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SUMMARY

Supplementation of feed enzymes such as xylanases has been shown to lower intestinal digesta

viscosity and improve nutrient digestion thereby resulting in better gut health due to the reduced

availability of undigested nutrients for the growth of harmful bacteria. Oligosaccharides produced by

xylanase in situ from dietary non-starch polysaccharides with potential prebiotic effects could modu-

late the gut microbiome. This paper reports the positive effects of a new monocomponent xylanase

in improving performance and nutrient digestion and modulating the intestinal microbiota of broilers.

A corn-wheat-soybean meal-based diet was formulated and used to develop 3 dietary treatments

using different doses (0, 45,000 U/kg and 90,000 U/kg) of the xylanase. A total of 288, one-day-old

male broiler (Ross 308) chicks were allocated to 36 cages (12 replicates per treatment and 8 chicks

per cage) and offered the experimental diets from d 0 to 21 post-hatch. The data were subjected to

ANOVA using the General Linear Models procedure of SAS. The results confirm that supplemental

xylanase at both dose levels improved (P < 0.05) broiler performance and nutrient digestibility.

Xylanase supplementation had significant (P < 0.05) effects in modulating the intestinal microbiota

with a higher relative abundance of commensal bacteria such as Lactobacillus and a lower abun-

dance of potentially non-beneficial bacteria such as E. shigella indicating a prebiotic mode of action.
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DESCRIPTION OF PROBLEM

The beneficial effects of using exogenous

enzymes in animal feed in increasing the
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digestibility and bioavailability of nutrients as

well as in mitigating the negative effects of

some antinutritional factors have already been

established (Bedford and Partridge, 2010).

Non-starch polysaccharides (NSP) are compo-

nents of raw materials, which are not digested

by poultry owing to their structural complexity
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and their resistance to hydrolysis in the diges-

tive system (Nguyen et al., 2021). The antinu-

tritive effects of soluble NSP have been

attributed to their ability to increase digesta vis-

cosity, thereby limiting the contact between

digestive enzymes and nutrients (Choct and

Annison, 1992; Abdollahi et al., 2013) and

increasing pathogenic bacterial growth in the

intestine (Bedford and Cowieson, 2012). More-

over, insoluble NSP trap the cell wall nutrients,

restricting the accessibility of digestive

enzymes. NSPases have been reported to

improve the digestibility of entrapped nutrients

by degrading the NSP present within the intact

cell wall (Bedford, 2000). Arabinoxylans

(AXs) comprise nearly half of the NSP in corn

and corn by-products (Jaworski et al., 2015)

with corn AX containing 0.1% DM soluble AX

and 5.1% DM insoluble AX. Xylanase that

hydrolyzes the b-1,4-glycosidic bonds of AXs

is expected to mitigate the impact of corn-based

NSP. In fact, xylanase supplemented in a corn-

based diet increased soluble NSP production in

the ileum, which could probably be the result of

soluble AX fragments released from the insolu-

ble AXs found in corn (Pedersen et al., 2015).

Moreover, AXs create architecture around

starch and protein granules within the aleurone,

referred to as the “cage effect” of NSP. One

possible mode of action of xylanase is the dis-

ruption of these “AX cages” through AX hydro-

lyzation, and, in turn, releasing stored starch

and protein granules for endogenous enzymes

to digest.

One potential strategy to improve digestibility

and alleviate the negative effects of AX is the

supplementation of xylanase. Beneficial effects

of xylanase supplementation to poultry diets are

well documented, ranging from improvements in

nutrient digestibility and utilization, better animal

performance, and welfare to gut health benefits

(Bedford, 2000; Adeola and Cowieson, 2012;

Van Hoeck et al., 2021a,b).

The majority of xylanase research in animal

nutrition has focused on glycoside hydrolase

(GH) families 10 and 11. GH11 and GH10

xylanases differ in their size, protein structure,

and substrate binding site shapes which reflects

in their capabilities to act on arabinoxylans

with different substitutions. GH10 xylanases

typically have high molecular mass and feature
a (b/a)8-barrel fold, while GH11 xylanases

have smaller molecular mass with a conserved

b-jelly roll fold (Javier et al., 2018). The com-

pact wide shallow structure of the substrate

binding cleft of GH11 may facilitate more effi-

cient substrate binding compared to GH10.

This difference in the efficiency of substrate

binding is critical to feed application because

of the complex structure of the plant cell wall

xylan. There are many studies available in the

literature comparing the efficacy of GH10 and

GH11 for degrading soluble and insoluble ara-

binoxylans. A study by Vardakou et al. (2003)

using fungal enzymes belonging to GH10 and

GH11 families showed a higher capability of

GH10 to hydrolyse WU-AX to a higher degree

and with higher catalytic efficiency compared

to GH11, while a more detailed study by Bon-

nin et al. (2006) showed that GH11 xylanase

exhibited a broader range of substrate selectiv-

ity. These results are also in agreement with the

reported selectivity of other GH10 and GH11

xylanases: Hu et al. (2013) noted that GH11 is

particularly effective on wheat AX, while

GH10 may be more effective against highly

substituted corn fiber (Rose and Inglett, 2011;

Pedersen, 2015). Also, only 25% as much

GH10 survived the intestinal tract compared

with GH11, which is a practical concern when

supplementing feeds (Pedersen, 2015). How-

ever, it has to be noted that the properties of

xylanases are dependent on the source organ-

ism. There are many biomass-degrading organ-

isms capable of secreting different types of

GH10 and GH11 xylanases, which harbor dif-

ferent carbohydrate-binding modules; there-

fore, each xylanase enzyme must be evaluated

separately.

