Journal of Animal Science, 2022, 100, 1-9
https://doi.org/10.1093/jas/skac331
Advance access publication 12 October 2022

Non Ruminant Nutrition

(& 1A%

AMERICAN SOCIETY OF ANIMAL SCIENCE

OXFORD

Exogenous enzymes, meal size, and meal frequency: effect
on ileal and total tract digestibility of carbohydrates, and
energy and fiber degradation in growing pigs fed a
wheat-barley grain-based high-fiber diet

Elisabeth Chassé''©, Cecilie Toft Vangsee*, Knud Erik Bach Knudsen ¥, Frédéric Guay', and
Marie-Pierre Létourneau-Montminy'

"Université Laval, Department of Animal Science, 2425 rue de I'Agriculture, G1V 0A6, Québec (QC), Canada
*Aarhus University, Department of Animal and Veterinary Sciences, DK 8830 Tjele, Denmark

'Corresponding author: elisabeth.chasse.1@ulaval.ca

Abstract

When conducting a digestibility trial, pigs are usually fed only twice a day with a restricted feed intake which is not representative of the feeding
conditions in a commercial farm. This study aimed to determine the effects of meal size and frequency, and exogenous enzymes (xylanase and
phytase) on the digestibility of a high-fiber diet using porcine in vivo and in vitro approaches. Pigs (n = 6) were fitted with a T cannula, and each
received all treatments using a 6 x 6 Latin square experimental design. The diets were supplemented (Enz) or not with a combination of xylanase
and phytase and distributed into three feeding programs: one received two meals per day that met three times the maintenance energy require-
ment (2M), one received the same quantity of feed in eight meals (8M), and another received an amount that met five times the maintenance
energy requirements in eight meals (8M+). For in vitro experiment, the degradability of fiber with or without xylanase supplementation only was
determined. Enzyme supplementation increased apparent ileal digestibility (AID) of dry matter, starch, and degradation of insoluble non-starch
polysaccharides (I-NSP) in all in vivo treatments (P < 0.05). The 2M compared with 8M increased the AID of starch and total tract digestibility of
organic matter and I-NSP (P < 0.05). Enzyme supplementation decreased the content of insoluble arabinoxylan (P < 0.05) and increased arabi-
noxylan oligosaccharides (P < 0.05) in the in vivo ileal digesta and in vitro incubation. The results of this study confirm degradation by xylanase
of the fiber fraction at the ileal level, which resulted in less fermentation of fiber in the large intestine. However, number and size of meals had
little influence on feed digestibility. The consequences of shifting fiber fermentation more towards the upper part of the gastrointestinal tract
need further investigation. The in vitro model provided a confirmation of the action of xylanase on the degradation of non-starch polysaccharides.

Lay Summary

To reduce cost and also utilize locally produced ingredients, pig diets nowadays can include a large proportion of fiberrich ingredients. Exogenous
enzymes can be added to diets to improve their digestibility and limit negative effects of fiber. Usually, when conducting a digestibility trial, pigs
are fed only twice a day with a restricted feed intake which is not representative of feeding conditions in a commercial farm. This study aimed
to determine the effect of meal size and frequency, and enzyme supplementation on digestibility of a diet rich in fiber in growing pigs and in
vitro. The diets were supplemented (Enz) or not with xylanase and phytase, and according to different size and frequency: one treatment was
pig receiving two meals per day with five times the maintenance energy requirement (2M), another received the same quantity of feed in eight
meals (8M), and the last received an amount close to ad libitum feeding in eight meals (8M+). An in vitro experiment was also conducted to look
at degradability of fiber with and without xylanase. The results showed that xylanase allows degradation of fiber and increases digestibility of
dry matter, starch, and energy. The number and size of meals have little influence on digestibility.
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ratio; AX0S, arabinoxylooligosaccharides; CHO, total carbohydrates; DE, digestible energy; DM, dry matter; GE, gross energy; GIT, gastrointestinal tract; [-AX,

insoluble arabinoxylans; I-NSP, insoluble non-starch polysaccharides; NDC, non-digestable carbohydrates; NSP, non-starch polysaccharides; OM, organic
matter

Introduction animal experiments designed to assess the nutritional value of
diets and their digestibility are conducted with pigs fed twice
a day with a lower amount offered than recommended (NRC,
2012). However, these conditions do not represent the ones
found in commercial farms where pigs have free access to feed
without limitation of meals or intake. Moreover, the number

To lower costs and also limit the environmental impact of
swine production, optimization of the use of nutrients by pigs
is essential. To better determine the nutritional value of diets,
a good understanding of digestibility processes and absorp-
tion of nutrients in the digestive tract is necessary. Typically,
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and size of the meals are known to affect the digestibility of
nutrients (Roth and Kirchgessner, 1985; Ruckebusch and
Bueno, 2008) and their absorption.

