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Dietary intake of xylose impacts
the transcriptome and proteome
of tissues involved in xylose
metabolism in swine

Nichole F. Huntley1,2†, Marcela M. de Souza2†,
Matthew D. Schulte2, Hamid Beiki2, Andressa O. de Lima2,
Abigail E. Jantzi2, Steven M. Lonergan2,
Elisabeth J. Huff-Lonergan2, John F. Patience2,3

and James E. Koltes2*

1Mazuri Exotic Animal Nutrition, PMI Nutrition International, LLC, Arden Hills, MN, United States,
2Department of Animal Science, Iowa State University, Ames, IA, United States, 3Iowa Pork Industry
Center, Iowa State University, Ames, IA, United States
Xylose is a primary component of arabinoxylan in swine diets. As arabinoxylan is a

significant component of fiber, and fiber is generally rising in practical pig diets

globally, the study of arabinoxylan and xylose is of increasing interest. However,

the mechanisms by which free xylose may be absorbed and the pathways

impacted by xylose have yet to be elucidated in pigs. The objective of this

study was to determine the impact of xylose supplementation on gene

expression and protein abundance in jejunum, kidney, liver, and muscle tissues

which have previously been identified as possible sites of xylose absorption or

metabolism. This study aimed to expand the preliminary understanding of dietary

xylose metabolism and utilization in pigs. One study, replicated twice with 24

crossbred gilts, was used to assess two dietary treatments: a xylose-free (0%)

control and 8% D-xylose. The impact of xylose on growth was monitored by

measuring initial and final body weight, serum IGF-1, and liver glycogen

concentrations. The rate and efficiency of weight gain were reduced on the

xylose diet but not to a level that would occur if xylose was not used at all; the

detection of xylose systemically further supports this conclusion. This study

confirmed that pigs can utilize dietary xylose. To determine the impact of xylose

on tissue metabolism, samples were collected from all four tissues for gene

expression analysis by RNA-sequencing, and kidney and liver samples were

subjected to proteomic analysis using 2D-DIGE and mass spectrometry. The

majority of differentially expressed (DE) genes were identified in the kidney

samples (n = 157), with a few identified in the jejunum (n = 16), liver (n = 1),

and muscle (n = 20) samples. The DE genes in the kidney were mainly identified

as being involved in lipid biosynthesis and fatty acid metabolism. Proteomic

results corroborated these findings. Although the inclusion of xylose in a diet at
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practical levels is shown to impact energy metabolic processes, it has been

confirmed that this five-carbon sugar can support levels of growth only slightly

below those of glucose, a six-carbon sugar that is more commonly utilized as an

energy source in pig diets.
KEYWORDS

gene expression, kidney, xylose, fiber, pigs
1 Introduction

Since feed represents up to 72% of the total cost of swine

production (Cornelison et al., 2018), the digestibility of the diet and

utilization of absorbed energy must be maximized. However, the

global swine industry is increasingly expected to use diets

containing more high-fiber ingredients, such as co-products of

manufacturing and other industrial processes. For pigs, higher

levels of dietary fiber generally translate into lower digestibility

and reduced efficiency of energy utilization (Patience, 2012).

The Codex Alimentarius Committee of the Food and

Agriculture Organization of the United Nations (FAO) (2010)

defines fiber as “those carbohydrate polymers with ten or more

monomeric units which are neither hydrolyzed by the endogenous

enzymes nor absorbed in the small intestine.” In many discussions

on dietary fiber, xylose is likely to assume considerable prominence.

For example, carbohydrate polymers containing xylose include

xyloglucans and arabinoxylans, the latter being a major

constituent of hemicellulose. Hemicellulose is a significant

component of fiber in grains and other ingredients commonly

used in pig diets (Bach Knudsen, 2014; Jaworski et al., 2015; Petry

and Patience, 2020). Gutierrez et al. (2014) reported that the
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concentration of xylose could explain 71% of the variation in

metabolizable energy content among nine corn co-products that

varied in neutral detergent fiber content from 4% to 46%.

Xylanase is an enzyme added to pig diets to enhance the utilization

of dietary fiber, specifically hemicellulose, which is otherwise undigested

in the stomach and small intestine of pigs (Petry et al., 2020). Xylanase

hydrolyzes the b-(1-4) glycosidic bonds of arabinoxylan in

hemicellulose, potentially releasing a mixture of xylose, arabinose, and

xylooligosaccharides which in turn can be either absorbed or fermented

by pigs (Dodd and Cann, 2009). When absorbed by the small intestine,

xylose can potentially provide energy for pigs, yet little information is

available on xylose metabolism in mammals generally, or in pigs

specifically (Huntley and Patience, 2018a). Early studies indicated that

pigs have a very limited ability to utilize xylose as an energy source

(Wise et al., 1954; Schutte et al., 1991). However, these studies used

levels of xylose that constituted 20% of the diet or higher, well above the

1%–5% typically found in most practical diets. More recent studies have

indicated that when included in the diet at more practical levels, pigs can

metabolize xylose and adapt over time to enhance efficiency. A pathway

for metabolism has been proposed, with D-threitol identified as the

most common metabolite (Huntley and Patience, 2018b). Therefore, as

a pentose (Lim et al., 2015), xylose is believed to be metabolized via the

pentose and glucuronate interconversion pathways, entering the pentose

phosphate pathway in the liver and kidney (Kim et al., 2012; Feng et al.,

2018; Huntley and Patience, 2018b).

While xylose will never supplant glucose as the primary

monosaccharide utilized in the pig’s diet, xylose can contribute to the

pig’s energy supply to some extent. A better understanding of xylose

metabolism will further our ability to maximize its utilization.

Therefore, the objective of this experiment was to determine the

impact of xylose supplementation on gene expression and protein

abundance in jejunum, kidney, liver, and muscle tissues, which have

previously been identified as possible sites of xylose absorption or

metabolism (Weser and Laster, 1968; Huntley and Patience, 2018a;

Huntley and Patience, 2018b). We hypothesized that xylose absorbed

from the digestive tract is metabolized by the pig in select organs and is

thus able to contribute to its energy supply.

