Comparative proteomics revealed duodenal metabolic function associated with
feed efficiency in slow-growing chicken
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ABSTRACT The Korat chicken (KR), developed in
Thailand, is a slow-growing breed developed as an alter-
native breed for Thai chicken producers. The growing
interest in slow-growing chicken meat, due to its unique
taste, distinct texture, health benefits, and higher broiler
welfare have led to higher market demand for KR. How-
ever, its low feed efficiency (FE) has a significant nega-
tive impact on farm profitability. Understanding the
molecular mechanism regulating FE allows for designing
a suitable selection program and contributing to breed-
ing more efficient chicken for poultry production. Thus,
the objective of our study was to investigate the prote-
ome differences and possible pathways associated with

FE in male KR using a label-free quantitative proteomic
approach. Seventy-five KR males were individually eval-
uated for FE, and duodenum samples from 6 animals (3
high-FE and 3 low-FE chickens) were collected at 10 wk
of age for differential abundant proteins (DAPS), pro-
tein networks, functional enrichment, and pathway
analyses. In this study, we found 40 DAPs significantly
associated with FE pathways, including glycolysis/glu-
coneogenesis, peroxisome, oxidative phosphorylation,
tight junction, and cysteine and methionine metabolism.
Thus, variations in observed DAPs or genes related to
DAPs could be interesting biomarker candidates for
selection for higher feed utilization efficiency in chicken.
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INTRODUCTION

Consumers are increasingly interested in meat quality,
safety, and animal welfare. These trends favor slow-
growing chickens due to the breeds’ meat characteristics,
including unique taste, firmer texture, higher nutritional
value, and welfare compared to fast-growing commercial
breeds (Lusk, 2018). In Thailand, Korat chicken (KR),
was developed as an alternative meat-type chicken for
producers. Korat chicken is a crossbreed between the
Thai indigenous Leung Hang Khao chicken and the Sur-
anaree University of Technology (SUT) synthetic line.
Despite its good meat characteristics, the growth rates
and feed efficiency (FE) of KR are low, causing low prof-
its (Hang et al., 2018). Thus, to increase its competitive-
ness in the Thai poultry production market and to offer
an efficient alternative breed for small- to moderate-
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sized Thai farms, improving FE is the most important
breeding goal in KR chicken.

Feed efficiency is most often measured as a feed conver-
sion ratio (FCR), that is, how many kgs of feed are
needed to produce 1 kg of body mass. The heritability of
FCR in chickens is moderate, allowing for efficient selec-
tion. For example, the estimated heritability for Arkansas
broilers was 0.49 (Aggrey et al., 2010) and the estimate
for the commercial slow-growing meat-type chicken line
was 0.33 (N'Dri et al., 2006). Although improving FCR is
possible through selection, it is important to understand
the biological basis of FCR given its complexity. Feed effi-
ciency depends on feed intake, energy homeostasis, intes-
tinal structure, and many physiological processes related
to the utilization of feed, including intestinal nutrient
digestion, absorption, the integrity of the intestinal epi-
thelium, and translocation of intestinal antigens
(Richards and Proszkowiec-Weglarz, 2007; Choct, 2009;
Nain et al., 2012). Previous studies have shown that high-
FE chickens have longer gastrointestinal tracts
(Kadhim et al., 2010; Krés et al., 2013; Mabelebele et al.,
2014), higher nutrient digestibility (Rougiere et al., 2009;
De Verdal et al., 2010), and larger duodenal absorptive
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villi surface (Nain et al., 2012) than low-FE chicken. The
duodenum is a complex organ with an important role in
FE, as it regulates the feed digestion process and energy
homeostasis (Recoules et al., 2019).

Genome-wide association studies have revealed genomic
regions and candidate genes associated with FCR
(Mebratie et al., 2019). In addition, transcriptomic studies
have revealed pathways related to FE through the diges-
tive function of the duodenum in meat-type chicken
(Aggrey et al., 2014; Lee et al., 2015). As the relationship
between gene expression levels and their corresponding
protein abundance is indirect and the physiological pro-
cesses are mainly controlled by protein levels (Burgess,
2004), the knowledge from genomic and transcriptomic
studies may not be enough to explain the genetic basis of
FE. Therefore, proteomic analysis may provide additional
insight into the functional mechanisms underlying FE
(Kong et al., 2016a; Fu et al., 2017; Fonseca et al., 2019).
Currently, little is known about the association between
FE traits and proteomics in the small intestinal tissues of
chicken, especially in the duodenal part.

A previous study of the pig intestinal proteome
revealed important pathways associated with small
intestinal structures and movements, including the regu-
lation of actin cytoskeleton, focal adhesion, adherens
junction, tight junction, and vascular smooth muscle
contraction (Wu et al., 2020). The results suggested
that these major physiological processes play a key role
in maintaining the integrity of the intestinal epithelium,
which is important for digestion and absorption capac-
ity. Therefore, we hypothesized that changes in protein
function related to physiological and biological processes
in the duodenum may contribute to the FE of chicken.

The objective of our study was to characterize and
compare the duodenal proteomic profiles of KR with
high- and low-FE using quantitative proteomic technol-
ogy by high-resolution label-free liquid chromatogra-
phy-mass spectrometry (LC-MS). New information
concerning the key molecular pathways regulating FE
can be applied in selection programs to improve the effi-
ciency of poultry production.