Anti-nutritional factors such as phytate and fiber can also
affect digestibility. To limit their effects, exogenous enzymes
including phytase and xylanase are often supplemented in
diets. In addition to their specific action on phytate and fiber
polysaccharides, these enzymes can positively affect overall
nutritional value by improving the digestibility of ash, amino
acids, and energy (Selle et al., 2009). However, for xylanase,
variable effects are observed. Part of this variation could
come from the fact that its activity and efficacy depend on
pH and retention time in different parts of the digestive tract
(Morgan et al., 2017). Longer retention allows more time for
exogenous enzymes to degrade their substrates while also
increasing their exposure to endogenous enzymes which can
reduce their activity (Strube et al., 2013). When meals are less
frequent, an increased quantity of feed is held in the stom-
ach because gastric emptying is slower (Svihus, 2010). Van
Leeuwen and Jansman (2007) noticed that retention time in
the stomach varied between 3 and 4 h when pigs received
two meals per day. In contrast, Wilfart et al. (2007) observed
that when animals were fed every 4 h, retention time in the
stomach was 1 h.

Xylanase added to the diet can also increase the propor-
tion of soluble xylans and decrease the viscosity of digesta
because it simultaneously leads to a reduction in the molec-
ular weight of arabinoxylan (Cowieson et al., 2007) which
could improve digestibility. However, the results are variable,
with some authors noting an improvement in digestibility
with the inclusion of exogenous xylanase whereas others did
not see significant effects (Nortey et al., 2007; Woyengo et al.,
2008). This variation highly depends on the type of diet and
fibre content and composition.

To assess the efficacy of enzymes on a particular substrate,
the use of in vitro digestion models is an interesting approach
(Aftab and Bedford, 2018; Vangsee et al., 2020a; Vangsoe
et al., 2020b). They can complement in vivo experiments in
which the effects of enzymes are not always observed; in some
cases due to higher variability in in vivo studies.

The present study was conducted to address the gaps in lit-
erature concerning meal size and frequency and enzyme inclu-
sion in high-fiber diets. The hypothesis was that smaller and
more frequent meals including enzymes would increase ileal
and total tract digestibility by modifying retention time. The
first objective of the present experiment was to determine the
effects of size and frequency of meals on ileal and total tract
digestibility of carbohydrates and energy and fiber degrada-
tion in growing pigs. A second objective was to determine the
effect of enzyme inclusion on ileal and total tract digestibility
of carbohydrates and energy and fiber degradation in grow-
ing pigs and also to determine the general action of xylanase
on its substrate in vitro.

Materials and Methods

Animals and surgery

Animals were housed and used in accordance with the
guidelines established by the Canadian Council on Animal
Care (CCAC 2009) . The protocol for this experiment was
reviewed and approved by the Institutional Animal Care and
Use Committee at Laval University. Six barrows of 36 kg =
1.5 kg ([Yorkshire x Landrace] x Duroc, Groupe Cérés, Lévis,
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QC, Canada) were used for the in vivo study. The pigs were
housed in individual pens on slatted floors. Following a 10-d
adaptation period, surgeries were performed to install ileal
T-cannulas (Wubben et al., 2001), followed by a 2 wk recov-
ery period. Pigs were fed a commercial diet based on corn
and soybean meal during the adaptation period (Meunerie
St-Bernard, St-Bernard, QC, Canada).