2 Materials and methods

2.1 Ethical statement

Experimental procedures were approved by the Institutional

Animal Care and Use Committee at Iowa State University (2-17-
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8452-S) and adhered to the guidelines for the ethical and humane use

of animals for research according to the Guide for the Care and Use of

Agricultural Animals in Research and Teaching (FASS, 2010).
2.2 Animals, housing, and
experimental design

The experiment was conducted at the Iowa State University

Swine Nutrition Farm (Ames, IA) using two replicates of 12

crossbred gilts each to provide a total of 24 animals (12 per

dietary treatment; L337 × Camborough, PIC Inc., Hendersonville,

TN) with a mean initial body weight (BW) of 28.2 ± 1.1 kg. The

study was replicated twice over time to achieve the desired statistical

power, with the second replicate commencing immediately

following the completion of the first. The data for the two

replicates were pooled. Care was taken to ensure both replicates

were conducted in the same manner, such as using equalized feed

intake, and no important variations were noted between them.

Before the commencement of the experiment, pigs were adapted

for 4 days to individual housing (1.8 m x 1.9 m), the basal diet (CTL,

see section 2.3 below), and the feeding schedule.

The pigs were then randomly allotted to one of two dietary

treatments and were transferred to metabolism crates (0.7 m x

1.5 m) for the 22-day experiment. The metabolism crates allowed

for a separate collection of feces and urine and were equipped with a

plastic slatted floor, a dry feeder, and a nipple waterer. Pigs were

weighed on days 0 and 22 to allow the determination of average

daily gain (ADG). On the last day of the experiment (day 22), all

pigs were euthanized via captive bolt stunning, followed by

exsanguination to facilitate the collection of organ samples.
2.3 Diets and feeding

Two dietary treatments were evaluated (Table 1): a semi-

purified xylose-free diet (CTL) and the same diet with 8% D-

xylose (DuPont Nutrition & Health, Copenhagen, Denmark) added

at the expense of corn starch (XYL). The level of xylose inclusion

was chosen to be high enough to reveal a negative growth response

if the xylose, when compared with glucose from starch, was not

utilized by the pig (Huntley and Patience, 2018a). At the same time,

we did not want to utilize levels that might overwhelm the

metabolic capacity of the pig to utilize free xylose. The

compromise was a level of xylose that would be double the

highest levels that would normally be observed in practical diets

(Huntley and Patience, 2018b).

All diets were formulated to meet or exceed the nutrient

requirements of pigs of this body weight (Table 2; NRC, 2012)

and were presented to the pigs in mash form. On day 0, pigs were

transitioned to their assigned dietary treatments provided at 4% of

the initial BW averaged across all pigs used in the first replicate. The

same quantity of feed was provided to pigs in the second replicate.

This daily feed allotment was split into two meals provided at 0800

and 1600 h. Any orts remaining after 1 hour were collected,

weighed, and recorded to calculate daily feed intake and gain:feed
Frontiers in Animal Science 03
ratio (G:F). Pigs had ad libitum access to water throughout

the experiment.
2.4 Diet nutrient analysis

Feed samples were dried at 60°C to a constant weight, ground to

a particle size of 1 mm, and analyzed in duplicate for N (method

990.03; AOAC, 2006); TruMac; LECO Corp., St. Joseph, MI, USA).

Standard calibration was performed using EDTA (9.56% N), which

was determined to contain 9.55% ± 0.01% N. Crude protein

was calculated as N × 6.25. Diet samples were assayed for gross

energy using an isoperibolic bomb calorimeter (model 6200;

Parr Instrument Co., Moline, IL). Benzoic acid (26.4 MJ/kg;

Parr Instrument Co.) was used as the standard for calibration and

was determined to contain 26.4 ± 0.01 MJ/kg. Diet samples were

analyzed in duplicate for dry matter (method 930.15; AOAC, 2006)
TABLE 1 Ingredient composition of experimental diets, on an as-fed basis.

Item CTL, g/kg XYL, g/kg

Corn starch 570.0 490.0

Sucrose 86.0 86.0

Cellulose 90.0 90.0

Casein 55.0 55.0

Bovine plasma proteins 50.0 50.0

Fish meal, Menhaden select 45.0 45.0

Skim milk powder 30.0 30.0

Whey powder 30.0 30.0

Soybean oil 10.0 10.0

D-Xylose1 0.0 80.0

Limestone 9.0 9.0

Monocalcium phosphate 3.5 3.5

Choline chloride, 60% 0.5 0.5

Potassium carbonate 5.0 5.0

Magnesium oxide 0.7 0.7

L-Lysine HCl 0.5 0.5

DL-Methionine 1.0 1.0

L-Threonine 0.3 0.3

Vitamin premix2 2.5 2.5

Trace mineral premix3 2.0 2.0

Sodium chloride 5.0 5.0

Titanium dioxide 4.0 4.0
1DuPont Nutrition & Health, Copenhagen, Denmark
2Provided 6,614 IU vitamin A, 827 IU vitamin D, 26 IU vitamin E, 2.6 mg vitamin K, 29.8 mg
niacin, 16.5 mg pantothenic acid, 5.0 mg riboflavin, and 0.023 mg vitamin B12 per 1 kg of diet.
3Provided 165mg Zn (zinc sulfate), 165 mg Fe (iron sulfate), 39 mgMn (manganese sulfate), 17 mg
Cu (copper sulfate), 0.3 mg I (calcium iodate), and 0.3 mg Se (sodium selenite) per 1 kg of diet.
CTL, control diet; XYL, 8% xylose diet.
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and acid hydrolyzed ether extract (method 2003.06; AOAC, 2007),

and in triplicate for neutral (Van Soest and Robertson, 1979) and

acid detergent fiber components (Goering and Van Soest, 1970).

Diet samples were also assayed for D-xylose concentration using a

commercially available kit (Megazyme, Wicklow, Ireland).
2.5 Blood and organ sample collection

On day 22, all pigs were euthanized 60 ± 3 minutes after feeding;

blood was harvested during exsanguination, allowed to clot,

centrifuged at 4°C at 1,500 ×g for 10 minutes to obtain serum

samples, further subsampled, and stored at –80°C until further

analysis. The abdomen of each carcass was opened by longitudinal

incision and the intestines were removed proximal to the stomach

to the rectum. A 10 cm section of jejunum was removed 5.0 m from

the pyloric sphincter, and mucosal scrapings were collected. Liver

tissue was collected by taking a 2 × 2 cm central cross-section from

the medial left lobe. The cross-section was then minced into 5-mm3

samples. The left kidney was removed, bisected longitudinally, and

5-mm3 kidney cortex samples were collected from the apex of the

superior curve. A 2.5 cm-diameter core sample was taken of the

left longissimus dorsi muscle from each pig at the 10th rib and

minced into 5-mm3 pieces. Tissue samples were rinsed with ice-

cold PBS buffer, immediately placed in a 7.6 × 17.8-cm sterile

sample bag (Fisher Science, Hanover Park, IL), snap frozen in liquid

nitrogen, and stored at –80°C for later analysis. All 24 pigs—12 per

treatment—had each type of tissue harvested in this way at the end

of the trial.
2.6 Sample processing and analysis

2.6.1 Serum
Serum insulin-like growth factor-1 (IGF-1) and xylose

concentrations were determined using commercially available kits

in accordance with the manufacturers’ instructions (Porcine IGF-1

ELISA, ABclonal, Woburn, MA; D-xylose assay kit, Megazyme,

Wicklow, Ireland).
Frontiers in Animal Science 04
2.6.2 Liver glycogen
Liver samples were prepared and analyzed for glycogen

concentration using a commercial glycogen assay kit [Glycogen Assay

Kit II (Colorimetric), ab169558, Abcam, Cambridge, United Kingdom]

in accordance with the manufacturer’s instructions. Glycogen

concentration was determined spectrophotometrically at 450 nm.
2.7 Statistical analysis of growth, serum
xylose, IGF-1, and liver glycogen levels

