficiency may indicate greater energy allocation towards
inflammatory processes. Collectively, these results indicate mitochondrial integrity and metabolic flexibility as
key physiological mechanisms underlying feed efficiency and highlight the identified genes as promising
molecular biomarkers in selective breeding and nutrition management.
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Table 1. Gene ontology and enriched pathways affecting feed efficiency by differentially expressed genes

Category Terms

g-value

Count

Genes

Peptide metabolic process

4.76E-05

71

ACOI, ALKBHI, ATP6AP2, ATP6VOEI, CALR,
CASP3, CNOTS, CTNS, DPHS, EEF1B2, EIF3E,
EIF3F, EIF3H, EIF3J, EIF4A42,
EIF4EBP1,CTNNB1,EIF5, GAPDH, HPGDS,....

Cellular amide metabolic
process
Biological
Process

6.10E-05

80

ACOI, AGK, ALKBHI, ATP6AP2, ATP6VOEI,
CALR, CASP3, CNOTS, CTNS, DEGS2, DPHS,
EEFIB2, EIF3E, EIF3F, EIF3H, EIF3J, EIF4A2,
EIF4EBPI, EIFS5, ELOVL7, FPGS, GAPDH, GLA,
HPGDS, METTL3, MGST1, MGST2, MIF4GD,
MRPLI14, MRPL41, MRPS17, MRPS18A4, MRPS6,
MRPS7, MTHFD2, MTIF3, NAPEPLD, ORAOV1,
P2RX7, PARS2...

Xenobiotic metabolic
process

9.50E-05

3

GSTA2,GSTA3,CYPIA2

Sulfur compound
metabolic process

0.001

3

GSTA2,GSTA3,HPGDS

Translation

0.03

21

ATP6VOEIL, DPHS, EIF3E, EIF3H, EIF3J,
EIF4A2, EIF4EBPI, EIF5, METTL3, RPL11,
RPLI5, RPL18A, RPL24, RPL30, RPL36, RPL38,
RPL39L, RPLS, RPLP1, RPS21, RPS23

Cytosol

Cellular
Component

3.20E-07

180

AAMP, ABCBI, ACAT2, ACO1, ACTN4, AIP,
ALDHIAI, ALDOB, APOB, APOO, ARFIPI,
ARHGAPIS, ATF7IP, ATP6VOEI, AURKB, B2M,
BAGS, BCL2L15, BID, BORCS6, CA2, CACYBP,
CALR, CASK, CASP3, CASP6, CCT6A, CDC37LI,
CDKN3, CEP85, CHDS, CHTF18, CLCA2,
CLNSI14, CSNKI1A1, CSTB, CTNNBI, CUEDC2,
CYB561A43, CYB5A, DMTF1, DNAJA4, DNAJC2,
DNPEP, DTYMK, DVLI, DYRK2, DYRK3,
EEFIB2, EIF3E, EIF3H, EIF3J, EIF4EBPI, EIFS,
EP300, ESD, FABPI1, FAHDI, FMNLI, FPGS,
GALE, GALKI ...

Ribosome

3.53E-08

MRPLI14, MRPL28, MRPL41, MRPS17,
MRPSI184, MRPS28, MRPS6, MRPS7, NDUFABI

Oxidoreductase complex

6.53E-09

GCSH, NDUFAI12, NDUFA4, NDUFA9,
NDUFABI, NDUFB10, NDUFB4, NDUFBS,
NDUFC2, NDUFS3, NDUFS6, SDHB, UQCRHL

Ribonucleoprotein
complex

1.95E-19

15

CALR, EIF3H, PSMA6, RPL11, RPL18A, RPL24,
RPL30, RPL36, RPL38, RPL39L, RPL7, RPLS,
RPS21, RPS23, RPS6

Molecular

Function Transferase activity,

transferring alkyl or aryl
(other than methyl)

groups

7.57E-07

24

A4GALT, B3GALNTI, B3GALNT2, B3GNTS5,
B3GNT7, CIGALTICI,
COLGALTI,GSTA2,GSTA3,HPGDS, CIAPINI,
COX6A1, COX6C, COX7A2, COX7C, ETFA,
GLRX, NDUFA12, NDUFA4, NDUFAF2, SDHB,
SURF1, UOCRHL, UQCRO