MATERIALS AND METHODS
Ethics Statement

The experiment was conducted at the experimental
farm of the Suranaree University of Technology (SUT),
Thailand. All animal protocols were approved by the
Ethics Committee on Animal Use of the Suranaree Uni-
versity of Technology, Nakhon Ratchasima, Thailand
(document ID UI-02631-2559).

Experiment Chickens and Phenotypic Data
Collection

The birds used in this study belonged to the KR breed.
Each KR generation was formed by crossing Leung Hang
Khao males and SUT synthetic line females. To produce

the set of birds used in this study, 5th generation KR
parental birds with the highest body weight were mated
together, and 5th generation KR parental birds with the
lowest body weight were mated together. At hatching,
the birds were sexed using the vent sexing method, wing-
banded, and vaccinated against Marek’s disease. Thereaf-
ter, they were vaccinated following the recommendation
of the Department of Livestock development, Thailand.
Seventy-five 1-day-old male KR were individually housed
in cages (63 x 125 x 63 cm) covered with rice hulls. All
birds were given access to feed and water ad libitum in
similar environmental conditions. The same diet was pro-
vided to all birds throughout the experiment period using
a starter diet (21% protein) for birds 0 to 3 wk of age, a
grower diet (19% protein) for birds 4 to 6 wk of age, and
a finisher diet (17% protein) for birds 7 to 10 weeks of
age. A watering line was supplied across the compart-
ment and attached by nipple drinkers to each cage. Total
feed intake and body weight gain from 1 to 10 weeks
were measured to calculate FCR:

FI
BWG’
where FI represents the total feed intake from wk 1 to
wk 10 (g) and BWG represents the body weight at wk
10 minus the body weight at wk 1 (g).

At 10 wk of age, the chicken were ranked based on their
FCR wvalues. Three chickens with the highest FCR
(FCR = 3.33, 3.34, and 3.36) and 3 chickens with the low-
est FCR (FCR = 1.83, 1.98, and 1.99) were selected as a
low-FE and high-FE groups, respectively, and as a group
for the proteomic analysis (3 + 3 biological replicates).

FCR =

Duodenal Sample Collection

At the age of 10 wk, all birds were slaughtered with
electrical stunning and exsanguination after eight hours
of fasting. The intestinal tract was immediately removed,
and the whole duodenum was collected and stored in lig-
uid nitrogen at —80°C. During the procedure, dissecting
instruments were cleaned with 70% ethanol after each
individual bird to prevent cross contamination.

Protein Extraction

The frozen duodenum samples were freeze-dried,
crushed to a fine powder, and lysed in 50 mM ammo-
nium bicarbonate buffer (AMBIC) containing 8 M
urea (Sigma-Aldrich, St. Louis, MO). The lysed proteins
were sonicated on ice and isolated by centrifugation at
20,000 g for 10 min at 4°C. Protein samples were diluted
with 50 mM ammonium bicarbonate buffer to a final
concentration of 1.5 M urea. Protein concentration was
measured using the Pierce BCA Protein Assay kit
(Thermo Fisher Scientific, Waltham, MA). Then, 100
ng of proteins from each sample were transferred to a
1.5-mL tube. Finally, the protein was reduced for 20 min
at 50°C to 60°C with a final concentration of 5 mM
dithiothreitol (DTT) and then alkylated for 20 min at
room temperature in the darkness with a final concen-
tration of 15 mM iodoacetamide (IAA).



DUODENAL PROTEOMES RELATED TO FEED EFFICIENCY 3

Mass Spectrometry of the Protein Samples

Protein samples were digested with 2 ug trypsin (Prom-
ega Corporation, Madison, WI) overnight at 37°C. Mass
spectrometry analysis was carried out in a Q Exactive
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, Waltham, MA) at the Proteomics Unit
core facility, University of Helsinki, Finland. The peptides
were separated on a C18 reverse-phase column on an 80-
min gradient, and the analysis was carried out using
higher-energy collisional dissociation (HCD) for mass frag-
mentation and data-dependent acquisition (DDA) mode.
One technical replicate of each 6 samples was combined to
perform the database search. The raw proteomic data sets
in the current study are available on the ProteomeXchange
Consortium via the PRIDE (https://www.ebiac.uk
pride/) partner repository, with the data set identifier
PXD027317 (Reviewer account details: Username: revie-
wer _pxd027317@ebi.ac.uk; Password: pEjoSkFW).

Protein Identification Analysis

The raw data from Orbitrap mass spectrometry were
imported into MaxQuant software version 1.6.5.0
(Cox and Mann, 2008) for peptide matching to MS/MS
spectra. Resulting spectra were identified against the Uni-
port database of Gallus gallus reference proteome (34,925
entries, downloaded from https://www.uniprot.org, Jan-
uary 2019 version). The parameters for the protein iden-
tification were trypsin specificity; two missed cleavages
and methythio (C) was selected as a fixed modification,
and oxidation (M) and acetyl (protein N-term) as a vari-
able modification. The initial precursor (IMS) mass toler-
ance was set to 20 ppm in the first search and 6 ppm in
the main search. Additionally, fragment (MS/MS) mass
deviation was set to 20 ppm and both peptide and pro-
tein false discovery rates (FDR) were set to 1%. The
MaxQuant label-free quantification (LFQ) algorithm
was used for quantification (minimum ratio count = 2).