Data were analyzed with the pig as the experimental unit, dietary

treatment as a fixed effect, and replication as a random variable. The

UNIVARIATE procedure of the Statistical Analysis Systems package

version 9.4 (SAS Institute, Cary, NC, USA) was used to verify the

normality of residuals and homogeneity of variances and to identify

statistical outliers (> 3 standard deviations away from the mean),

which were removed from the dataset. Only one value was removed

from the total dataset, which was one of the serum xylose

measurements. Serum IGF-1 data were log-transformed to achieve

a normal distribution. The assumption of equal variances was not

valid, so the statistical models for serum xylose, serum IGF-1, and

liver glycogen data were fitted with separate variances for each of the

two treatments. Differences due to dietary treatment were determined

using ANOVA, and means were separated using the least square

means statement and the PDIFF option. Differences were considered

significant at p ≤ 0.05 and a trend at p > 0.05 and ≤ 0.10.
2.8 RNA extraction

Tissues (30–60 mg) were homogenized in 300 µL of Buffer RLT

(Qiagen, Germantown, MD, USA) using the Qiagen Tissuelyser II

(Germantown, MD, USA). Total RNA was isolated and purified from

jejunum mucosa, kidney cortex, and liver tissues using the Qiagen

RNeasy Plus Mini Kit (Germantown, MD, USA) in accordance with

the manufacturer’s instructions. For the longissimus dorsi muscle

samples, the Qiagen RNeasy Fibrous Tissues Mini Kit (Germantown,

MD, USA) was utilized for total RNA isolation and purification in

accordance with the manufacturer’s instructions. The quality and

quantity of RNA were determined using a Nanodrop ND-1000

(Thermo Scientific, Wilmington, DE) and an Agilent 2100

Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA). All RNA

samples had 260:280 nm absorbance ratios above 1.8. Mean RNA

integrity numbers were 8.3 ± 1.0 for jejunum mucosa samples,

8.0 ± 0.6 for kidney cortex samples, 8.9 ± 0.4 for liver samples, and

8.8 ± 0.3 for longissimus dorsi samples.
2.9 RNA-sequencing

RNA libraries were constructed using 3′ mRNA-seq QuantSeq

technology (Lexicogen, Greenland, NH). A total of 48 samples were

loaded per lane into two lanes with an equal number of CTL and

XYL samples per tissue, per lane (i.e., 24 each). The two
TABLE 2 Analyzed gross energy and selected nutrient composition of
experimental diets, on an as-fed basis.

Item CTL, g/kg XYL, g/kg

Dry matter 940.2 955.8

Gross energy 16.41 16.55

Crude protein, N × 6.25 140.5 140.3

Acid-hydrolyzed ether extract 16.2 15.2

Neutral-detergent fiber 103.1 105.6

Acid-detergent fiber 76.2 80.0

Xylose 0.0 80.2
Pigs (n = 12/treatment) with an average body weight of 28 kg were housed individually in
metabolism crates and fed diets containing either 0 or 80 g D-xylose/kg for 22 days, at which
time tissue and biological samples were collected.
CTL, control diet; XYL, 8% xylose supplemented diet.
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experimental replicates of the trial were intentionally grouped with

all samples from replicate one in lane one and all samples from

replicate two in lane two to allow one statistical variable to account

for both lane and replicate. This approach allowed for statistical

power to be saved for the differential expression analysis. RNA-

sequencing (RNA-seq) was conducted using Illumina HiSeq 3000

chemistry to generate 100-nucleotide single-end reads (Illumina

Inc., San Diego, CA.)
2.10 Bioinformatic processing of
sequence data

For reproducibility purposes, software settings and a more in-

depth description of methodological details are provided in

Supplementary File 1.

2.10.1 Sequence quality control
The adapter and low-quality bases were removed using

the bbduk.sh program in BBtools software (sourceforge.net/

projects/bbmap/) such that after trimming, reads were required

to have a minimum length of 20 bases with an average per base

quality score (Phred +33) ≥ 20. Sequence quality was assessed with

FastQC software version 0.11.3 (Andrews and Babraham

Bioinformatics, 2010).

2.10.2 Sequence alignment
The trimmed high-quality reads were aligned against the Sus

scrofa pig genome reference (Sscrofa11.1 from Ensembl build 93)

assembly using the STAR alignment software version 2.5.4 (Dobin

et al., 2013) with thresholds of at least 95% identity and 90%

coverage and default settings for all other parameters. The number

of reads mapped to each gene (i.e., read counts) was determined

using FeatureCounts software version 1.6.0 (Liao et al., 2014) based

on the Ensembl Sscrofa11.1.93 gene annotations (Cunningham

et al., 2022).

2.10.3 Data filtering
To reduce spurious gene expression results associated with very

low sequence levels, genes with less than one read count in 70% of

samples were discarded from downstream analyses.
2.11 Statistical analysis of differentially
expressed genes

2.11.1 Identification of DE genes
Following quality control, 21 jejunum mucosa, 24 kidney

cortex, 23 liver, and 24 longissimus dorsi muscle samples were

analyzed to identify differentially expressed (DE) genes. Reads

aligned to annotated Ensembl genes were normalized and the

DE analyses were performed with the DESeq2 1.30.1 package

(Love et al., 2014) with the following model:

Yijkl = Treatmenti + Lanej + RINk +WIk + eijkl,
Frontiers in Animal Science 05
where Y is the normalized gene expression, Treatment is the

effect of diet (CTL or XYL) for animal k, RIN is the RNA integrity

score for animal k, WI is the water intake for animal k, and e is the

random residual. The DE genes were identified as those that differed

in expression due to treatment (XYL vs. CTRL) using a Wald test

within the DESeq2 software. Genes were considered DE at a false

discovery rate (FDR) < 0.1 (Benjamini and Hochberg, 1995).