Experimental diets

The diets fed in the experiment were pelleted and formulated
using wheat, barley, and soybean meal (Meunerie St-Ber-
nard, Tables 1 and 2). This diet was offered to animals with-
out (2M, 8M, and 8M+) and with (2M-Enz, 8M-Enz, and
8M+Enz) inclusion of xylanase (19,700 bxu/ kg; Econase
XT, AB Vista, Marlborough, UK) and phytase (692 FTU/ kg,
Quantum Blue, AB Vista). Both enzyme activities were mea-
sured after pelleting. Acid insoluble ash (AIA) (Natural DE
Powder 50 lbs, Probiotech Inc., St-Hyacinthe, Qc, Canada)
was used as an indigestible marker to calculate the digestibil-
ity of nutrients.

Experimental Plan

The animals were weighed at the start of each experimental
period. Each pig received a different treatment per period
according to a 6 x 6 Latin square (six pigs, six experimental
periods, six treatments). Each experimental period lasted
14 d. The total allowance of feed per day was divided into
two equal meals fed at 0800 and 1530 (2M) and eight
equal meals distributed at 0800, 0930, 1100, 1230, 1400,
1530, 1700, and 1830 (8M and 8M+). The amount of feed
distributed daily was equivalent to 3 times metabolizable
energy (ME) requirement at maintenance (106 kcal ME/d/
BW?%75; NRC, 2012) in the case of 2M and 8M treatments
and was 5 times the ME requirements for 8M+ treatment.
Daily feed allowance was calculated at the start of each
period based on the animal’s weight measured at that time.
Digesta sampling took place on days 13 and 14 of each
experimental period. Digesta was sampled for 12 h by
attaching a bag to the cannula, which was changed every
30 min, and the content was put into a container per pig
with formic acid. A pooled digesta sample was taken from
the container at the end of the day. Feces were sampled by
collecting fresh feces during the day on day 12. All sam-
ples were frozen at -20 °C immediately after collection and
then freeze-dried before chemical analysis.

In vitro experiment

To assess the effect of xylanase on the degradation of arab-
inoxylan and other fiber components, the experimental diet
was subjected to in vitro digestion. Three different treat-
ments were tested: the diet without xylanase (Xyl-Without),
the diet with xylanase and phytase added during the diet
mixing at the feed mill (Xyl-Included) and finally, the diet
without enzymes with the xylanase added directly in the in
vitro device (Xyl-Added). The enzymatic activity of xylanase
in Xyl-Added was the same as in Xyl-Included. In vitro diges-
tion was performed according to the protocol of Vangsee et
al. (2020a). The incubation time during the simulated gas-
tric phase was 90 min at pH 3.5 with the addition of pepsin
(0.025 g porcine pepsin, 2,000 FIP U/g, Merck, Darmstadet,
Germany). During the simulated intestinal phase, pH was
then adjusted to 6.8, pancreatin (0.02 g porcine pancreatin,
grade 8, Sigma-Aldrich) was added, and the incubation
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Table 1. Composition of experimental diets (as-fed basis)

Item Without enzymes With enzymes
2M, 8M, 2M-Enz, 8M-Enz,
and 8M+ and 8M+Enz

Ingredients, kg (as-fed basis)

Wheat 456.0 461.9

Barley 250.0 250.0

Soyabean meal 146.7 145.7

Wheat bran 50.0 50.0

Oil mix 47.2 45.4

L-Lysine HCI 5.7 5.7

L-Threonine 1.4 1.4

DL-Methionine 0.7 0.7

L-Tryptophane 0.1 0.1

Limestone 8.8 11.4

Monocalcium phosphorus 6.9 1.0

Salt 4.2 4.2

Vitamins and trace miner- 2.0 2.0

als premix!

Copper sulfate 0.3 0.3

Celite? 20.0 20.0

Econase XT - 0.1

Quantum Blue - 0.15

Analyzed nutrient composition (dry matter basis)

DM, g/kg 900 898

GE, MJ/kg DM 16.7 16.7

CP, glkg 199 197

Starch, g/kg 483 488

Total NSP, g/kg 128 129

I-NSP, g/kg 93 96

Total AX, g/kg 65 65

I-AX, g/kg 51 53

Total A:X 0.686 0.639

Insoluble A:X 0.586 0.600

AIA, g/kg 15 16

Xylanase activity**, bxu/kg <2,000 19,700

Phytase activity®®, FTU/kg <50 692

AIA, acid insoluble ash, AX, arabinoxylans, A:X, arabinose to xylose
ratio, CP, crude protein, DM, dry matter, GE, gross energy, I-AX, insoluble
arabinoxylans, I-NSP, insoluble non-starch polysaccharides, NSP, non-
starch polysaccharides.