Differential Proteomic Analysis

The LFQ intensity values generated by MaxQuant
(Cox and Mann, 2008) were used in Perseus software ver-
sion 1.6.5.0 (Tyanova et al., 2016) for statistical analyses
and data visualization. Prior to the analysis, we removed
proteins identified by post-translation modification, con-
taminant proteins, or hits the reverse sequence. Only pro-
teins occurring in 2 out of 3 biological replicates in both
experiment groups were kept. Label-free quantification
intensity values were transformed to a logarithmic scale
with a base of 2. Missing values were imputed from a nor-
mal distribution (width: 0.3, down shift: 1.8). Student’s t-
test was used for comparison between the high- and low-
FE groups. Proteins with a P-value <0.05 were consid-
ered DAPs. Hierarchical clustering was performed with
DAPs after Z-score normalization.

The visualization of the differences and similarities of
the proteomic profiles and DAPs between the high- and
low-FE groups was constructed using a principal

component analysis (PCA) with the ggplot2 (Wick-
ham, 2009) and ggfortify (Tang et al., 2016) packages in
R version 3.5.2 (R Core Team, 2020).

Bioinformatics Analysis of Differentially
Abundant Proteins

Gene ontology (GO) enrichment, networks of pro-
tein-protein interaction (PPI), and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analyses were performed using the STRING platform
(version 10, http://string-db.org) against the Gallus gal-
lus database and considering a medium confidence score
of 0.4 for interaction (Szklarczyk et al., 2015). The GO
enriched proteins and KEGG pathways were considered
enriched with a P value <0.05, correcting by FDR with
Benjamini-Hochberg method (FDR < 0.05).

RESULTS AND DISSCUSSION
Performance and Feed Efficiency Parameters

The performances of two KR chicken groups are illus-
trated in Table 1. As expected, the difference in FCR
between the high-FE (1.93 & 0.05) and the low-FE (3.34
+ 0.01) groups was highly significant (P value < 0.01).
Moreover, the body weight gain of the high-FE group
was significantly higher than that of the low-FE group
(P value = 0.01), while the differences in feed intake
were not significant (P value = 0.080). Thus, the differ-
ences in FCR could be mainly explained by the differen-
ces in functions related to weight gain.

Duodenal Proteome Identification

A total of 1,013 proteins were initially identified by
high-throughput proteomics analysis after eliminating
any unnecessary or incorrect protein identifications.
Summary information about mass spectrometry analysis
can be found in the Supplementary Table 1. Out of the
1,013 identified proteins, 567 proteins were common for
both high- and low-FE groups, constituting 56% of the
total proteins identified, while 229 (23%) proteins were
present only in the high-FE group and 167 (16%) pro-
teins in the low-FE group (Figure 1).

The results suggest that the variation in FE is reflected
at the type and level of the duodenal proteome. In con-
trast to a previous proteomic study, which characterized
altered mitochondrial proteins on the skeletal tissue of

Table 1. Growth performance of the high-FE and low-FE groups
from 1 to 10 weeks of age (Mean + standard error).

Traits High-FE (n = 3) Low-FE (n = 3) Pvalue'
FI(g) 3173.07 &£ 209.25 3807.38 & 168.30 0.080
BWG (g) 1638.08 % 84.60 1138.93 + 49.30 0.012
FCR 1.93 £ 0.05 3.34£0.01 <0.01

Abbreviations: FI: total feed intake from 1 wk to 10 wk; BWG: body
weight gain; FCR: feed conversion ratio.
!Comparison between High-FE and Low-FE groups by a t-test.
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Figure 1. A Venn Diagram representing the number of identified proteins in the duodenal tissue of the Korat chicken that were unique for the
high-FE (left) or the low-FE (right) groups, or were common for both groups (center).

male broiler exhibiting high-FE and low-FE phenotypes
(Kong et al., 2016a), our study is the first to investigate
the alteration in the duodenal tissue of a slow-growing
chicken using a label-free method, which can provide
comprehensive information on FE in chicken.

Differential Proteomic Analysis Between KR
Chicken With High- and Low-FE

Out of the 567 common proteins, 355 proteins were
present in 2 out of 3 biological samples in both groups
(Supplementary Table 2). A PCA plot was conducted to

Table 2. List of 40 DAPs between the high- and low-FE groups.

illustrate the similarities and differences in the proteo-
mic profiles of the high- and low-FE groups. The result
revealed that principal component 1 (PC1) explained
over 43% of the variance in proteomic abundance. More-
over, the low-FE samples were more closely clustered
together, whereas the high-FE samples were scattered,
indicating more natural biological variation in protein
abundance in the high-FE group than in the low-FE
group (Supplementary Figure 1).