2.11.2 Ontology enrichment analysis of DE genes
Ontology enrichment analysis was conducted with ClueGO v.

2.5.5. software and CluePedia v. 1.5.5 (Bindea et al., 2009) using

annotation information from human gene orthologs (> 60%

similarity to humans) identified from Biomart (Durinck et al.,

2009.) All expressed genes within a tissue were used as

the reference set (background) for the ontology enrichment

analysis. Significantly enriched (i.e., overrepresented) gene

ontology (GO) biological process (BP) terms were determined

with a right-sided hypergeometric test at a Benjamini–Hochberg

adjusted p< 0.05 (Benjamini and Hochberg, 1995). Redundant

ontology terms were grouped based on the kappa score ≥ 0.4

(Bindea et al., 2009).
2.12 Gene co-expression network analysis

The WGCNA R package (Langfelder and Horvath, 2008) was

used to identify gene networks (modules) separately for CTL and

XYL samples to allow comparison of genes within network modules

between the two diets. Network modules were defined as groups of

genes with high levels of correlated gene expression, which may

indicate coordinated pathway responses (Zhao et al., 2010), for

example, in response to a treatment such as xylose consumption. A

b coefficient of five with an R2 of 0.9 and a minimum module size of

20 was used to identify signed weighted modules based on the

methods described by Langfelder and Horvath (2012). Similar

network modules, based on gene expression values for genes

within a module, were merged based on their eigengenes

similarities using the mergeCloseModules function and tree

height cut value of 0.2. All other WGCNA parameters remained

at their default settings. Additional details regarding the co-

expression analysis are available in Supplementary File 1.
2.12.1 Association of gene networks with xylose
To identify gene network modules impacted by XYL, the

following linear model was fitted independently for the CTL or

XYL diets:

eigengeneijk = Treatmenti + FinalBWj + ADGj + AvgXylosej + eijk,

where eigengene was the ith gene network module, FinalBWwas

BW at the end of the trial, ADG was the average daily gain, and

AvgXylose was the average urinary xylose level (Huntley and

Patience, 2018b). Gene network module structures were

compared between the CTL and XYL treatment groups using the

NetRep R package, based on 10,000 permutation tests (Aibar et al.,
frontiersin.org
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2015). This permutation approach was conducted to obtain robust

and unbiased statistical estimates to evaluate the level of gene

network preservation (i.e., the ability to compare similar modules)

to facilitate diet-level comparisons between CTL and XYL gene

network modules. A p-value threshold of< 0.05 was considered

significant for module preservation (Langfelder et al., 2011).

2.12.2 Ontology enrichment analysis of gene
network modules associated with xylose

Genes within network models were evaluated for enrichment of

gene ontology terms to identify biological processes and pathways

that may be impacted by the XYL dietary treatment using the

FGNet R package (Aibar et al., 2015). Statistically significant

enrichment (i.e., overrepresentation of genes within an ontology)

was declared at Benjamini–Hochberg adjusted FDR ≤ 0.05.

REVIGO was used to summarize these results (Supek et al., 2011).
2.13 Proteomics analyses

2.13.1 Proteomics sample preparation and
analysis

For kidney and liver samples, the flow-through left from RNA

extraction was compiled and saved within the sample after each

centrifugation and column filtration step (Qiagen, Germantown,

MD, USA). Proteins were precipitated from the tissue extracts by

the addition of ice-cold acetone. The samples were then vortexed

and incubated at –20°C for 30 minutes Samples were centrifuged for

10 minutes at 4,122 ×g on a Sorvall Legend XFR floor model

centrifuge (Thermo Scientific, Waltham, MA) at 4°C. The

supernatant was discarded and the pellet was washed with ice-

cold ethanol, vortexed, and centrifuged again for 2 minutes at

4,122 ×g at 4°C. Ethanol was decanted, and the samples were air-

dried. The dried pellets were resuspended in 100 µl of a urea buffer

[8 M urea, 2 M thiourea, 4% CHAPS (wt/vol), 65 mMDithiothreitol

(DTT), 40 mM Tris, pH 8.3] then vortexed vigorously for

1–2 minutes.

Protein concentrations were determined (Bradford, 1976) using

premixed reagents (Bio-Rad Laboratories, Hercules, CA). Proteins

were diluted with the urea buffer and adjusted to a final protein

concentration of 4.5 mg/mL with 0.5 mL of Wang’s tracking dye

[3 mM EDTA, 3% (wt/vol), SDS, 30% (vol/vol), glycerol, 0.001%

(wt/vol) pyronin Y, and 30 mM Tris-HCl, pH 8.0] and 0.1 mL of 2-

mercaptoethanol. Samples were then vortexed, heated for

15 minutes at approximately 50°C, and stored at –80°C. Protein

concentration consistency was confirmed using 15% SDS-PAGE

gels and Colloidal Coomassie Blue staining (1.7% ammonium

sulfate, 30% methanol, 3% phosphoric acid, and 0.1% Coomassie

G-250).

2.13.2 Two-dimensional difference in gel
electrophoresis

Liver and kidney protein extracts from each dietary treatment

group were labeled alternatively with CyDye3 and CyDye5 (Carlson

et al., 2017) in accordance with the manufacturer’s directions (GE

Healthcare, Piscataway, NJ). A pooled reference sample containing
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equal amounts of all samples (n = 24 total) was used for

identification and picking gels. Two aliquots of the pooled

reference sample (100 µg) were labeled with CyDye2 and run on

all gels. Samples were stored at –80°C and were prepared for

analysis in duplicate. Samples from each tissue were processed

and analyzed independently such that only liver samples were

analyzed together during 2D gel electrophoresis with other liver

samples, and likewise for kidney samples.

Labeled samples were prepared for running on 11-cm pH 3–10

immobilized pH gradient (IPG) strips (GE Healthcare, Piscataway,

NJ). The pooled reference sample and 15 µg of protein from each

dietary treatment were combined for 45 µg of total protein for each

strip (Carlson et al., 2017). Rehydration solution (DeStreak, GE

Healthcare, Piscataway, NJ) was prepared as directed by the

manufacturer by combining 2% IPG buffer, pH 3–10 (17-6000-87,

GE Healthcare, Piscataway, NJ), and 20 mM 1,4-DTT. The

rehydration solution was mixed with the prepared proteins.

Protein solutions and strips were placed in individual wells of a

humidified rehydration chamber.