! Provided per kg of diet: vitamin A palmitate 6,000 IU, vitamin D, 600 IU,
vitamin E acetate 60 mg, menadione sodium bisulfite 3.75 mg, riboflavin
8 mg, niacin 44.0 mg, calcium pantothenate 25.0 mg, vitamin B , 25.0

ng, Fe (ferrous sulphate) 150 mg, I (potassium iodate) 0.30 mg, Mn
(manganous sulphate) 10 mg, Se (sodium selenite) 0.30 mg.

2Enzymes activities were measured after pelleting.

SNatural DE Powder 50 lbs, Probiotech Inc., St-Hyacinthe, QC, Canada.
“Econase XT, AB Vista, Marlborough, UK.

’Quantum Blue, AB Vista, Marlborough, UK.

continued for 4 h. Enzymes were inactivated in an 80 °C
water bath for 20 min to end the digestion as they are not
resistant to high temperatures. The samples were filtered
(Foss Fibertec 1023, Hilleroed, Denmark) to collect the solu-
ble fraction (filtrate). The non-digestible residue was washed
with 96% ethanol and pure acetone to obtain the insoluble
fraction and then dried at 103 °C for 20 h to determine the
degradability of the dry matter.

Laboratory analysis

Freeze-dried diet, digesta, and feces samples were ground
to pass a 1 mm screen using a CT 193 CyclotecTM mill
(FOSS North America, Eden Prairie, MN, USA). All samples
were analyzed for dry matter (DM, method 935.29, AOAC,
2007), gross energy (GE, Parr 6300 Calorimeter, Parr Instru-
ment Company, Moline, IL, USA), and ash (method 942.05,
AOAC, 2007) to determine organic matter (OM). Starch was
analyzed by the enzymatic colorimetric method described by
Bach Knudsen (1997). In sum, samples were incubated with
thermostable a-amylase (Thermamyl 120L, Novo Nordisk,
Copenhagen, Denmark, 120 KNU g-!, 100 pL) and then amy-
loglucosidase (EC, Boehringer Mannheim, Germany, 140 U
mL-',200 pL). Glucose was quantified with a glucose oxidase
reagent (Megazyme, Altona Place, Australia) after centrifuga-
tion. Fiber and total non-starch polysaccharides (NSP) were
analyzed by the enzymatic-chemical-gravimetric procedure
described by Bach Knudsen (1997). In brief, the starch-free
total NSP fraction was swelled with 12 M H SO, hydrolyzed
to monomeric sugars with 2 M H,SO, for 1 h, derivatized
to alditol acetate and finally determined on a gas chromato-
graph. For total carbohydrates (CHO), the method was the
same, except that samples were subjected to acid hydrolysis
without removing starch and precipitation carried out in eth-
anol (direct method); for details see Laerke et al. (2015). The
in vitro procedure separated digesta into a soluble filtrate and
an insoluble residue (Vangsee et al., 2020a). The soluble fil-
trate was treated according to the CHO procedure but with
an H,SO, concentration of 1 M for 30 min to minimize the
destruction of the monomer of this fraction. The insoluble
residue of the in vitro digestion was analyzed according to the
NSP method described above. The acid insoluble ash (AIA)
was analyzed following acid digestion of samples with 4N
HCI, filtration with an ashless filter, and total combustion in
the oven based on the procedure by Van Keulen and Young
(1977).

Calculations and statistical analysis

The AID of nutrients was calculated using AIA as an indigest-
ible marker according to the following equation:

Apparent ileal digestibility (AID), % =
{1 — [(AIAge x Nutrientpigea )
+ (AlApigesa % Nutrientgie) | } x 100

where AIA,_ is the concentration of undigestible marker in
the diet, Nutrient digesta 15 the concentration of the nutrient
measured at the ileum, AIADigem is the concentration of undi-
gestible marker recovered at the ileum, and Nutrient,  is the
concentration of nutrient in the diet.