Maintaining the balance of good gut health

is central to achieving the best growth and feed

efficiency. The gastrointestinal tract is popu-

lated with diverse assemblies of microbiota that

play critical roles in the overall well-being of

the animal; however, the diversity and activities

of gut microbiota are affected by a plethora of

factors including dietary factors such as the

ingredient type, dietary composition as well as

feed additives (Bedford and Cowieson, 2012).

It has been shown that the ingredient type

and inherent digestibility may influence the effi-

cacy of NSP-degrading enzymes and intestinal
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microbiota profile. J�ozefiak et al. (2010)

showed that both the cereal type and the exoge-

nous enzyme supplementation influenced cecal

microbiota in broiler chickens and reduced

potentially pathogenic Enterobacteriaceae pop-

ulations. Glycanases, such as xylanases and

b-glucanases, increased the intestinal lactic

acid bacteria with a corresponding decrease in

the population of pathogenic bacteria such as E.

coli (Rodr�ıguez et al., 2012). Supplementation

of these exogenous enzymes was found to pro-

vide some protection against necrotic enteritis

due to the breakdown of the dietary NSP and

the consequent reduction in digesta viscosity in

wheat- and barley-based diets (McDevitt et al.,

2006). The current experiment was designed to

study the effects of a novel monocomponent

xylanase on performance, nutrient digestibility,

intestinal morphology, and microbiota compo-

sition in broilers fed corn-wheat-soybean meal-

based diets.
MATERIALS ANDMETHODS

Ethics Approval

The experimental procedures were approved

by the Massey University Animal Ethics Com-

mittee (MUAEC 17/13) and complied with the

New Zealand Code of Practice for the Care and

Use of Animals for Scientific Purposes.

Xylanase Enzyme Product

The enzyme product used in the present study

(Xygest HT, Kemin Industries Inc., Des Moines,

IA) is an intrinsically thermostable, monocom-

ponent xylanase expressed in Pichia pastoris

and is a beta 1-4, endo-xylanase enzyme belong-

ing to the GH11 family. The product has a mini-

mum xylanase activity of 3,000,000 U/g on a

corn starch-based carrier with high activity at a

pH range of 5 to 7 and more than 65% of maxi-

mum activity under physiological temperature

conditions (40−43˚C; Van Hoeck et al., 2021a).

Birds, Housing, and Dietary Treatments

A total of 288-day-old male broiler (Ross

308) chicks were obtained from a local hatch-

ery, individually weighed, and allocated on a
weight basis to 36 cages (8 chicks per cage)

housed in an environmentally controlled room.

The 3 dietary treatments were then randomly

assigned to 12 replicate cages each. Experimen-

tal diets were offered from d 0 to 21 post-hatch.

The temperature was maintained at 32˚C

during the first week and gradually decreased to

approximately 23˚C by the end of the third

week. The birds received 20 h of fluorescent

illumination per day. Feed and water were

available ad libitum throughout the 21-d experi-

mental period. Birds were checked at least

thrice daily, and any unusual aspect of bird

behavior or condition was recorded. Sick or

injured birds were weighed and removed from

the study.

A control starter diet based on corn, wheat,

and soybean meal was formulated (Table 1).

From the control diet, 3 experimental diets

were developed using different doses (0,

45,000 U/kg, and 90,000 U/kg) of the enzyme

product. The enzyme was added to the diets in

a mixer prior to pelleting. The enzyme was pre-

mixed with a portion of the diet (10 kg) before

addition to the batch mixer. The control diet

was mixed first followed by the enzyme-supple-

mented diets. The mixer was cleaned after mak-

ing each treatment diet. All diets contained

titanium dioxide (5 g/kg) as an inert marker for

the determination of nutrient digestibility. All

diets were steam-conditioned at 80˚C. The con-

ditioning time of the mash was 30 s, and the

conditioning temperature was measured at the

outlet (close to the exit point) of the condi-

tioner. After conditioning, the diets were pel-

leted using a pellet mill (Richard Size Limited

Engineers, Orbit 15, Kingston-upon-Hull, UK)

capable of manufacturing 180 kg of feed/h and

equipped with a die ring (3-mm holes and 35-

mm thickness). Representative samples were

obtained for all diets (500 g/diet) and were

tested for xylanase activity units using Kemin’s

internal method (Table 2).
Mycotoxin Analyses

The following values (mg/kg) were deter-

mined for different mycotoxins in the corn

DDGS used in this study: Deoxynivalenol, 317;

Fumonisin B1, 766; Fumonisin B2, 240; Fumo-

nisin B3, 86; Zearalenone, 26. All other



Table 1. Percentage composition and calculated val-
ues of the starter diet (0−21 d post-hatch).