Strips were rehydrated overnight (for approximately 18 hours)

in a dark at room temperature (24°C) before being run in the first

dimension on an Ettan IPGphor isoelectric focusing system (GE

Healthcare, Piscataway, NJ). Proteins were focused on the strips for

11,500-volt hours and then were stored in tubes at –80°C until

equilibration was initiated for the second dimension (Carlson et al.,

2017). Two 15-minute washes completed equilibration for the

second dimension (separation by molecular weight). The first

wash contained equilibration buffer (50 mM Tris-HCl pH 8.8, 6

M urea, 30% glycerol, 2% SDS, and trace amounts of bromophenol

blue) and 65 mM DTT. The second wash contained the

equilibration buffer and 135 mM iodoacetamide. Strips were then

loaded onto 12.5% preparative gels [25.5 × 20.5 cm, 1.5 mm thick,

acrylamide:N,N’-bis-methylene acrylamide = 100:1 (wt/wt), 0.1%

(wt/vol) SDS, 0.05% (vol/vol) tetramethylene diamine (TEMED),

0.05% (wt/vol) ammonium persulfate (AMPER), 0.5 M Tris-HCl,

pH 8.8] and run on an Ettan DALT SIX system (GE Healthcare,

Piscataway, NJ). Overlay agarose with trace amounts of

bromophenol blue was used to solidify strips in place for second-

dimension separation (two strips per gel). Proteins were

fractionated and resolved on the gel until the overlay solution dye

was run off the bottom of each gel (approximately 2,500-volt hours).

A running buffer solution consisting of 25 mM Tris, 192 mM

Glycine, 2 mM EDTA, and 0.1% (wt/vol) SDS was used (Carlson

et al., 2017). Once the second dimension was completed, gels were

imaged using an Ettan DIGE Imager (GE Healthcare, Piscataway,

NJ) and analyzed using DeCyder™ 2D software version 6.5 (GE

Healthcare, Piscataway, NJ) to normalize protein quantities and

identify differences in protein abundance between CTL and XYL

treatments. See Supplementary File 2 for a representative 11-cm, pH

3–10 2D-DIGE gel.

DeCyder™ 2D software version 6.5 (GE Healthcare,

Piscataway, NJ) was used to analyze all 2D-DIGE gels with two

technical replicates for each biological replicate for spot

identification. Paired t-tests were used to determine differences in

protein spot abundance between the control and treatment groups,

with significance set at p ≤ 0.10.
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2.13.3 Spot identification
Spots of interest for comparison were initially identified as

significantly different for the comparison between CTL and XYL

(p< 0.10). The corresponding pooled reference sample was then used

for downstream protein spot identification analyses. Picked spots

were excised from gels as described (Carlson et al., 2017), sent to the

Iowa State University Protein Facility, and digested with trypsin using

a Genomic Solutions Investigator ProGest automated digester

(Genomic Solutions Inc., Ann Arbor, MI). After digestion, the

solution was dried and reconstituted in 25 µL of water containing

0.1% formic acid. Spots were separated through liquid

chromatography (Thermo Scientific EASY nLC-1200 coupled to a

Thermo Scientific Nanospray FlexIon source) using a pulled glass

emitter 75 µm × 20 cm (Agilent capillary, part #16-2644-5), with the

tip packed with Agilent SB-C18 Zorbax 5 µm packing material (part

#820966-922) and the remaining emitter packed with nano LCMS

Solutions UChrom C18 3 µm packing material (part #80002).

Samples were analyzed by tandem mass spectrometry (MS/MS)

using a Q Exactive TM Hybrid Quadrupole-Orbitrap Mass

Spectrometer (Thermo Scientific, Waltham, MA). Thermo

Scientific’s Proteome Discoverer Software (Waltham, MA) was

used to analyze the raw data to identify matched proteins and

peptides against publicly available or user-provided databases.

Peptide fragments were compared with a known database program

using Mascot (London, United Kingdom) and Sequest HT against a

Sus scrofa database (accessed April 2018) to identify proteins.
3 Results

3.1 Growth performance and serum
outcomes

Mean body weight prior to the initiation of the experiment was

similar between treatments. Similarly, the XYL treatment had no

effect on final weight (Table 3; p > 0.10). However, the XYL group

had a reduction in both the rate (5%) and efficiency of gain (4%;

Table 3; p = 0.05).

Serum assay confirmed that the control animals received no

xylose in their diet (Table 4). This was in contrast to the serum

harvested from treatment pigs, which confirmed they received—

and absorbed—xylose (0.42 g xylose/kg; Table 4; p< 0.001). Liver
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glycogen and serum IGF-1 were not impacted by dietary

treatments (p > 0.10).
3.2 RNA-sequencing

3.2.1 Sequencing quality and mapping statistics
An average of six million QuantSeq 3′ reads were produced per

sample, with an average of 96.3% mapped and 87.4% uniquely

mapped (see Table 5 for a summary and Supplementary File 3,

Table S1, for individual sample statistics.)
3.2.2 Identification of DE genes, enriched
pathways, and biological processes

A total of 12,265, 11,063, 10,882, and 11,486 genes in kidney,

liver, muscle, and jejunum samples, respectively, were analyzed for

differential expression in response to xylose treatment. The majority

of DE genes were identified in the kidney (157), with only a few

identified in the liver (1), muscle (20), and jejunum (16.) A full

summary of all DE genes is provided in Supplementary File 3, Table

S2. Only the ergosterol biosynthesis 28 gene homolog (ERG28) was

identified in the liver as DE. The DE genes identified in muscle and

jejunum tissue are presented in Figures 1A, B as well as

Supplementary File 3. In the kidney, 124 of the 157 DE genes were

found to be of greater abundance in control samples (Figure 1C).

Gene ontology enrichment analysis was conducted only with

DE genes in the kidney as it was the only tissue with sufficient gene

numbers for an analysis to be effective. A total of 47 enriched GO

BP terms were identified from the 129 DE genes in the kidney,

which had annotations for human orthologs (FDR< 0.05; Figure 2).

The GO BPs were clustered into 17 groups related to lipid

metabolism, aminopeptidase and metalloexopeptidase activity,

cholesterol efflux, solute:sodium symporter activity, iron ion

homeostasis, aerobic respiration, and cytochrome-c oxidase

activity. Seven DE genes were clustered with several lipid

biosynthesis and metabolism types involving sphingolipids,

ceramide, ganglioside, and glycolipids. Among these seven genes,

ceramide synthase 4 (CERS4), ceroid-lipofuscinosis, neuronal 6, late

infantile, variant (CLN6), beta-1,3-galactosyltransferase 4

(B3GALT4), and ST6 N-acetylgalactosaminide alpha-2,6-
TABLE 3 Impact of dietary xylose supplementation on growth performance of pigs.