Similarly, ATTD of nutrients was calculated using AIA as an
indigestible marker since partial sampling was used instead of

the total collection. The equation is:

Apparent total tract digestibility (ATTD), % =
{1 —[( % AlAgee X % Nutrientgece)
= (% AIA fes X % Nutrientgie)]} x 100

where AIA,_ is the concentration of undigestible marker in
the diet, Nutrient, _ is the concentration of the nutrient mea-
sured in the feces, AIA, __is the concentration of undigestible
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marker recovered in the feces, and Nutrient,_ is the concen-
tration of nutrient in the diet.

Arabinoxylan (AX) content of diet and digesta was calcu-
lated as the sum of arabinose and xylose analyzed in the NSP
analysis.

AXInsol = Arabinoselnsol + Xyloselnsol

AXg, = Arabinoses, + Xyloseg,

where AX, | is the ileal concentration of insoluble AX, Arab-
inose,  is the ileal concentration of insoluble arabinose,
Xylose, , is the ileal concentration of insoluble xylose, AX
is the ileal concentration of insoluble AX, Arabinose_,
ileal concentration of insoluble arabinose, and Xylose_,
ileal concentration of insoluble xylose.

Assuming that arabinoxylan oligosaccharides (AXOS) do
not precipitate in ethanol, they were therefore calculated as
follows:

sol

is the

1s the

AXOSin vivos % = AXDirect - (AXInsol + AXSol)

AXOSin vitros % = AXDirect - AXSO]

where AXOS, . is the ileal concentration in AXOS in vivo,
AXOS, .. is the concentration in AXOS in vitro in the fil-
trate, and AX, s the ileal concentration of AX from the
CHO procedure.

The non-digested carbohydrates (NDC) were calculated
by removing ileal starch content from total carbohydrates
(CHO) in vivo. Soluble NDC in vitro was calculated as the
sum of rhamnose, fucose, arabinose, xylose, mannose, galac-
tose, and uronic acids. Glucose cannot be included as we
could not discriminate glucose originating from starch and
digested B-glucan and cellulose.
starch

NDCin  vivo, % = CHO — ileal

Soluble NDCj, viro, % = Rhamnoses, + Fucoses,
+Arabinoses, + Xyloseg, + Mannoseg,,
+Galactoseg,| + Uronic  acidsg,

where Soluble NDC, _ is the concentration of soluble NDC
in the filtrate in vitro, Rhamnose_, is the concentration of sol-
uble rhamnose in the filtrate, Fucose , is the concentration
of soluble fucose in the filtrate, Arabinose_, is the concentra-
tion of soluble arabinose in the filtrate, Xylose_, is the con-
centration of soluble xylose in the filtrate, Mannose_, is the
concentration of soluble mannose in the filtrate, Galactose_
is the concentration of soluble galactose in the filtrate, and
Uronic acids_, is the concentration of soluble uronic acids in
the filtrate.

The degradation of dry matter in vitro (AID_ . . ) was
calculated using the starting weight of the sample (Sam-
ple weight, ) and the weight of the indigestible residue
(Residu,_,):

AIDpyy,

vitro

( Residug,g

— 100
Sample weightStm) x

The in vitro carbohydrate degradation (AID,. . ) was cal-
culated according to the concentrations in the soluble filtrate
or indigestible residue (NSP, ) and the diet (NSP . ):

Filtrate or residue

NSPFiltrate or
NSPpje

AIDNsP, o = (1 - Resmue) x 100

Fermentation in the large intestine was determined by the dif-
ference between ATTD and AID of DM, OM, DE, total-NSP
and I-NSP according to the following equation:
FermentationLarge intestine — CATTDFeces — CAIDileum

Data were n = 3) and normally distributed. The experimental
unit was the pig. For the digestibility trial in vivo, a 2 x 3 facto-
rial analysis was used to evaluate the effect of enzyme inclusion
(n = 2), meal size and frequency (7 = 3), and their interaction.
The model included the meal size and frequency and enzyme
supplementation as fixed effects and the experimental period
and pig as random effects. Contrasts were used to test the main
effects of meal size and frequency (2M vs. 8M, 8M vs. 8M+) in
the in vivo experiment and to test the effect of xylanase inclu-
sion (Xyl-Added vs. Xyl-Included) in the in vitro experiment
when no interaction was observed. Data were analyzed using
the SAS GLIMMIX Procedure with a normal distribution of
data (version 9.4, SAS Institute Inc., Cary, NC, USA). The dif-
ferences were considered significant with P < 0.035.