The differential protein abundance analysis revealed
40 DAPs that had significantly different abundances
between the high- and low-FE groups based on P value
< 0.05 (Table 2). The hierarchical clustering of the

Uniprot ID* Protein name Gene nam P value FC

Q5ZM98 Stress-70 protein HSPA9 0.043 —0.55
POCB50 Peroxiredoxin-1 PRDX1 0.025 —0.69
AO0AID5PYKO Heat shock cognate 71 kDa protein HSPAS 0.038 —0.78
P05094 Alpha-actinin-1 ACTN1 0.001 —0.66
QII19D1 Voltage-dependent anion channel VDAC2 0.004 —0.59
A0A1D5P198 Tubulin alpha chain LOC425049; TUBA3E 0.018 -0.77
A0A1D5PNO5 Cytochrome-c oxidase activity COX6C 0.021 —0.38
P19966 Transgelin TAGLN 0.035 —0.42
Q5HF419 VAMP-associated protein RCIMBO04_3m23; VAPA 0.023 —0.37
Z4YJB8 Destrin DSTN 0.002 —0.56
A0A3Q2UDI12 Collagen alpha-3(VI) chain COLG6A3 0.007 —0.86
QHZLN1 Phosphoglycerate mutase 1 PGAM1 0.030 —0.38
P00940 Triosephosphate isomerase 1 TPI1 0.045 —0.55
AO0A1D5PINT L-lactate dehydrogenase B chain LDHB 0.043 —0.62
P84175 408 ribosomal protein S12 RPS12 0.017 0.51
FINYES HABP4 PAI-RBP1 domain-containing protein RCIJMBO04 _14f6 0.011 1.92
R4GM10 Fructose-bisphosphate aldolase C ALDOC 0.006 0.29
E1C4V1 ATP synthase-coupling factor 6 ATP5PF; ATP5J 0.015 0.68
E1C658 ATP synthase subunit d ATP5PD; ATP5H 0.048 1.33
A0A1D5Q006 Protein CDV3 homolog CDV3 0.018 2.26
042403 Attachment region binding protein ARBP 0.032 1.08
AO0A1D5PY15 Coronin LOC107056441; CORO1B 0.033 0.61
QHZMCO Endothelial differentiation-related factor 1 EDF1 0.036 0.85
RAGFT1 Thymosin beta TMSB4X 0.033 0.65
Q6IECSH Putative ISG12(2) protein ISG12(2) IF16 0.017 1.48
FINK29 Na(+)/H(+) exchange regulatory cofactor NHE-RF1 SLC9A3R1 0.048 1.00
QIPSW9 Histone H2B-1 H2B-1 0.012 0.53
P80566 Superoxide dismutase [Cu-Zn]| SOD1 0.032 0.45
QOGFE9 Thymosin beta TMSB15B 0.015 0.64
P84175 40S ribosomal protein S12 RPS21 0.004 0.50
FINYA2 RRM domain-containing protein EIF4H 0.003 0.78
Q8UVDY Far upstream element-binding protein 2 KHSRP FUBP2 ZPB2 0.006 0.22
AOA1D5SPAE4 Heparin binding growth factor HDGFL1 0.004 1.17
Q5ZMVO SH3 domain-containing protein HCLS1 0.035 1.28
P25324 Thiosulfate sulfurtransferase TST 0.046 0.72
F1NH40 Synaptopodin 2 SYNPO2 0.017 1.60
AO0A1D5PH14 Dynein light chain roadblock DYNLRB1 0.025 0.90
Q8QFT5 Diazepam binding inhibitor DBI 0.020 0.64
Q06066 Y-box-binding protein 1 YBX1 0.040 0.77
AO0A1D5NW93 ATP synthase F1 subunit delta ATP5PD;ATP5D 0.039 0.43

'Protein accession number from the Uniprot database (www.uniprot.org).Abbreviations: DAPs: differentially abundant proteins; FC: fold change.
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Figure 2. Dendrogram representing the hierarchical clustering of the 40 DAPs in the high-FE and in the low-FE groups. Abbreviation: DAPs;

differentially abundant proteins.

DAPs is illustrated in Figure 2, which showed clear
discrimination between the DAP clusters of the 2 FE
groups. Within the 40 DAPs, 14 proteins had high
abundance in the high-FE group and 26 proteins had
high abundance in the low-FE group. Moreover,
despite the high level of natural variation in the
high-FE group, the PCA plot of the DAPs also
showed a clear separation between the two groups,
providing evidence that these DAPs are appropriate
for group separation (Supplementary Figure 2).

Functional Enrichment of the DAPs

We conducted functional enrichment analysis to asso-
ciate the DAPs with their biological processes, molecular
functions, and cellular components. The results of the
enrichment analysis are presented in Table 3. Among
the biological processes, the largest number of DAPs (15
out of 40) were related to cellular process (GO:0009987).
The other common biological processes were cellular
metabolic process (GO:0044237) (10 out of 40 DAPs)
and the regulation of cellular process (GO:0050794) (8
out of 40 DAPs). The 3 most common molecular func-
tions were binding (G0O:0005488) (13 out of 40 DAPs),
protein binding (G0O:0005515) (8 out of 40 DAPs), and

catalytic activity (GO:0003824) (7 out of 40 DAPs).
The largest number of DAPs in the cellular component
were related to intracellular part (G0:0044424) (19 out
of 40 DAPs), cytoplasm (GO:0005737) (17 out of 40
DAPs), and intracellular organelle (GO:0043229) (12
out of 40 DAPs).

The results indicate that most of the DAPs found
between high- and low-FE groups relate to many essen-
tial metabolic processes that function in the duodenum.
Given that the duodenum is the main organ in the nutri-
ent digestion process, the results also reveal the bio-
chemical and physiological aspects of molecular
metabolism regulating FE. In addition, our results sup-
port previous findings that several physiological pro-
cesses, for example, feed intake, feed digestion,
metabolism, physical activity, and thermoregulation
relate to FE (Herd and Arthur, 2009).