Ingredient g/100 g

Corn 33.20

Soybean meal, 46% 32.88

Wheat 20.0

Canola meal 3.0

Corn DDGS1 5.0

Soybean oil 1.97

Dicalcium phosphate 0.92

Limestone 1.19

L-Lysine HCl 0.25

DL-Methionine 0.27

L-Threonine 0.11

Salt 0.23

Sodium bicarbonate 0.27

Vitamin premix2 0.10

Trace mineral premix2 0.10

Phytase3 0.01

Titanium dioxide 0.50

Provision (g/100 g as received)

AME, Kcal/kg 2900

CP 23.2

Crude fat 4.34

Soluble NSP4 1.51

Insoluble NSP4 10.04

Total NSP4 11.55

Dig. Met + Cys 0.91

Dig. Lys 1.22

Dig. Thr 0.82

Dig. Try 0.22

Dig. Val 0.92

Dig. Leu 1.70

Dig. Ile 0.82

Dig. Arg 1.37

Calcium 0.96

Non-phytate phosphorus 0.48

Sodium 0.19

Chloride 0.19

1Corn dried distillers’ grains with solubles.
2Supplied per kg diet: antioxidant, 125 mg; biotin, 0.2 mg;

calcium pantothenate, 20 mg; cholecalciferol, 5,000 IU; cya-

nocobalamin, 0.02 mg; folic acid, 2.0 mg; menadione, 4 mg;

niacin, 80 mg; pyridoxine, 5.0 mg; trans-retinol, 15,000 IU;

riboflavin, 9.0 mg; thiamine, 4.0 mg; dl-a-tocopheryl acetate,

80 IU; choline, 0.45 mg; ascorbic acid, 100 mg; Co, 1.0 mg;

Cu, 20 mg; Fe, 40 mg; I, 2.0 mg; Mn, 100 mg; Mo, 1.0 mg;

Se, 0.15 mg; Zn, 100 mg.
3Supplied 1,000 FTU/kg diet; to deliver 0.15 g/100 g non-

phytate phosphorus and 0.18 g/100 g calcium.
4Non-starch polysaccharides.
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mycotoxins were less than 10 mg/kg. All con-

centrations were negligible compared to the tol-

erance levels for poultry in European Union

regulatory guidelines (Guerre, 2016).
Measurements

Body weight and feed intake were recorded

at weekly intervals. Mortality was recorded

daily. Feed per gain values were corrected for

the body weight of any bird that died or culled

during the experiment. On d 21, 2 birds per

cage were randomly selected, killed by cervical

dislocation, and immediately dissected to

obtain samples of ileal and cecal contents for

microbiota analysis.

The birds euthanized for microbiota analysis

were also used for intestinal morphological

examinations. Sections from the middle of the

duodenum and jejunum (about 5 cm in length)

were excised and flushed with cold saline and

immediately placed in formalin 10% fluid.

Samples were transferred into 70% ethanol

after 72 h. Each fixed sample was then proc-

essed on a tissue processor. The samples were

dehydrated through graded alcohols (70%,

95%, and absolute alcohol) at ambient tempera-

ture, cleared in isopropyl alcohol, and impreg-

nated with Histosec pastilles under pressure at

60˚C. The samples were embedded in wax and

sectioned using rotary Microtome using Feather

S35 disposable blades at a thickness of 5 mm.

Samples were then stained with alcian blue and

hematoxylin-eosin and examined by light

microscopy. Four segments were fixed on each

slide and, the slides were viewed on an Olym-

pus microscope and the following variables

were measured: villus height, crypt depth, gob-

let cell number, and epithelial thickness (2 birds

per replicate, 10 readings per segment).

On d 21, all remaining birds per cage were

euthanized by intravenous injection (1 mL per

2 kg body weight) of sodium pentobarbitone

(Provet NZ Pty Ltd., Auckland, New Zealand)

and ileal digesta were collected as described by

Ravindran et al. (2005). The ileum was defined

as that portion of the small intestine extending

from the Meckel’s diverticulum to a point

»40 mm proximal to the ileocecal junction.

The ileum was then divided into 2 halves and

the digesta was collected from the lower half

toward the ileocecal junction. Digesta from

birds within a cage were pooled, lyophilized,

ground to pass through a 0.5 mm sieve, and

stored at 4˚C until laboratory analysis. The diets

and digesta samples were analyzed for DM,



Table 2. Theoretical (target) xylanase activity based on enzyme concentration and inclusion in the feed and recov-
ered (measured) xylanase activity in the treatment diets post-pelleting.

Treatment Target xylanase activity (U/kg) Measured xylanase activity (U/kg)1

Control + 45,000 U/kg xylanase 45,000 41,695 § 2,482

Control + 90,000 U/kg Xylanase 90,000 84,760 § 4,834

1Mean § standard deviation (n = 3). Unit definition = One unit of activity is the amount of enzyme that liberates 1 mg of

xylose equivalents per minute and per g of enzyme product.
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gross energy (GE), titanium (Ti), starch, fat,

and nitrogen (N) by standard procedures.