Results

InVivo

All pigs ate their daily feed allowance during the trial. For the
8M+ treatment, there was about 10-15% of diet refusal for the
first 3 d of each period as pigs were adapting to an increased
feed intake, but the full amount was consumed thereafter.

Apparent ileal digestibility

There was no Enzyme x Meal size and frequency interac-
tion observed for any variable (Table 2). The results indicate
an improvement in the AID of DM with enzyme inclusion
(Enzyme effect, P < 0.05; Table 2). Also, AID total NSP, I-NSP,
total AX and [-AX was improved (Enzyme effect, P < 0.001)
with enzyme inclusion. A meal effect was observed for AID
of starch (Meal size and frequency effect, P = 0.006), with
digestibility 0.3% greater with 2M compared to 8M (Con-
trast 2M vs. 8M, P = 0.049).

lleal content of non-starch polysaccharides

Enzyme supplementation increased NDC content (Enzyme
effect, P = 0.036; Table 2). The I-AX content was decreased
when enzymes were added to diet (Enzyme effect, P = 0.041).
The A:X ratio of insoluble AX was decreased for all meal
size and frequency with enzyme inclusion (Enzyme effect, P
< 0.004). On the other hand, A:X ratio of soluble AX was
increased with enzyme inclusion (Enzyme effect, P = 0.0035).
Enzyme inclusion increased the ileal content of AXOS
(Enzyme effect, P < 0.001).

Apparent total tract digestibility and fermentation
in the large intestine

An Enzyme x Meal size and frequency interaction were
observed for ATTD of OM and I-NSP. Digestibility was
increased by 1.4% with enzyme inclusion in 2M but
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decreased by 1.1% and 0.5% in 8M and 8M+ respectively
(Interaction Enzyme x Meal size and frequency, P < 0.05;
Table 3). Results show a decrease in fermentation in the large

intestine of DM and I-NSP as a consequence of enzyme inclu-
sion (P < 0.05).

In vitro degradation of non-starch polysaccharides

An increase in the in vitro digestibility of I-NSP and I-AX
was observed with xylanase inclusion (P < 0.05; Table 4).
The AXOS and NDC content of the filtrate was also higher
with xylanase inclusion (Xylanase effect, P < 0.05) and
more markedly in Xyl-Included compared to Xyl-Added for
AXOS (Added vs.. Included, P = 0.003). The A:X ratio sol-
uble AX of the filtrate was decreased by adding xylanase
(P <0.001).

Discussion

Meal size and frequency had minimal effect on the ileal
digestibility of nutrients as only AID of starch was margin-
ally higher when pigs ate two meals per day instead of eight
meals per day. These effects can be explained by a modifi-
cation of retention time. Indeed, a bulky meal causes faster
gastric emptying during the first 30 min (Auffray et al., 1967)
but the rapid arrival of hypertonic digesta in the duodenum
leads to distension of the latter. Starch is degraded to a large
extent in the duodenum by pancreatic a-amylase (Gray,
1992). Mechanoreceptors and osmotic receptors send signals
to stop gastric emptying following the arrival of digesta in the
duodenum (Auffray et al., 1967). Therefore, retention time is
increased due to the bulking caused by a large meal, such as
for 2M. Thus, longer transit time caused by limited volume
and frequency of 2M treatment allows a longer contact time

of starch with a-amylase and would explain the increase in
starch digestibility observed. Apparent ileal digestibility of
starch also tended to be higher when the animal consumed
less feed per day. This effect can probably be explained by
a modification in retention time according to the size of the
meals. Roth and Kirchgessner (1985) observed that total tract
retention time was 52.2 h with a daily intake intended to
cover 1 time the maintenance energy requirements. However,
in the same study, total tract retention time was reduced to
35.3 h when the animal was fed 2.5 times the maintenance
requirement.

No other effect of meal distribution (2M vs. SM or 8M vs.
8M+) on AID of carbohydrates or energy was observed in
this study, which is consistent with the studies by Mroz et al.
(1994) and Chastanet et al. (2007) who did not observe an
effect on ileal digestibility of nutrients depending on the num-
ber of meals offered per day. Chastanet et al. (2007) also men-
tioned that at a high feed intake level (above 3 times the ME
requirements), no differences in AID were observed among
different levels of feed intake or meal frequency. Therefore,
even though AID of starch was higher in 2M, the improve-
ment was numerically low compared to 8M (+0.3%) and
8M+ (+0.6%) and can explain why no effect was seen for
AID of DM, OM, or energy. In addition, it should be noted
that meal size and frequency had no effect on the effect of
enzymes on the AID of carbohydrates and energy are given
that no interaction was observed.