Structural constituent of
ribosome

0.037

65

ACOI, ALKBHI, ASCCI, ATP6VOEI, ATXNIL,
BYSL, CALR, CPSF2, DHX15, DKCI, EEFI1B2,
EIF3E, EIF3F, EIF3H, EIF3J, EIF4A42, EIF4B,
EIFS5, EMGI, EP300, LSM1, LSM3, MBNLI,
METTL3, MIF4GD, MRPS6, MRPS7, MTIF3,
NCOAS5, NELFCD, NOL12, NSUNS5, PABPCI,
PDCD4, PHF5A4, PSMA6, PTCD3, RBM41,
RPLI1, RPL15, RPL24, RPL3, ...

Oxygen binding

0.0064

CYPIA2,COX6A41, COX6C, COX7A42, COXT7C,
NDUFA4, SURF1

4 iron, 4 sulfur cluster
binding

0.0064

COX641, COX6C, COX742, COX7C, NDUFA4,
SURF1,SDHB
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Fig. 3. An analysis of metabolic pathways’ enrichment
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Table 2. Characteristics of hub genes

Hub genes Description Function

MGSTI Microsomal glutathione S-transferase 1

UOCRO Ubiquinol-Cytochrome C Reductase Complex Electron transfer from NADH to the respiratory

111 Subunit VII chain

cox7c cytochrome c oxidase subunit 7C

NDUFA9 NADH:Ubiquinone Oxidoreductase Subunit A9

NDUFAI2  NADH:ubiquinone oxidoreductase subunit A12 Electron acceptor for the enzyme ubiginone

NDUFABI  NADH:ubiquinone oxidoreductase subunit AB1

NDUFS6 NADH:ubiquinone oxidoreductase subunit S6

GSTA2 Glutathione S-transferase alpha 2 Antioxidant

GSTA3 Glutathione S-transferase alpha 3

HPGDS Hematopoietic prostaglandin D synthase Contraction and relaxation of smooth muscles

PSMD13 Proteasome 26S subunit, non-ATPase 13 Cell cycle and DNA damage repair

PSMA2 Proteasome subunit alpha 2

PSMA3 Proteasome subunit alpha 3 . .

PSMA6 Proteasome subunit aliha 6 Antigen presentation by MHC I

PSMC6 Proteasome 26S subunit, ATPase 6

SDHB Succinate dehydrosi%rfr?iet (];omplex iron sulfur Electron transfer from succinate to coenzyme Q
ATP Synthase Peripheral Stalk-Membrane

ATPSPB Subunit B Production ATP from ADP

ATP5PD ATP Synthase Peripheral Stalk Subunit D

RPLIS Ribosomal protein L15

RPS6 Ribosomal protein S6 Protein synthesis

RPS24 Ribosomal protein small subunit24

RPL31 Ribosomal protein large subunit31
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Fig. 4. Identification of key modules (a), identification of hub genes (b). The pink-purple color spectrum
indicates the degree of importance of genes in the module and key genes, and the relationship and influence of
hub genes are shown with arrows.
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Fig. 5. Enrichment of metabolic pathways associated with hub genes
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Fig. 6. Validation of hub genes. (a) ROC plot of hub genes between HRFI and LRFI groups, different genes are
shown in different colors, (b) box plot showing the expression of hub genes in LRFI (blue) and HRFT (red)
samples.
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Table 3. miRNAs targeted by hub genes

Hub genes miRNA name
gga-miR-1645,gga-miR-206,gga-miR-1b-3p,gga-miR-1a-3p,gga-miR-6670-5p,gga-miR-

MGSTI 146¢-3p,gga-miR-1725,gga-miR-1709,gga-miR-1575,gga-miR-1¢,gga-miR-1747-5p,gga-

miR-1743,gga-miR-1678,gga-miR-757,gga-miR-181b-5p,gga-miR-181a-5p,gga-miR-6664-
3p

CoXx7C gga-miR-6663-5p,gga-miR-1811,gga-miR-153-5p
gga-miR-449d-3p,gga-miR-6612-5p,gga-miR-1812-3p,gga-miR-1791-5p,gga-miR-6661-