Protein Interaction Network and Enrichment
Pathways of DAPs

Analysis of the PPI network revealed nine proteins
(H2B-1, ISG12-2, EDF1, DBI, DYNLRBI1, SLC9A3R1,
HDGF, TUBA3E, CDV3) that had no interaction with
other DAPs (Figure 3). This may indicate that these
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Table 3. Significant Gene ontology (GO) terms of DAPs listed in Table 1.

GOID Description adj. Pvalue’  Proteins

Biological process

GO:0006090 Pyruvate metabolic process 3.00E—05 ALDOC, LDHB, PGAM1, TPI1

GO:0051186 Cofactor metabolic process 3.00E—05 ALDOC, HSPA9, PGAM1, PRDX1, TPI1

GO:0009987 Cellular process 0.0001 ACTNI1, ALDOC, DSTN, EDF1, H2B-I, HSPA9,
LDHB, PGAM1, PRDX1, RPS12, SLC9A3R1, SOD1,
TAGLN, TPI1, YBX1

GO:0005975 Carbohydrate metabolic process 0.0003 ALDOC, LDHB, PGAM1, TPI1

G0:0006006 Glucose metabolic process 0.0003 ALDOC, PGAM1, TPI1

GO:0006094 Gluconeogenesis 0.0003 ALDOC, PGAM1, TPI1

GO:0006096 Glycolytic process 0.0003 ALDOC, PGAMI1, TPI1

G0:0006754 ATP biosynthetic process 0.0003 ALDOC, PGAM1, TPI1

GO:0006757 ATP generation from ADP 0.0003 ALDOC, PGAM1, TPI1

G0:0009166 Nucleotide catabolic process 0.0003 ALDOC, PGAMI1, TPI1

GO:0017144 Drug metabolic process 0.0003 ALDOC, PGAM1, PRDX1, TPI1

GO0:0019359 Nicotinamide nucleotide biosynthetic process 0.0003 ALDOC, PGAM1, TPI1

GO0:0042866 Pyruvate biosynthetic process 0.0003 ALDOC, PGAMI1, TPI1

GO:0046496 Nicotinamide nucleotide metabolic process 0.0003 ALDOC, PGAM1, TPI1

G0:0009168 Purine ribonucleoside monophosphate biosynthetic process 0.0003 ALDOC, PGAM1, TPI1

GO0:0019430 Removal of superoxide radicals 0.0003 PRDX1, SOD1

GO:0044237 Cellular metabolic process 0.0004 ALDOC, EDF1, HSPA9, LDHB, PGAM1, PRDX1,
RPS12,SOD1, TPI1, YBX1

G0:0009167 Purine ribonucleoside monophosphate metabolic process 0.0008 ALDOC, PGAM1, TPI1

GO0:0044248 Cellular catabolic process 0.0012 ALDOC, PGAM1, PRDX1, TPI1

GO0:0044271 Cellular nitrogen compound biosynthetic process 0.0019 ALDOC, EDF1, PGAM1, RPS12, TPI1, YBX1

GO:0034101 Erythrocyte homeostasis 0.0021 HSPA9, PRDX1

GO:1901566 Organonitrogen compound biosynthetic process 0.0031 ALDOC, PGAM1, RPS12, TPI1

GO0:0034654 Nucleobase-containing compound biosynthetic process 0.0052 ALDOC, EDF1, PGAM1, TPI1, YBX1

G0:1901576 organic substance biosynthetic process 0.0059 ALDOC, EDF1, PGAM1, RPS12, TPI1, YBX1

GO:0055114 Oxidation-reduction process 0.0066 LDHB, PRDX1, SOD1

GO:0050794 Regulation of cellular process 0.0077 COL6A3, DSTN, EDF1, HSPA9, PGAM1, PRDX1,
SLCY9A3R1, YBX1

GO:0007015 Actin filament organization 0.0088 ACTN1, DSTN

G0:0051171 Regulation of nitrogen compound metabolic process 0.0097 COL6A3, EDF1, PGAMI1, PRDX1, SLC9A3R1, YBX1

GO:0080090 Regulation of primary metabolic process 0.0101 COL6A3, EDF1, PGAMI, PRDX1, SLC9A3R1, YBX1

G0:0031323 Regulation of cellular metabolic process 0.0109 COL6A3, EDF1, PGAM1, PRDX1, SLC9A3R1, YBX1

G0:0060255 Regulation of macromolecule metabolic process 0.0109 COL6A3, EDF1, PGAMI1, PRDX1, SLC9A3R1, YBX1

G0:0044238 Primary metabolic process 0.0186 ALDOC, EDF1, LDHB, PGAM1, RPS12, TPI1, YBX1

G0:0019220 Regulation of phosphate metabolic process 0.0211 PGAM1, PRDX1, SLC9A3R1

GO:0071704 Organic substance metabolic process 0.0223 ALDOC, EDF1, LDHB, PGAM1, RPS12, TPI1, YBX1

G0:0006139 Nucleobase-containing compound metabolic process 0.0260 ALDOC, EDF1, PGAM1, TPI1, YBX1