Characteristic CTL XYL SEM p-value

Body weight, kg

Day 0 28.18 28.20 0.52 0.97

Day 22 40.90 40.28 0.62 0.33

Average daily gain, g 606 576 15 0.05

Gain:feed ratio 0.53 0.51 0.01 0.05
Pigs (n = 12/treatment) with an average body weight of 28 kg were housed individually in metabolism crates and fed diets containing either 0 or 80 g D-xylose/kg for 22 days, at which time tissue
and biological samples were collected.
CTL,control diet; XYL, 8% xylose diet.
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sialyltransferase 4 (ST6GALNAC4) were more abundant in the

kidney of CTL animals, whereas sterile alpha motif domain

containing 8 (SAMD8) and ELOVL fatty acid elongase 6

(ELOVL6) were more abundant in the kidney of XYL animals.

Supplementary File 2 provides additional figures displaying

statistically enriched GO BP ontology terms and Supplementary

File 3 provides a full list of all GO BP terms, statistical values, and

genes for all gene expression analyses.

3.2.3 Identification of co-expressed gene
expression network modules in the kidney
associated with xylose

In all, 34 gene network modules were identified in the kidney in

the XYL group and 29 networkmodules were identified in the control

treatment. Seven gene network modules in the XYL group (Xylose 04,

13, 18, 22, 21, 31, 32, and 34) were identified as conserved (common)

in the control group modules (Control 19, 20, 22, 23, 24, and 29)

allowing for a comparison of the changes in correlation among genes

within modules (Supplementary File 3, Table S4). Six of the seven

modules in the xylose-treated group that were common across

treatments were also identified as statistically associated with

average xylose (Table 6, Supplementary File 3, Table S4). This may

indicate that these genes play specific roles in response to xylose

metabolism in the kidney. The list of enriched BP ontology terms for

these six network modules are listed in Supplementary File 3, Table

S5. Interestingly, thesemodules were enriched for biological processes

such as fatty acid oxidation, endosomal-related transport,

carbohydrate transport, and immune cell activation. Potential

regulatory genes for these modules (i.e., hub genes) are described in

Supplementary File 3, Tables S6 and S7. Among the BPs enriched in

the Xylose 04 module were endosomal-related transport and protein

localization to the membrane. This network module had three hub

genes related to endosomal transport (RHOBTB3, VPS26A, and
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ARF6), whereas most of the enriched genes (six out of seven) in

the protein localization BP group were hub genes (AKAP5, ARF6,

ITGB1, MESD, RAP1A, and VAMP7). This module contained DE

genes, some of which were identified as hub genes not contained

within the enriched BP terms, including: AUP1, DMTN, MYL9,

RNF1666, and TMEM87B (Table 6). Among the other network

modules with enriched BP terms, the Xylose 13 module was

enriched for lipid oxidation, Xylose 18 for carbohydrate transport,

and Xylose 32 for immune cell activation.
3.3 Proteomic differences between xylose-
treated and control pigs based on 2D-DIGE
analysis

A total of 41 protein spots were found to be significantly

different between tissue samples from XYL and CTL pigs

(p< 0.05). Of these 41 spots, 25 were from kidney tissue, and the

remaining 16 spots were from liver tissue. A complete list of these

41 spots, complete with each uniquely identified protein in each

spot, can be viewed in Supplementary File 3, Table S8.

Some of the proteins identified were related to carbohydrate

metabolism, the pentose phosphate pathway, glycolysis, and the

tricarboxylic acid cycle (TCA cycle)—all processes potentially related

to the metabolism of xylose in pigs. Interestingly enough, three of the

proteins identified in different spots from kidney tissue matched genes

identified in the DE analysis. D-3-phosphoglycerate dehydrogenase

(A5GFY8, spot 208) appeared in 94.44% of the samples studied;

succinate dehydrogenase (ubiquinone) flavoprotein subunit,

mitochondrial (Q0QF01, spot 154) appeared in 44.44% of the

samples; and hemoglobin subunit beta (P02067, spot 493) appeared

in 16.67% of the samples. These three proteins had a negative average

ratio, indicating that they were less abundant in XYL pigs. However,
TABLE 4 Mean serum concentrations of xylose, IGF-2 and liver glycogen concentration.

Item
CTL XYL

p-value
Concentration SEM Concentration SEM

Serum xylose, g/L –1 0.0015 0.4169 0.0356 <0.0001

Serum, IGF-1, ng/ml 1049 177 1137 193 0.5436

Liver glycogen,
mg/g tissue

16.77 2.94 11.43 1.94 0.1437
1Below the detectable limit of the assay.
CTL, control diet; XYL, 8% xylose diet.
TABLE 5 Summary of samples and read mapping statistics for each tissue.

Tissue Samples
(n)

CTL samples
(n)

XYL samples
(n)

Average
total
reads

Average reads mapped
(%)

Average unique reads mapped
(%)

Liver 23 12 11 6,093,615 96.63 89.31

Kidney 24 12 12 7,324,199 96.33 86.89

Muscle 24 12 12 6,235,285 96.90 88.69

Jejunum 21 11 10 5,552,934 95.45 84.96
CTL, control diet; XYL, 8% xylose diet.
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three other potential proteins were also identified in spots 208 and 493,

whereas spot 154 matched only one other protein. In contrast to the

findings for these three proteins in our DE gene analyses, the genes

encoding them were decreased in the CTL group, as indicated by their

negative log2 fold change values. Other proteins identified by the

proteomic analysis only also had very high occurrences in the samples

tested. Four spots were present in all samples (spots 235, 117, 302, and

205), six were present in 94.44% of samples (spots 150, 184, 208, 234,

336, and 492), and three were present in 88.89% of samples (spots 445,

424, and 122). Although some of these abundant spots contained more

than one identified protein, the different proteins are known to act in

similar biological processes. All of these spots contained proteins

related to energy metabolism. Spot 235 was more abundant in the

XYL group. It contained protein enolases encoded by the genes

enolase 1 (ENO1) and enolase 3 (ENO3), as well as glycine

amidinotransferase encoded by the gene glycine amidinotransferase,

mitochondrial (GATM). Spot 336 contained glycolytic proteins

encoded by the genes aldolase, fructose-bisphosphate B (ALDOB),

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Spot 424

had proteins encoded by the genes phosphoglycerate mutase 1

(PGAM1) and adenylate kinase 2 (AK2), with both spots more

abundant in the CTL sample group. All spots and their respective

proteins are further described in Supplementary File 3, Table S8.
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4 Discussion