Apparent ileal digestibility coefficients of DM,

N, fat, starch, and GE were determined using Ti

as the inert marker.
Chemical Analysis

Dry matter was determined in a convection

oven at 105˚C (AOAC, 2016; methods 930.15

and 925.10). Nitrogen was determined by the

combustion method using a CNS-2000 carbon,

nitrogen, and sulfur analyzer (LECO Corpora-

tion, St. Joseph, MI). Gross energy was deter-

mined using an adiabatic bomb calorimeter

(Gallenkamp Autobomb, Weiss Gallenkamp

Ltd, Loughborough, UK) standardized with

benzoic acid. Crude fat was determined follow-

ing the Soxhlet extraction procedure. The fat

was dissolved by repeatedly washing the sam-

ples with petroleum-ether by refluxing in a Sox-

tec apparatus (Soxtec System HT 1043

Extraction Unit, H€ogan€as, Sweden). The solubi-
lized fat was then collected in the distillation

flask and the increase in the weight of the flask

represented the dissolved fat. Starch was mea-

sured using a total starch assay kit (Megazyme

International Ireland Ltd., Wicklow, Ireland)

based on thermostable a-amylase and amylo-

glucosidase. Titanium was measured on a UV

spectrophotometer following the method of

Short et al. (1996).
Calculations

The coefficients of apparent ileal digestibil-

ity (CAID) of nutrients were calculated using

the following formula:

CAID of diet component ¼ Diet component=Tið Þd�½
Diet component=Tið Þi�= Diet component=Tið Þd
where (Diet component/Ti)d = ratio of diet

component to Ti in the diet, and (Diet compo-

nent/Ti)i = ratio of diet component to Ti in the

ileal digesta.
Statistical Analysis

The data were subjected to ANOVA using

the General Linear Models procedure of SAS

(version 9.4; 2015; SAS Institute, Cary, NC).

Cage means served as the experimental unit for

all data (n = 12). Differences were considered

to be significant at P < 0.05 and significant dif-

ferences between means were separated by the

Least Significant Difference test.
Microbiota Analysis

16S-rRNA Amplicon Sequencing. Genomic

DNA was extracted from 0.25 g of thawed,

mechanically homogenized cecal and ileal con-

tents using the Geneaid Presto Stool gDNA

Extraction Kit (Geneaid, Taiwan, #STLD100).

DNA extracts were diluted 1:10 with molecular

grade water and 20 mL was analyzed on a 1%

agarose gel along with a high molecular weight

marker (Fisher Scientific, USA, # 12-352-019)

to assess DNA quality. Samples were quantified

by Qubit HS assay (Invitrogen, USA, #Q32854)

and normalized to 5 ng/mL with Nuclease-Free

Water (Invitrogen, USA, #4387936). For the

amplicon PCR 1 mL of

each normalized DNA was added to 17 mL

of AccuPrime Pfx SuperMix (Invitrogen, USA,

#12344040) and 1 mL each of the barcoded

forward (16Sf V3 AATGATACGGCGAC-

CACCGAGATCTACACxxxxxxxxTATGG-

TAATTGGCCTACGGGAGGCAGCAG) and

reverse (16Sr V4 CAAGCAGAAGACGGCA-

TACGAGATxxxxxxxxAGTCAGTCAGCCG-

GACTACHVGGGTWTCTAAT) V3V4



Table 3. Primer sequences for 16S-rRNA amplicon sequencing.

Primer Sequence

16Sf V3 AATGATACGGCGACCACCGAGATCTACACxxxxxxxxTATGGTAATTGGCCTACGGGAGGCAGCAG

16Sr V4 CAAGCAGAAGACGGCATACGAGATxxxxxxxxAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT

“xxxxxxxx” represents the unique barcode sequence assigned to each sample.
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amplicon primers Table 3 (Klindworth et al.,

2013). The following thermocycler program was

run: 95˚C for 2 min, then 30 cycles of 95˚C for

20 s, 55˚C for 15 s, 72˚C for 5 min, followed by

a final extension cycle of 72˚C for 10 min, and

hold at 4˚C. A clean-up was performed on the

PCR products using SequalPrep Normalization

Plate Kit (Applied Biosystems, USA, #

A1051001). The library concentration was quan-

tified by Qubit HS assay (Invitrogen, USA,

#Q32854). The full library size of »630 bp was

verified on a PerkinElmer LabChip GX Touch

HT instrument using the DNA High Sensitivity

LabChip Assay. The libraries were pooled by

equal molarity. The pooled library was diluted to

2 nM with 10 mM Tris pH 8.5 with 0.1% Tween

20 for sequencing. A final volume of 10 uL of

the 2 nM pooled library was denatured to single-

strand DNA with 10 mL 0.2N NaOH (pH >
12.5) by mixing and incubating at room temper-

ature for 5 min. Illumina PhiX Control v3 (Illu-

mina, San Diego, CA, USA, #FC-110-3001) was

diluted to 2 nM with 10 mM Tris pH 8.5 with

0.1% Tween 20 then denatured with 10 mL 0.2N

NaOH (pH > 12.5) by mixing and incubating at

room temperature for 5 min. Pooled library was

diluted to 8 pM and PhiX was diluted to 12.5

pM with ice cold HT-1. Finally, 800 mL of pool

library and 200 mL of PhiX were combined to

give a calculated spike of 20% PhiX. Samples

were mixed and 600 mL was loaded into a

thawed Illumina MiSeq V2 cartridge for

sequencing on the Illumina MiSeq platform
Table 4. Influence of xylanases supplementation on the w
(g feed/g gain), and mortality (%) of broilers (0 to 21 d post-h

Treatment Weight gain

Control 1064

Control + 45,000 U/kg xylanase 1054

Control + 90,000 U/kg xylanase 1069

Pooled SEM 9.3

Probability, P-value 0.519

a,bcMeans in a column not sharing a common letter are significan
1Each value represents the mean of 12 replicates (8 birds per repl
using paired-end sequencing with 250 nucleotide

read length.