Regardless of meal size and frequency, enzyme inclusion
(xylanase and phytase) improved the AID of DM, OM, and
energy. These improvements were associated with degrada-
tion of I-NSP and I-AX in the upper gastrointestinal tract
(Owusu-Asiedu et al., 2010). The changes observed in A:X
ratios support degradation of AX by xylanase. The decrease
in insoluble A:X ratio with enzyme inclusion indicated that

Table 4. Effect of xylanase added in vitro or included in diet on ileal carbohydrates evaluated in vitro

Item Enzymatic treatment SEM P-values (contrast)
Xyl-Without Xyl-Added Xyl-Included Xylanase addition Xyl-Added vs. Xyl-Included
Digestibility, %
DM 81.0 81.6 81.6 0.31 0.205 0.879
[-NSP -13.3 -6.7 -10.4 1.08 0.023 0.073
I-AX -16.5 -7.5 -11.7 1.51 0.020 0.122
Residue and filtrate content, %
Insoluble
NSP 11.8 11.1 10.9 0.11 0.005 0.383
AX 6.4 5.9 5.7 0.08 0.004 0.140
A:X 0.600 0.595 0.610 0.0131 0.621 0.063
Soluble
CHO 45.0 45.9 46.2 0.36 0.054 0.637
NDC 2.1 2.5 2.5 0.14 0.007 0.796
NSP 3.9 4.6 4.5 0.08 0.002 0.795
AX 0.7 1.1 1.1 0.02 <0.001 0.061
A:X 0.970 0.839 0.865 0.0130 <0.001 0.097
AXOS -0.05 -0.02 0.10 0.022 0.004 0.003

AX, arabinoxylan, A:X, arabinose to xylose ratio, AXOS, arabinoxylan oligoaccharides, CHO, total carbohydrates, DM, dry matter, I-AX, insoluble
arabinoxylans, [-NSP, insoluble non-starch polysaccharides, NDC, non-digested carbohydrates, NSP, non-starch polysaccharides, S-AX, soluble
arabinoxylans, SEM, standard error of the mean, S-NSP, soluble non-starch polysaccharides, Xyl-Added, diet with xylanase added directly in the in vitro
system, Xyl-Included, diet with xylanase added during mixing at the feed mill, Xyl-Without, diet without xylanase.



xylanase’s is acting and releasing fragments of insoluble AX,
which have a high A:X ratio. Presumably, given xylanase pref-
erence to cleave at unsubstituted stretches of the AX, the highly
substituted regions that are released are flanked by poorly
substituted cleavage sites (Vangswe et al., 2019; Vangsee et al.,
2020Db). The soluble A:X ratio changed in the inverse direc-
tion as a consequence of enzyme activity, but this is not the
only possibility as the same result could have occurred if there
was some degree of arabinose removal from the soluble AX
and subsequent absorption or fermentation. An increase in
the content of soluble AXOS by xylanase inclusion also sug-
gests that xylanase may have promoted fiber solubilization
and depolymerization (Bedford, 2018; Vangsee et al., 2020b).
Fiber solubilization is interesting given that it supplies the
intestinal microbiota with rapidly fermentable material,
which may allow the energy value of the diet to be increased.
Indeed, soluble fiber and, better still, oligosaccharides are eas-
ier to ferment by the microbiota than insoluble fiber, which
require a longer time for degradation (Bach Knudsen, 2005).
The increase in AID of DM with the inclusion of xylanase and
phytase can be explained by an increased release of nutrients.
Indeed, without exogenous enzyme inclusion, nutrients can
end up encapsulated in the fiber matrix and become unavail-
able for absorption (De Lange et al., 2010).