Xylose is a component of the hemicellulose portion of

carbohydrates and is present in ingredients that have the

potential to be used as a cheaper alternative energy source for

pigs. To justify using xylose as an energy source in a swine diet, it is

important to consider how increased dietary xylose may impact

molecular mechanisms in key tissues, affecting nutrient uptake and

growth. Therefore, we analyzed the impact of a xylose-

supplemented diet on growth traits, the transcriptome of four

different tissues, and the proteome of two tissues believed to be

important in xylose metabolism in growing pigs. The rate and

efficiency of pig growth were reduced by XYL. Efficiency measured

as G:F is most responsive to changes in dietary energy and in this

instance was reduced by 3.8%. If xylose was not utilized at all by

pigs, as some authors have suggested, then feed conversion would

have been expected to be reduced by an average of 11% (Patience,

2012). These data alone suggest that xylose can and does contribute

to the pig’s energy supply but with less efficiency than starch

(glucose). The observed reduction in growth rate and feed

conversion was not surprising; however, it is clear that xylose was

utilized by the pigs, albeit with a somewhat lower efficiency

than glucose.
A B

C

FIGURE 1

Visualization of the differentially expressed (DE) genes identified in response to dietary xylose supplementation. The DE genes are displayed in terms
of both magnitude of change (log2 fold change, x-axis) and significance (–log10 q-value, y-axis) across tissues using a volcano plot. The plot shows
significant DE genes (q< 0.10) with log2 fold change > 0.5 (in red) for (A) kidney (157 DE genes), (B) skeletal muscle (20 DE genes) and (C) jejunum
(16 DE genes) tissues.
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In the literature, the impact of xylose on growth performance is

variable, but generally, greater levels of xylose supplementation

(10% and above) resulted in growth performance depression of

increasing magnitude (summarized in Huntley and Patience,

2018a). This supports our hypothesis that many studies utilized

dietary xylose levels well above normal intake, such that any

conclusions drawn from these data may not be relevant to the

pig’s normal dietary circumstances. Critically, xylose was detected

in the serum of the treatment (XYL) pigs, confirming that pigs are

capable of absorbing xylose as an intact sugar and not just as a

product of intestinal metabolism or fermentation.

Only in the kidney were there sufficient numbers of DE genes

and proteins to clearly illustrate the impact of dietary xylose on pigs.

Overlap in the results obtained by transcriptomic and proteomic

studies is in itself remarkable. Few genes or proteins were identified

as differentially abundant in the liver, muscle, and jejunum in

response to xylose. Given the overlap in the genes and proteins

altered by xylose at the pathway level, our results and discussion

focus on the kidney due to the greater magnitude and clarity of

impact. It is important to note that the genes and proteins identified

as differentially abundant in this study have a limited function in the

kidney as documented in the literature. Thus, it is possible that these

genes and proteins may have other functions beyond those

currently documented.
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Few changes in gene expression were identified across tissues in

response to dietary xylose, except in the kidney. Only small

numbers of DE genes were identified in the liver, jejunum, and

longissimus dorsi muscle tissue. The proteomic analysis also

identified more differences in the kidney. The role of the kidney

in xylose metabolism is a particularly noteworthy finding because it

has been observed that increased dietary xylose in pigs increased

water intake, urine excretion, and the gross energy content of the

urine (Huntley and Patience, 2018b). The kidney functions to rid

the body of excess metabolites and toxins and, thus, if xylose and its

associated metabolites cannot fully be metabolized by pigs, it makes

logical sense that more genes would be DE in the kidney in response

to xylose treatment. The kidney also functions to maintain

electrolyte and acid-base homeostasis and to reabsorb nutrients

(Bhargava and Schnellmann, 2017). To support these functions, the

kidney requires large amounts of ATP and obtains some of this

energy through mitochondrial fatty acid b-oxidation (Bhargava and

Schnellmann, 2017). In support of this, several DE genes identified

in the kidney were related to lipid and fatty acid metabolism.

The ontology enrichment analysis identified clusters of DE

genes in the kidney involved in membrane sphingolipid

biosynthesis processes, including glycosphingolipids, gangliosides,

and ceramides. Sphingolipids are constituents of cell membranes

that act on membrane fluidity (reviewed by Rao and Acharya,
FIGURE 2

Summary of biological process (BP) and gene ontology (GO) annotation terms enriched from differentially expressed (DE) genes in response to xylose
treatment identified in the kidney. The bar plot displays functional enrichment (i.e., overrepresented GO BP terms) from the DE gene list in response
to xylose treatment in the kidney, with significance declared at a false discovery rate< 0.05. The size of each bar represents the percentage of DE
genes per GO BP term, and the number of DE genes associated with each ontology term is shown as a label. Ontology terms that were closely
related based on the similarity of genes/biological functions were grouped by kappa score (kappa score > 0.4). Grouped GOBP terms appear in the
same color within the figure. Of note, the BP terms in olive green at the bottom of the plot are all related to various fatty acid or lipid metabolic
processes.
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2008). Sphingolipid metabolism is affected by nutrient supply (Choi

and Snider, 2015) and may be related to cell membrane signaling

and trafficking (reviewed by Ohanian and Ohanian, 2001; Rao and

Acharya, 2008). Most of the DE genes clustered in these pathways

were lower in abundance in the kidneys of xylose-treated animals.

Among these genes, we found B3GALT4 and ST6GALNAC4, which

are known to catalyze reactions during gangliosides biosynthesis

(Lee et al., 1999; Wang et al., 2020), CERS4, which is related to the

metabolism of ceramides (Sassa et al., 2016), and TECR, which acts

in the elongation of fatty acids cycle (Wakashima et al., 2014),

producing very long-chain fatty acids that are mostly used in

sphingolipids biosynthesis (Wakashima et al., 2014). Inversely,

ELOVL6 was found to be more abundant in xylose-treated

animals, and this gene encodes an enzyme that catalyzes the rate-

limiting reaction of the long-chain fatty acids elongation cycle

during de novo fatty-acid synthesis (Moon et al., 2001). Changes

in the expression of ELOVL6 may result in different lengths of fatty
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acids (Matsuzaka et al., 2007). Variations in the length of fatty acid

chains that make up the membrane may affect permeability, with

longer lengths resulting in less permeability (Uchiyama et al., 2016).