Analysis of NGS Data

The reads were processed by the standard

Quantitative Insight into Microbial Ecology 2

(QIIME2 v.2020.6) pipeline (Bolyen et al.,

2019). The samples were grouped by 2 categor-

ical variables (treatment and bird). The prepara-

tion step, which includes denoising, chimera

checking, pair-joining and clustering through

dereplication, was performed using DADA2

(Callahan et al., 2016), producing a list of all

candidates’ Amplicon Sequence Variants

(ASV) found in each sample. This list was fil-

tered by excluding ASVs that appeared in less

than 10 samples. All samples were then rare-

fied, using Faith PD metrics, and any possible

loss of information was ruled out by examina-

tion of the rarefaction plots.

Alpha (within sample) and beta (between

sample) diversity analyses were performed with

QIIME2 (Bolyen et al., 2019) and UniFrac

(Lozupone et al., 2005), respectively. Alpha

diversity indices measured included, Shannon,

Evenness, Faith’s PD, and Observed Features

(ASVs), significance was determined using

Kruskal-Wallis tests. Beta diversity indices

measured included, the Jaccard index, Bray-

Curtis dissimilarity, and Weighted and

Unweighted, UniFrac distance, significance

was determined using PERMANOVA tests.
eight gain (g/bird), feed intake (g/bird), feed per gain
atch)1.

Feed intake Feed per gain Mortality

1347a 1.265a 2.0

1307b 1.240b -

1289b 1.206c -

10.7 0.0083 1.20

0.0017 0.0001 0.38

tly different (P < 0.05).

icate).
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Taxonomic classification was obtained using

the embedded Naive Bayes fitted classifier,

trained on the Silva_138 99% identity database

(Yilmaz et al., 2014). The relative abundance

of ASV units was determined as a percentage

of total bacteria per treatment. The relative

abundance of the top 1% and top 0.1% most

abundant ASV in the ceca and ilea respectively

was analyzed by ANOVA using the General

Linear Models procedure of SAS (version 9.4;

2015; SAS Institute, Cary, NC) to determine

any difference between treatments.
RESULTS AND DISCUSSION

Performance

The effect of xylanase supplementation on

broiler performance during 0 to 21 d post-hatch

is shown in Table 4. Mortality was negligible

during the trial period. Only 2 birds, out of 288,

died and they were in the group fed the control

diet. Weight gain was unaffected (P > 0.05) by

enzyme treatments. Enzyme supplementation, at

both inclusion levels, reduced (P < 0.05) the

feed intake and resulted in better (P < 0.05) feed

per gain compared to the unsupplemented control

diet. Differences (P < 0.05) were observed

between the 2 enzyme inclusion levels, with the

feed per gain being lower in birds receiving the

diet supplemented with 90,000 U/kg.

Early generations of commercial xylanases

contained several side-enzyme activities, albeit

minor, of protease, amylase, cellulase, xylanase,

and b-glucanase, besides xylanase. It is likely,

therefore, that the secondary enzymes may have

played a part in improving bird performance and
Table 5. Influence of xylanase supplementation on the co
energy, and ileal digestible energy (kcal/kg dry matter) in 21-

Treatment Dry matter Nitrogen

Control 0.657b 0.769b

Control + 45,000 U/kg xylanase 0.702a 0.813a

Control + 90,000 U/kg xylanase 0.700a 0.814a

Pooled SEM 0.0046 0.0057

Probability, P-value 0.0001 0.0001

a,bMeans in a column not sharing a common letter are significantl
1Each value represents the mean of 12 replicates (8 birds per repl
2Coefficient of apparent ileal digestibility of energy x gross energ
nutrient availability (Adeola and Cowieson,

2012). When it comes to supplementation of

monocomponent xylanase to corn-based diets,

varying responses have been reported in broilers

owing to several factors such as differences in

diet formulation, corn quality variability, age of

birds, the nutrient density of diets as well as

changes in the microbial population of the gut.

Interplay of all/some of these factors might result

in improvements in feed conversion rate with or

without significant changes in feed intake or nutri-

ent digestibility with xylanase supplementation.

Studies conducted in corn-soy diets using single

xylanase reported a significant increase in body

weight gain without any effect on feed intake sug-

gesting a mechanism involving an increase in

feed use efficiency (Cowieson et al., 2010; Masey

O’Neill and Lui, 2011). Improvement in ileal

digestible energy which accompanied the increase

in body weight gain (Cowieson et al., 2010) sup-

ported the mechanism of increased feed use effi-

ciency. Our earlier study with the same xylanase

using a different type of feed formulation

improved the body weight gain and FCR in 35-

day-old broilers, but at a lower feed intake com-

pared to the low energy negative control diet

(Van Hoeck et al., 2021a). Another set of broiler

studies using xylanase-supplemented wheat and

corn diets showed no correlation between the

superior growth performance observed in birds-

fed wheat diets relative to birds-fed corn diets and

the improvements in nutrient digestibility and

retention (Kiarie et al., 2014). It was concluded

that the changes in the cecal VFA production by

wheat and corn diets supplemented with xylanase

differently influence the gut microbial profile

resulting in the differences in growth perfor-

mance. Cowieson et al. (2010) reported that the
efficient of apparent ileal digestibility of nutrients and
day-old broilers1.