G0:0022607 Cellular component assembly 0.0497 ACTNI1, H2B-I, HSPA9

Molecular function

GO:0005488 Binding 0.0004 ACTN1, DBI, DSTN, EDF1, H2B-I, HSPA8, HSPA9,
PRDX1, SLC9A3R1, SOD1, TAGLN, TST, YBX1

GO:0005515 Protein binding 0.0024 ACTN1, DSTN, H2B-I, HSPA8, HSPA9, PRDX1,
SLCY9A3R1, TAGLN

G0:0051015 Actin filament binding 0.0024 ACTNI, DSTN, TAGLN

GO:0016209 Antioxidant activity 0.0049 PRDX1, SOD1

GO:0051219 Phosphoprotein binding 0.0049 ACTNI1, HSPAS

G0:0003824 Catalytic activity 0.0066 ALDOC, LDHB, PGAM1, PRDX1, SOD1, TPI1, TST

GO:0016853 Isomerase activity 0.0073 PGAM1, TPI1

G0:0016491 Oxidoreductase activity 0.0117 LDHB, PRDX1, SOD1

GO:0097159 Organic cyclic compound binding 0.0117 DBI, EDF1, H2B-I, HSPA8, HSPA9, TST, YBX1

G0O:1901363 Heterocyclic compound binding 0.0117 DBI, EDF1, H2B-I, HSPA8, HSPA9, TST, YBX1

Cellular component

GO:0005737 Cytoplasm 7.10E-09 ACTNI1, ALDOC, CDV3, DBI, EDF1, HSPAS, HSPA9,
LDHB, PGAMI, PRDX1, RPS12, SLC9A3R1, SOD1,
TAGLN, TPI1, TST, YBX1

GO0:0044424 Intracellular part 7.10E-09 ACTN1, ALDOC, CDV3, DBI, DSTN,
EDF1, H2B-, HSPAS, HSPA9, LDHB,
PGAMI1, PRDX1, RPS12, SLC9A3R1, SOD1,
TAGLN, TPI1, TST, YBX1

G0:0044444 Cytoplasmic part 0.0001 ACTN1, ALDOC, DBIL, EDF1, HSPA9, LDHB,
PGAMI1, RPS12, TPI1, TST

G0:0043229 Intracellular organelle 0.0004 ACTN1, DBI, DSTN, EDF1, H2B-I, HSPA8, HSPA9,
PRDX1, RPS12,SOD1, TST, YBX1

GO:0005829 Cytosol 0.0004 ALDOC, EDF1, LDHB, PGAM1, RPS12, TPI1

G0:0043231 Intracellular membrane-bounded organelle 0.0077 DBI, EDF1, H2B-I, HSPAS, HSPA9, PRDX1, SOD1,
TST, YBX1

GO0:0001726 Ruffle 0.0098 ACTNI, SLC9A3R1

G0:0043209 Myelin sheath 0.0098 PGAM1, PRDX1

G0:1990904 Ribonucleoprotein complex 0.0106 HSPAS, RPS12, YBX1

GO:0032991 Protein-containing complex 0.0139 COL6A3, EDF1, H2B-I, HSPAS, RPS12, YBX1

G0:0043232 Intracellular non—membrane-bounded organelle 0.0244 ACTN1, DSTN, EDF1, H2B-I, RPS12

'FDR-adjusted P-values.Abbreviations: DAPs: differentially abundant proteins.
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proteins may not be biologically relevant or may have
independent functions. However, the majority of DAPs
interacted with each other and formed clusters, compris-
ing with metabolic enzymes (PGAM1, TPI1, ALDOC,
LDHB), cytoskeleton proteins (DSTN, COROI1B,
TAGLN), ribosomal proteins (SERBP1, RPS21, RPS1),
translational initiation factor (EIF-4H), stress-respon-
sive proteins (PRDX1, SOD1, HSPAS8, HSPA9), and
electron transport chain proteins (VDAC2, ATP5J,
ATP5D, ATP5H), which interacted closely with VAPA,
TST, and YBX1. Further, the small components of
interacting proteins were also presented in this network,
including ACTN1, TMSB4X, SYNPO2, and COL6A3.
Such interactions may indicate that these proteins func-
tion cooperatively in FE regulation.

DAPs were further explored based on the KEGG
pathway to elucidate the metabolic pathway in which
these proteins were involved. Five enriched pathways
identified are presented in Table 4: glycolysis/

gluconeogenesis, peroxisome, oxidative phosphorylation,
tight junction, and cysteine and methionine metabolism.
Below we have discussed the potential roles of these pro-
teins in functional pathways that could affect FE.

Table 4. Enriched metabolic pathways of DAPs.

KEGGID Description Adj. Pvalue' Proteins

00010 Glycolysis/ 0.0002 ALDOC, LDHB,
Gluconeogenesis PGAM1, TPI1
04146 Peroxisome 0.048 PRDX1, SOD1
00190 Oxidative 0.018 ATP5J, ATP5H,
phosphorylation ATP5D
04530 Tight junction 0.018 ACTN1,
SLCY9A3R1,
TUBA3E
00270 Cysteine and methi- 0.018 LDHB, TST

onine metabolism

'FDR-adjusted P-values.High abundant proteins in the high-FE group
are marked in bold face.Abbreviations: DAPs: differentially abundant
proteins.