GSTA2 5p,gga-miR-6624-3p,gga-miR-214b-3p,gga-miR-6702-5p,gga-miR-1781-5p,gga-miR-726-

gga-miR-2127 5p,gga-miR-12220-5p,gga-miR-1711,gga-miR-7453-3p
GSTA3 gga-miR-1807,gga-miR-34b-5p,gga-miR-1687-5p,gga-miR-6627-3p,gga-miR-6663-5p,gga-

miR-3534,gga-miR-6633-5p,gga-miR-124a-3p,gga-miR-124b,gga-miR-203a
HPGDS gga-miR-12246-3p,gga-miR-6552-5p,gga-miR-1462-3p,gga-miR-1743
gga-miR-1664-5p,gga-miR-1689-5p,gga-miR-3530-5p,gga-miR-16-5p,gga-miR-12274-

NDUFABI 5p,gga-miR-16c¢-5p,gga-miR-15¢c-5p,gga-miR-15b-5p,gga-miR-15a,gga-miR-190a-3p,gga-
miR-6641-5p,gga-miR-1456-5p,gga-miR-6550-5p,gga-miR-7438-5p

PSMA2 gga-let-7g-3p,gga-miR-6558-3p,gg.a-miR- 144-3p,gga-miR-101-3p,gga-miR-338-5p,gga-miR-

1462-3p,gga-miR-2184a-5p,gga-miR-199-3p,gga-let-7c-3p,gga-let-7a-2-3p,gga-miR-1626-5p
gga-miR-454-3p,gga-miR-130b-3p,gga-miR-301b-3p,gga-miR-130a-3p,gga-miR-301a-
PSMA3 3p,gga-miR-130c-3p,gga-miR-146a-3p,gga-miR-12235-3p,gga-miR-1552-5p,gga-miR-6570-
3p

PSMA6 gga-let-7g-3p,gga-miR-3525,gga-miR-181b-5p,gga-miR-181a-5p,gga-miR-1695

PSMC6 gga-miR-6573-3p,,gga-miR-3531-3p

RPS6 gga-miR-6693-3p,gga-miR-30a-3p,gga-miR-7468-5p

RPS24 gga-rpiR-7468-3p,gga-.miR-96-3p,gga-miR-6571-Sp,gga-m.iR-9-4-3p,gga-miR-148b-3p,gga-

miR-148a-3,gga-miR-12224-5p,gga-miR-551-5p,gga-miR-1329-5p,gga-miR-6560-3p
RPL31 gga-mi.R- 1 803,gga-m%R- 168 1,gga-mi‘R-6694-3p,gga-mi.R- 18 1b-5p,gga-mi.R- 181a-5p,gga-
miR-1774,gga-miR-1790,gga-miR-6556-5p,gga-miR-6624-3p,gga-miR-6666-3p
RPLIS gga-miR-6641-5p,gga-miR-215-3p,gga-miR-1329-5p,gga-miR-145-5p,gga-miR-1739,gga-

,gga-miR-6546-3p miR-2188-5p
RPL30 ,gga-miR-7480-3p  gga-miR-1804
gga-miR-124a-5p,gga-miR-92-5p,gga-miR-12247-3p,gga-miR-12276- gga-miR-214
3p,gga-miR-22-5p,gga-miR-2131-5p,gga-miR-205¢-5p,gga-miR-6545-5p,gga-miR-3524b-
3p,gga-miR-1775-5p,gga-miR-1625-3p,gga-miR-217-3p,gga-miR-1704,gga-miR-12227-
5p,gga-miR-1651-3p,gga-miR6662-3p,gga-miR-12251-5p,gga-miR-12232-5p,gga-miR-6552-
5p,gga-miR-7482-3p,gga-miR-7442-3p,gga-miR-22-3p,gga-miR-31-3p,gga-miR-7439-
3p,gga-miR-12222-5p,gga-miR-1733,gga-miR 12294-5p,gga-miR-7466-3p,gga-miR-12261-
3p,gga-miR-6597-3p,gga-miR-7481-5p,gga-miR-6605-5p,gga-miR-458b-3p,gga-miR-125b-
3p,gga-miR-1614-5p,gga-miR-458a-3p,gga-miR-1695
SDHB gga-miR-196-2-3p,gga-miR-6707-5p,gga-miR-6587-3p,gga-miR-7469-3p

NDUFS6
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Fig. 7. mRNA-miRNA network. Circles and diamond shapes represent key genes and target miRNAs,
respectively.
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