Starch Fat Gross energy

Ileal digestible

energy2

0.947b 0.879 0.692b 3050b

0.970a 0.894 0.736a 3241a

0.970a 0.891 0.735a 3238a

0.0030 0.0105 0.0047 20.6

0.0001 0.554 0.0001 0.0001

y different (P < 0.05).

icate).

y of diet (kcal/kg).
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increase in ileal digestible energy by xylanase

supplementation, although significant at 42 d,

was not obvious at 21 d. Hence, it could be possi-

ble for the birds to translate the nutrient or energy

digestibility improvements to body weight gain at

a later stage of growth with prolonged enzyme

treatment.

The xylanase evaluated in the present study

is a monocomponent xylanase and the results

demonstrate that this xylanase on its own is

capable of achieving efficient performance. The

enhancement in bird performance with xylanase

addition can be attributed to the viscosity

reduction, removal of cage effect by the degra-

dation of cell wall NSP, releasing entrapped

nutrients, and a prebiotic effect of the XOS deg-

radation products generated.
Ileal Digestibility of Nutrients and Energy

The influence of xylanase supplementation

on the CAID of nutrients and energy is summa-

rized in Table 5. Supplemental xylanase, at

both inclusion levels, improved (P < 0.05) the

CIAD of DM, N, starch, and GE, and apparent

ileal digestible energy (AIDE) compared to the

control diet. No differences (P > 0.05) were

seen between the 2 inclusion levels. The CIAD

of fat was unaffected (P > 0.05) by supplemen-

tal xylanase.

Similar observations in ileal digestibility

improvement of nutrients with the supplemen-

tation of xylanase have been reported in an

array of broiler feed formulations. Wang et al.

(2005) reported improvements in the apparent

protein digestibility in broilers aged 21 and 42

d with added xylanases. Our findings confirm
Table 6. Influence of xylanase supplementation on the vill
height), epithelial thickness (mm), and crypt depth (mm) of th

Duodenum

Treatment

Villus

height

Goblet cell

number

Epithe

thickn

Control 997 12.1 13.3

Control + 45,000 U/kg xylanase 1029 12.0 13.4

Control + 90,000 U/kg xylanase 1016 12.7 14.5

Pooled SEM 24.0 0.60 0.40

Probability, P-value 0.644 0.651 0.09

a,bMeans in a column not sharing common letters are significantly
1Each value represents the mean of 12 replicates (two birds per re
previous reports indicating the beneficial effects

of xylanase on energy and protein utilization of

young birds fed corn-based diets (Kocher et al.,

2003; Stefanello et al., 2016). The observed

improvements in nutrient digestibility by xyla-

nase supplementation could be attributed to the

increase in the activity of endogenous enzymes

owing to the increased availability of substrates

due to the disruption of cell wall arabinoxylans

(Kocher et al., 2003). Improvements in the

CIAD of N and AIDE are in agreement with

those reported in 28-d broilers fed wheat-based

diets (Cowieson and Masey O’Neill, 2013).

The increase in AIDE with xylanase reflects the

increased CIAD of starch and protein. Indeed, a

previous broiler study, using the same xylanase

at a lower dosage (30,000 U/kg), reported that

supplementation could effectively compensate

for the lower digestibility of organic matter, N,

fat, starch, and GE in a nutrient-deficient nega-

tive control diet (Van Hoeck et al., 2021a). This

increased nutrient digestion and utilization due

to the efficient degradation of NSP by xylanase

might be the reason for the improved feed per

gain observed in the current study.
Intestinal Morphometry

The influence of supplemental xylanase on

the morphology of duodenum and jejunum in

21-day-old broilers is summarized in Table 6.

In the duodenum, the morphometry was unaf-

fected (P > 0.05) by xylanase addition. In the

jejunum, xylanase had no effect (P > 0.05) on

the villus height and crypt depth but increased

(P < 0.05) goblet cell numbers and epithelial

thickness at 90,000 U/kg. An earlier broiler
us height (mm), goblet cell number (per 100 mm villus
e duodenum and jejunum of 21-day-old broilers1.

Jejunum

lial

ess

Crypt

depth

Villus

height

Goblet cell

number

Epithelial

thickness

Crypt

depth

41.1 665 12.1b 11.9b 41.5

40.2 635 11.8b 11.7b 39.1

42.2 644 13.9a 13.1a 42.3

1.43 19.0 0.43 0.35 1.13

1 0.615 0.528 0.003 0.016 0.129

different (P < 0.05).

plicate, 10 readings per bird).
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study using the same xylanase product at

graded dosages similarly found an increase in

ileal villus height at a higher dosage of xylanase

(90,000 U/g) indicating a dose-dependent

response of xylanase on gut morphology (Van

Hoeck et al., 2021a).