Therefore, lower expression of B3GALT4, ST6GALNAC4, and

CERS4 may result in less usage of fatty acids for the biosynthesis

of sphingolipids, while higher expression of ELOVL6 may suggest

fatty-acid elongation, which could result in less membrane

permeability in pigs receiving dietary xylose treatment.

Gene network analyses were used to identify gene modules

representing clusters of genes that correlated and thus likely

coordinated gene expression levels impacted by xylose treatment.

Correlated changes in gene expression are thought to represent

changes in pathways of genes that work together to mediate the

biology underlying the observed responses to the dietary treatment.

This study identified a specific set of gene modules associated with

lipid oxidation and endosome-related trafficking in response to

dietary xylose. Functional enrichment of the Xylose 04 module
TABLE 6 Identification of biological processes and pathways for gene network modules associated with dietary xylose supplementation.

Xylose
module

Genes
(n)

AvgXylose
pAdj Summary of BPs (REVIGO) DE and HUB (bold) genes in the module

4 1,056 7.14E-19

Retrograde transport, endosome to
Golgi
Regulation of oligodendrocyte
differentiation
Regulation of neural precursor cell
proliferation
Endosomal transport
Adult locomotory behavior
Bone remodeling
Regulation of protein localization to
membrane
Cell maturation
Gliogenesis

AP1M1, AUP1, CHCHD6, DMTN, MAG13, MYL9, RNF1666, SHARPIN,
SLC4A7, TANC1, TMEM87B

13 390 9.97E-09

Regulation of ERBB signaling pathway
Fatty acid oxidation
Positive regulation of ERK1-2 cascade
Oocyte development
DNA recombinase assembly

MFGE8, MXD3, STOM

18 225 7.82E-09

Carbohydrate transport
Regulation of innate immune response
Regulation of microtubule
cytoskeleton organization
Regulation of microtubule-based
process

RPS14, TNIP1

22 165 5.70E-32
mRNA processing
Viral entry host cell
RNA secondary structure unwinding

ATG2A, LOC102158263, OUTB1

31 47 5.73E-02
Organic cation transport
Transepithelial transport
Ammonium transport

–

32 39 2.68E-03

Positive regulation of B cell activation
Regulation of myotube differentiation
Regulation of regulated secretory
pathway

–

A summary of biological processes (BPs) enriched in co-expressed modules statistically associated with xylose treatment (pAdj = Benjamini–Hochberg adjusted p-value ≤ 0.05). Gene network
modules represent multiple genes with highly coordinated (i.e., correlated) gene expression levels. For each gene network module, the number of gene ontology (GO) BPs was summarized by
REVIGO software, with differentially expressed and hub genes (e.g., potential regulators of pathways) in bold.
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indicated that endosome-related transport in kidney cortex cells

was affected by xylose consumption. This pathway is essential for

the reabsorption of molecules from the filtrate to the blood in

proximal tubules located in the kidney cortex (reviewed by Welling

andWeisz, 2010; Eshbach andWeisz, 2017). A candidate regulatory

gene (i.e., hub gene) for one of the conserved modules, AUP1 lipid

droplet regulating VLDL assembly factor (AUP1) (contained within

the Xylose 04 module), functions in lipid metabolism, lipid droplet

regulation, and cholesterol homeostasis (Klemm et al., 2011; Jo

et al., 2013). Based on the DE genes and gene network modules

identified, sphingolipid biosynthesis/metabolism and endosome-

related trafficking were downregulated. These results may be

linked, as previous studies indicate that endocytosis-related

trafficking activity was reduced when ceramide and sphingolipid

levels were downregulated in endothelial cells of Drosophila

(Pepperl et al., 2013). Considering the gene expression and gene

network module results in combination may indicate that changes

in gene expression in sphingolipid and fatty acid metabolism are

related to the kidney modulating its energy needs to maintain

cellular osmolality. Previous studies have indicated that changes in

fatty acids such as arachidonic acid are related to angiotensin II,

type 2 receptor function, which impacts blood pressure and sodium

excretion (Jacobs and Douglas, 1996; Carey et al., 2000).

Proteomic results corroborate the hypothesis that energy

metabolism affects kidney phenotype in animals treated with

xylose. Several proteins related to glycolysis and gluconeogenesis

were more abundant in the control sample group, such as proteins

encoded by the genes aldolase, fructose-bisphosphate B (ALDOB);

GAPDH (Shestov et al., 2014; Hu et al., 2016); and phosphoglycerate

mutase (PGAM1) (Hitosugi et al., 2012). Conversely, proteins

related to fatty-acid oxidation, such as medium-chain specific

acyl-CoA dehydrogenase (ACADM) (Bruun et al., 2013; Lim

et al., 2018), were more abundant in the xylose-treated group.

Indeed, fatty-acid oxidation is known to be a major source of energy

for the kidney (Bhargava and Schnellmann, 2017). The next steps of

energy production also seem to be affected, including, for instance,

the tricarboxylic acid cycle (TCA cycle), which uses the acetyl-CoA

produced by the breakdown of glucose or lipids, and the

mitochondrial electron transport chain, which uses the output of

TCA to produce ATPs (reviewed by Martıńez-Reyes and Chandel,

2020). Proteins acting in the TCA cycle, such as glutamate

dehydrogenase 1 (GLUD1) (Moreadith and Lehninger, 1984) and

succinate dehydrogenase (ubiquinone) flavoprotein (SDHA)

(Yankovskaya et al., 2003) were also more abundant in the

xylose-treated group.
5 Conclusions

In conclusion, our results indicate that pigs can utilize free

xylose for growth should it be liberated from arabinoxylan through

exogenous dietary xylanase supplementation. This finding expands

our understanding of how xylanase supplementation in swine diets

may impact xylose absorption, dietary metabolizable energy
Frontiers in Animal Science 12
contribution, and downstream biological processes impacted by

xylose not previously considered. Xylose supplementation resulted

in the greatest number of genes with expression affected being

found in kidney tissue, but also showed a few DE genes in the other

tissues analyzed (liver, muscle, and jejunum tissues). The DE genes

in the kidney were primarily enriched for ontology terms related to

lipid biosynthesis and metabolism, which can potentially cause a

shift in energy sources to make up for the less efficiently

metabolizable xylose. The proteomic analysis confirmed that the

kidney was the most affected tissue and that changes occurred in

proteins involved in lipid metabolic processes and energy. Although

the inclusion of xylose in a diet impacts the biological processes and

function of the animal, it does not appear to drastically affect the

pig’s ability to grow efficiently. However, further studies, including

longer periods of supplementation, are needed to assess the full

impact of dietary xylose on the body system over an extended

period of time.
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