8 KAEWSATUAN ET AL.

Proteins Related to Carbohydrate Metabolism The
glycolysis/gluconeogenesis pathway is the most enriched
term of DAPs. It is well known that glucose catabolism
of the intestinal tract is essential for providing energy
during the digestion and absorption process
(Fandriks, 2017). In glycolysis, glucose breakdown gen-
erates 2 molecules of pyruvate, which is the main glyco-
lytic product that can be oxidized to produce ATP for
cellular metabolism through the tricarboxylic acid
(TCA) cycle and oxidative phosphorylation
(Fonseca et al., 2019). Therefore, it was interesting that
3 proteins were among the most abundant in the duode-
num of the high-FE group, including triphosphate isom-
erase (TPI1) and phosphoglycerate mutase 1
(PGAML1), which are glycolytic enzymes that catabo-
lize glucose into pyruvate (Alberts et al., 2002), and lac-
tate dehydrogenase (LDHB), an enzyme that converts
lactate to pyruvate (Zhao et al., 2020). These three
enzymes are important in the rumen epithelium of ineffi-
cient steers (Kong et al., 2016b) and also in the jejunum
of low-FCR chicken (Shah et al., 2019). Thus, higher
levels of these 3 enzymes in the high-FE group can have
a major impact on the pyruvate generation rate, result-
ing in higher ATP production in the high-FE group com-
pared to the low-FE group. Our result also indicates
that high-FE chicken can use more glucose as an oxida-
tive substrate for energy generation in the duodenal epi-
thelium than low-FE chicken.

Proteins Related to Cysteine and Methionine
Metabolism Glucogenic amino acids, cysteine, and
methionine are the major precursors that can be con-
verted into glucose (Brosnan, 2003). In this study,
thiosulfate sulfurtransferase (TST) was a DAP in the
low-FE group. Thiosulfate sulfurtransferase is an
enzyme involved in sulfide catabolism to sulfite, sul-
fate, and thiosulfate, which is important for produc-
ing cysteine from methionine via the transsulfuration
pathway (Kohl et al., 2019). Thus, increased levels of
this enzyme may provide more compensatory precur-
sors for gluconeogenesis through amino acid metabo-
lism in the low-FE group to meet their energy
demands. In our findings, the abundance of aldolase
C (ALDOC) was higher in the low-FE group than
in the high-FE, supporting this assumption. ALDOC
catalyzes the reversible dihydroxyacetone phosphate
(DHAP) and glyceraldehyde 3-phosphate (G3P) to
form fructose-1,6-bisphosphate (F-1,6-BP) in the
gluconeogenic direction. Our results are consistent
with Zhang et al. (2019), who reported that proteins
involved in gluconeogenesis and amino acid metabo-
lism in the livers of low-FE heifers were upregulated.
Although previous studies have shown that the car-
bon transaction process between amino acid and car-
bohydrate metabolism mainly occurs in the liver and
muscles of chicken (Abasht et al., 2019; Yang et al.,
2020), our study revealed that high-abundant protein
related to the metabolic fate of amino acids and glu-
cose can occur in the intestinal tract of slow-growing
chicken. This process may indicate that low-FE
chicken tend to adapt to maintaining their blood

glucose levels and simultaneously preserving their
energetic status for metabolic purposes.

Proteins Related to Mitochondrial Oxidative Metab-
olism and Oxidative Stress The majority of the
energy production of a eukaryotic cell is generated
through oxidative phosphorylation in the mitochondrial
inner membrane (Bottje et al., 2006). The final phase of
oxidative phosphorylation is carried out by ATP syn-
thase or Complex V, one of the components of the elec-
tron transport chain. Interestingly, we observed three
highly abundant proteins in the low-FE group: ATP
synthase-coupling factor 6 (ATP5J), ATP synthase
subunit d (ATP5H), and ATP synthase F1 subunit
delta (ATP5D). These 3 proteins play an important
role in the proton channel of ATP synthase facilitating
electron flow through the respiratory chain and provid-
ing energy for ATP synthesis. The same proteins were
previously reported to be abundant in the rumen epithe-
lium of L-RFT steer (Kong et al., 2016b) and in the
breast muscle of L-RFI chickens (Yang et al., 2020).
Thus, increased levels of these proteins suggest that the
low-FE group may have increased energy production in
the form of ATP in its duodenum, requiring a large
quantity of energy. In addition, mitochondria are well
recognized as a major souce of reactive oxygen species
(ROS), such as superoxide (O5""), produced by the
electron transport chain during the process of oxidative
phosphorylation. Some DAPs in our study are related to
cell defense against ROS. For example, superoxide dis-
mutase 1 (SOD1), which converts O,"~ into hydrogen
peroxide (H»02) (Schiff et al., 2012), was more abun-
dant in the low-FE group compared to the high-FE
group. The over-production of SOD1 may result in ele-
vated generation of HyO,, as observed in mitochondrial
duodenal tissue (Ojano-Dirain et al., 2004) and in the
breast (Bottje et al., 2006) of low-FE broilers. Further-
more, given that peroxiredoxin-1 (PRDX1) is impor-
tant in cellular oxidative stress defense (Jeong et al.,
2018), our findings (a lower level of PRDX1 in the low-
FE group compared to the high-FE group) suggest that
low-FE chickens are unable to remove excessive ROS as
effectively as high-FE chickens and thus more likely suf-
fer from oxidative damage than high-FE chickens. Per-
oxisomal metabolism, which is closely related to
mitochondrial metabolism and immune response activa-
tion, is reportedly important for improving FE in poul-
try (Di Cara et al., 2019; Xiao et al., 2021). We thus
hypothesized that proteins associated with the peroxi-
some pathway are responsible for modulating redox
imbalance between ROS production and elimination
caused by mitochondrial dysfunction, which contributes
to oxidative stress in the chicken duodenum. Also, both
mitochondrial inefficiency and oxidative stress may con-
tribute to FE variation (Bottje and Carstens, 2009). In
agreement with this, duodenal genes related to ROS pro-
duction were over-represented in inefficient chickens
(Yi et al., 2015) and beef cattle (Yang et al., 2021).
Moreover, the failure of ROS detoxification can lead to
intestinal  inflammation and poor  absorption
(Mishra and Jha, 2019). Therefore, we suggest that
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greater susceptibility to oxidative stress may be respon-
sible for the poorer FE in the low-FE group compared to
the high-FE group.
Proteins Related to Intestinal Nutrient Permeability-
The tight junction pathway is related to the physiologi-
cal function of epithelial cells affecting the absorption of
nutrients in the small intestine (Choct, 2009). The sta-
bility of tight junctions has an impact on the capacity of
intestinal barrier permeability. Previous research
showed that tight junction integrity and paracellular
permeability were associated with the regulation of actin
cytoskeleton and intercellular adhesion strength
(Bruewer et al., 2004). In our study, three DAPs
(ACTN1, SLC9A3R1, TUBAS3E) were related to the
tight junction pathway. Alpha actinins (ACTN1) and
the tubulin alpha-3E chain (TUBAS3E) were highly
abundant in the high-FE group. This agrees with a tran-
scriptome study showing upregulation of the genes
encoding these proteins in the L-RFI epithelium of beef
cattle (Kong et al., 2016b). The overproduction of these
proteins suggest that high-FE chickens have greater
intestinal integrity and epithelial function than low-FE
chickens, possibly also resulting in greater paracellular
nutrient permeability.