The number of goblet cells in the villi is an

indicator of intestinal health, as these cells pro-

duce mucin which acts as a barrier, preventing

the adhesion of pathogenic bacteria to the intes-

tinal epithelium (Calik and Erg ̈un, 2015). An
increase in goblet cell number could be due to

the increase in commensal bacterial populations

that stimulate goblet cells (Forder et al., 2007).

Such an increase in goblet cell counts in the

ileum has been reported in broilers fed dietary

prebiotic (Mannan oligosaccharides) and synbi-

otics (Mannan oligosaccharides combined with

Bacillus subtilis and Bacillus licheniformis)

(Kridtayopas et al., 2019). Epithelial thickness

was influenced by supplemental enzymes in the

jejunum, with the epithelia of birds receiving

90,000 U/kg xylanase being thicker (P < 0.05)

than those receiving 0 and 45,000 U/kg. The

increase in epithelial thickness could be the

result of an increased probiotic population as

reported in some studies (Hayashi et al., 2018).

16S rRNA Sequencing

Species Richness and Diversity in Cecum

and Ileum. Alpha diversity indices for cecal
Figure 1. Microbiome diversity in the cecum. Unweighted U
mond is control, orange circle is control + 45,000 U/kg xylan
No clustering was observed.
and ileal analysis showed similar values across

all 3 treatments for both, with an apparent

increase in species richness in the cecum when

compared to the ileum as indicated by Shannon

metrics. Beta diversity analysis also indicates a

lack of significant difference in diversity

between each treatment in both the cecum and

ileum, as demonstrated by plotting the

unweighted unifrac metric as principal coordi-

nate graphs (Figures 1 and 2) and no clustering

occurred.
� Cecal diversity. Looking at the diversity at

the level of family, 4 ASV units were

found to have significant differences (P <
0.05) in relative abundance, 3 of which are

in the phylum Firmicutes and one within

the phylum Proteobacteria (Figure 3).

These four ASV units are an unclassified

Esherichia-shigella species (Proteobacte-

ria), an unclassified Oscillospiraceae spe-

cies, an unclassified Streptococcus spp.,

and an unclassified Lactobacillus spp. (all

3 within phylum Firmicutes). The 2 most

abundant ASV units in the cecal micro-

biota across all treatments were the unclas-

sified Lactobacillus spp. (15.2%) and the

unclassified Streptococcus spp. (14.8%).
� Ileal diversity. Looking at the ileal taxo-

nomic diversity at the level of family, only

2 had ASV units with significant
niFrac PCoA plot colored by treatment groups. Blue dia-
ase and grey triangle is control + 90,000 U/kg xylanase.
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differences (P < 0.05) in relative abun-

dance, both within the phylum of Firmi-

cutes (Figure 4). The two ASV units were

an unclassified Lactobacillus spp. and an

unclassified member of the family Peptos-

treptococcaceae. The Lactobacillus spp. is

the most dominant ASV unit in the ileum

comprising of 47.3% of all identified bac-

teria.

The current work established distinct differ-

ences in the taxonomic composition of bacteria

between the 2 sampling sites (ileum vs. cecum).

As also observed in previous studies, the taxo-

nomic composition along the gastrointestinal

tract changes and marked differences in species

diversity have been observed between the ceca

and ileum, with the latter being less diverse

(Glendinning et al., 2019; Richards-Rios et al.,

2020). As reviewed by Oakley et al. (2014), the

3 most abundant phyla in the cecum are Firmi-

cutes, Bacteroidetes, and Proteobacteria indi-

cating the similarity of microbiota in this study

to previous broiler reports. The most abundant

phyla in the ileum were also the Firmicutes,

specifically the family Lactobacilliaceae

(Figure 4). Similar results in the composition of

the taxa of ileal microbiota have been reported

by Glendinning et al. (2019) and Richards-Rios
Figure 2. Microbiome diversity in the ileum. Unweighted Un
mond is control, orange circle is control + 45,000 U/kg xylan
No clustering was observed.
et al. (2020). Glendinning et al. (2019) also

observed the second most prevalent bacteria

being a Romboutsia spp. from the family Pep-

trostreptococaceae. Similarly, the second most

abundant bacteria in the current research were

an unclassified member of the same family and

further analysis may be able to determine if this

unclassified bacterium is a Romboutsia spp.

The present data are also supported by the

results of Richard-Rios et al. (2020) where a

time-course development of the ileal micro-

biota was determined during the growth cycle

of the chicken. Bacteria from the family Lacto-

bacilliaceae were found to be the most preva-

lent by d 14 and the slower-growing bacteria

from the family Peptrostreptococaceae

increased in abundance starting at d 21

(Richard-Rios et al., 2020), similar to the

results observed on the current experiment

where the microbiota was investigated at d 21.

Overall, in the present study, xylanase sup-

plementation impacted the composition of the

cecal and ileal microbiota. In both segments,

the Lactobacillus spp. population significantly

(P < 0.05) increased at both inclusion levels of

xylanases. Interestingly, 45,000 U/kg xylanase

produced a higher population of Lactobacillus

spp. in the cecum, while conversely,

90,000 U/kg xylanase produced a higher
iFrac PCoA plot colored by treatment groups. Blue dia-
ase and grey triangle is control + 90,000 U/kg xylanase.