The AID of total NSP in vivo found in this study is in agree-
ment with that reported in the literature, but they are at the
higher end, with variation from 38.5% to 47.8% in this study
in comparison with an average of 21% and values varying from
10% to 62% elsewhere (Bach Knudsen et al., 2012). The higher
AID of total NSP observed in the study could be due to the
indigestible marker used. Wang et al. (2017) found that the AID
of GE and N was higher when AIA was used as the marker in
a diet containing 10% oat bran, which supplies a soluble NSP
similar to the current study (3.5% vs. 3.3%). Sales and Janssens
(2003) also observed variations in digestibility when using AIA
and attributed that to lower intake of the marker during feeding
due to separation. However, in our case the diet was pelleted
which limited segregation. Laerke et al. (2012) observed more
variation in AID when using AIA compared to Cr,O,.

We observed negative AID values in vitro for I-NSP, I-AX
and AXOS content. Negative values for AID of fiber in vivo
have been reported in the literature and attributed to non-di-
etary substances present in the GIT such as mucins or bacte-
ria that interfere with fiber analysis (Montoya et al., 2016).
However, those non-dietary substances are not present in
the in vitro system. In the calculations of AID in vitro, we
compensated for the loss of material from the crucibles (undi-
gested residue). Therefore, digestibilities may be overcompen-
sated, which results in negative values.

The intention of the in vitro model was to confirm that
the effects observed on AID and ileal content of NSP were
indeed due to the inclusion of xylanase. The in vitro model
allowed a confirmation of the xylanase effect, although the
increase in AID of NSP in vitro is slightly higher (22%)
than the improvement in AID in vivo (18%). This differ-
ence may be due to more controlled conditions observed in
vitro such as pH and retention time. In vivo, pH varies after
meals and with meal frequency and fiber intake, as feed and
fiber can act as buffers in the stomach (Wenk, 2001). For
xylanase, the activity window is between pH 4 and 6 (Svi-
hus and Hervik, 2019). The retention time can also influ-
ence the action of xylanase. A longer retention time gives
more time for degradation and exposes exogenous xylanase
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to endogenous proteases, leading to decreased xylanase
activity (Strube et al., 2013). The in vitro retention time
was 90 min in the simulated gastric phase and 4 h in the
simulated intestinal phase. These values were comparable
with the rare transit time data such as those published by
Wilfart et al. (2007), who observed retention time in the
stomach and the small intestine between 60-78 min and
3.6-4.4 h, respectively.

This higher AID of carbohydrates and energy in pigs
offered a diet including enzymes led to reduced availability
of substrate for microbial fermentation in the cecum and
colon and then a lower fermentation in the large intestine
of DM and I-NSP (the tendency for energy and OM), indi-
cating that less degradation had occurred in the lower part
of the digestive tract. The decrease in fermentation in the
large intestine supports the hypothesis that xylanase inclu-
sion shifts the digestion process of dietary nutrients and
some fiber aborally in the gastrointestinal tract, thereby sup-
porting a better energy digestibility at the ileal level while
reducing substrates available for fermentation in the large
intestine.

Unlike AID of energy and DM, the inclusion of enzymes
did not have an effect on their ATTD. However, ATTD of OM
and [-NSP were increased with enzyme supplementation in
2M but reduced in 8M and 8M+. When fermentation results
were analyzed, we observed that 8M and 8M+ treatments
supplemented with enzymes had a reduced fermentation of
OM by 34% and 20% and by 42% and 41% for [I-NSP. In
contrast, the supplemented 2M treatment weakly increased
the fermentation of OM and I-NSP. Therefore, a greater pro-
portion of fermentable NSP had been fermented in the ileum
for 8M and 8M-+, leaving less for the hindgut, which would
explain why ATTD of OM and I-NSP was not improved with
enzyme inclusion like it was for the 2M treatment. The reduc-
tion in fermentation suggests that the diet should include
more slowly fermentable fibers when supplementing with
enzymes to ensure that the hindgut gets sufficient substrate to
promote gut health.

In conclusion, enzyme supplementation can improve the
digestibility of NSP in high-fiber diets. On the other hand,
size and frequency of the meals had little effect on fiber digest-
ibility and enzyme efficacy on fiber and energy utilization
in growing pigs. An in vitro model can predict the effect of
xylanase in vivo. However, evaluation of pH and retention
time in vivo should be performed to better understand the
limited effect of meal size and frequency and to develop an in
vitro model more representative of physiological conditions.
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