Tight junctions not only play a key role in nutrient
absorption but also form a physical barrier against the
external environments of the intestinal epithelial cell to
prevent the entry of unwanted organisms, antigens, and
toxins (Groschwitz and Hogan, 2009). Damage to the
intestinal epithelial barrier can lead to inflammation
(De Meyer et al., 2019). Thus, it is important for effi-
cient production and optimal health (De Oliveira et al.,
2018). Hypothetically, a better adaptive immune
response requires less energy that can be used for growth
(Horodyska et al., 2018).

Solute carrier family 9, subfamily A (SLC9A3R1)
was highly abundant in the low-FE group. SLC9A3R1 is
involved in several signaling pathways, such as cAMP-
mediated phosphorylation that induces phosphorylation
of claudin, a tight junction protein that is the major
determinant of the barrier function (Chiba et al., 2008).
Related to this, cAMP elevates the barrier function via
PKA-dependent and -independent pathways enhancing
the junctional immunoreactivity of claudin and chang-
ing the barrier function of tight junction proteins
(Chiba et al., 2008). Therefore, it is possible that the
overproduction of the SLC9A3R1 protein may be
related to the physiological adaptation of tight junctions
to prevent the failure of its intestinal epithelium barrier
function when gut health is compromised.

Based on our proteomics result, changes in metabolic
activity, energy homeostasis, oxidative stress, and tight
juction appear to play important roles in regulating FE.
Previous studies showed that animals with poor FE
require more energy for maintaining tissue homeostasis
and have less usable energy for growth (Fonseca et al.,
2019; De Lima et al., 2020). This may explain why the
low-FE group gained less weight when consuming the
same amount of feed as the high-FE group. Selecting for
better FCR therefore promotes better feed conversion

efficiency, growth, and production. In our study, we did
not identify pathways involved in nutrient absorption.
Dokladny et al. (2016) reported that microvilli is a crucial
factor affecting the nutrient absorption capacity of the
small intestine. Although our study detected some pro-
teins related to the microvilli, such as plastin-1 (PLS1),
vinculin (VCL), F-actin-capping protein subunit beta
(CAPZB), F-actin-capping protein subunit alpha
(CAPZA2), and actin-related protein 3 (ACTR3), the
abundances of these proteins were either relatively low or
did not differ between the two groups. Further studies
focused on microvilli are required to profoundly under-
stand the mechanism related to nutrient absorption.

CONCLUSION

Our results indicate that the different FE potential of
slow-growing chicken is related to duodenal metabolism
through proteins enriched in five main metabolic path-
ways: glycolysis/gluconeogenesis, peroxisome, oxidative
phosphorylation, tight junction, and cysteine and methi-
onine metabolism. These findings suggest that high-FE
chickens have better glucose breakdown to extract
energy for cellular metabolism from glycolysis and better
tight junction strength of their intestinal epithelium than
low-FE chickens. On the other hand, low-FE chickens
may need to activate their amino acid metabolism and
oxidative phosphorylation to provide more compensatory
precursors for gluconeogenesis, to prevent disruption in
their intestinal barrier function. These findings provide
potential dietary energy-related biomarkers for selection
to improve FE in chicken. However, given the relatively
small number of biological replicates used in this study,
further work is needed to confirm these findings.
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