Figure 3. Relative abundance of the top 1% of identified species in the cecal microbiome as influenced by suppleme tal. All species are initially grouped by phylum. Blue bars
represent the control with no added enzyme, orange bars are the control + 45,000 U/kg xylanase and grey bars are the ontrol + 90,000 U/kg xylanase. Error bars represent stan-
dard error.
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Figure 4. Relative abundance of the top 0.1% abundant of identified species in the ileal microbiome of chicken with xylanase treatments. All species are initially grouped by
phylum. Blue bars represent the control with no added enzyme, orange bars are the control + 45,000 U/kg xylana e and grey bars are the control + 90,000 U/kg xylanase. Error
bars represent standard error.
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population of Lactobacillus spp. in the ileum.

The cause of an increased abundance of Lacto-

bacillus spp. for the 45,000 U/kg dosage while

obvious is not statistically significant (P >
0.05) and could not be isolated to any single

cause, further investigation would be necessary.

Our results are in accordance with the results of

a microbiota study in laying hens using the

same novel xylanase. Van Hoeck et al. (2021b)

reported a significant increase in populations of

beneficial bacteria (Bacilli class; Enterococca-

ceae and Lactobacillales orders; Merdibacter,

Enterococcus, and Nocardiopsis genera;

Enterococcus casseliflavus species) with the

addition of 45,000 U/kg xylanase to laying hen

diet. Both the results of the current study and

Van Hoeck et al. (2021b) demonstrate the abil-

ity of this xylanase to positively modulate the

composition of intestinal microbiota.

Lactobacillus spp. have been reported to be

associated with increased body weight,

enhanced goblet cell numbers, and decreased E.

coli colonization in the digestive tract among

other positive health outcomes for poultry

(Aliakbarpour et al., 2012, Li et al., 2017, Loka-

pirnasari et al., 2019). In vitro studies have

established the inhibitory effect of Reuterin, a

bacteriocin, produced by Lactobacillus spp. on

the growth of Salmonella spp., Shigella spp.,

Clostridium spp., and Listeria spp. (Naidu et

al., 1999). Increasing these types of useful bac-

teria along with substrates for their proliferation

and metabolism could improve feed intake and

nutrient utilization. Escherichia−Shigella in

the crop and cecal contents were reported to

have a negative effect on the weight gain of

broilers and the fecal fat digestibility of broilers

(Rubio et al., 2015).

Several studies have reported a higher abun-

dance of lactobacilli and bifidobacteria in the

intestinal microbiota of chickens fed prebiotic-

supplemented diets (Gagg�ıa et al., 2010).

Potential mechanisms proposed for the

observed prebiotic-mediated intestinal micro-

biome changes include competitive exclusion

of pathogenic bacteria (Callaway et al., 2008),

production of antimicrobial molecules (Chen et

al., 2007), host adaptive immune system stimu-

lation (Babu et al., 2012), and improvements in

intestinal morphology (Chee et al., 2010). The

application of exogenous enzymes which could
break down dietary NSP to short-chain oligo-

saccharides provides substrates to promote the

growth of the commensal microbial population

in the hindgut (Choct et al., 1996; Courtin et

al., 2008). Xylo-oligosaccharides are chains of

b-1,4-linked D-xylopyranoside units, produced

by enzymatic degradation of arabinoxylans by

endoxylanases. XOS supplementation (2 g/kg)

has been reported to increase the relative abun-

dance of the Lactobacillus genus in the cecum

(Pourabedin et al., 2015). XOS supplementation

to broiler diets, on top of a wheat-rye-based

diet, improved the lactobacilli population in the

hindgut. Chickens fed XOS supplemented diets

showed an increased number of butyryl-CoA:

acetate-CoA transferase gene copies in the

ceca, which is known to play a key role in the

bacterial butyrate production (De Maesschalck

et al., 2015). A broiler study conducted using

the xylanase, tested in the current work, showed

an increase in butyrate production in the hind-

gut lending support for the in vivo prebiotic

effect of XOS generated (Van Hoeck et al.,

2021a). The reduction in the cecal relative

abundance of the unclassified Escherichia-Shi-

gella spp. in diets with 90,000 U/kg may be

associated with the increase in Lactobacillus

spp. (Figure 3). While the weight gain was

unaffected by added xylanase, feed intake was

lowered, and feed efficiency was improved

(Table 4), indicating that the enzyme improves

the intestinal environment to increase the abun-

dance of beneficial Lactobacillus spp.
CONCLUSIONS AND

APPLICATIONS

1. Supplementation of a novel monocompo-

nent xylanase to a corn-wheat-soybean

meal-based diet improved the feed effi-

ciency, ileal nutrient digestibility, and ileal

digestible energy in young broilers.

2. Xylanase supplementation showed benefits

‘beyond’ improved performance and diges-

tion, including the modulation of intestinal

microbiome toward a higher relative abun-

dance of commensal bacteria such as Lacto-

bacillus and lower abundance of potentially

non-beneficial bacteria such as Escherichia-

Shigella.
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3. Speculatively, this observed shift in the gut

microbiome toward increased populations of

probiotic bacteria will have beneficial

effects on intestinal health.
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