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Simple Summary: Non-starch polysaccharides and phytate have been considered the most common
antinutritional factors in feedstuffs, and there is no corresponding enzyme in animals. Our results
showed that the multi-carbohydrase and phytase supplementation had a potent role in improving
energy, amino acids, calcium, and phosphorus digestibility in fattening pigs regardless of dietary
nutrient levels, thus increasing the deposition of calcium and phosphorus in bone and improving
the growth rate and feed efficiency of fattening pigs. These findings have important implications for
the application of multi-enzymes in fattening pigs to spare feed costs, reduce nutrient waste, and
improve swine production efficiency.

Abstract: This study was conducted to investigate the effects of dietary multi-enzyme (multi-
carbohydrase and phytase complex, MCPC) supplementation on digestibility, growth performance,
bone mineralization, and carcass yield and traits in growing—finishing pigs fed diets with adequate
or deficient net energy (NE), amino acids (AA), calcium (Ca) and phosphorus (P) levels. A total of
576 crossbred [Duroc x (Landrace x Yorkshire)] barrows (~25 kg) were fed one of the six diets till
live weight approached 130 kg. Basal diets included a positive control (PC), negative control 1 (NC1)
and 2 (NC2), while another three diets were prepared by adding MCPC to the three basal diets. The
final body weight was lower (p < 0.05) in NC2 than in NC1 and PC treatments, while overall feed
intake and feed-gain ratio were higher (p < 0.05) in NC1 and NC2 than in PC treatment. The NC2
treatment showed lower (p < 0.05) carcass weight but higher (p < 0.05) lean meat percentage than the
PC treatment. The apparent ileal digestibility (AID) of gross energy (GE), crude protein (CP) and AA
was decreased (p < 0.05) or tended (p < 0.10) to decrease in NC1 and/or NC2 diets compared with a
PC diet. MCPC supplementation improved (p < 0.05) AID of Ca, P and AA (Lys, Leu, Val, Phe, Gly,
Tyr and Pro), apparent total-tract digestibility (ATTD) of GE, CP, bone strength, Ca, and P retention.
In conclusion, MCPC supplementation improved nutrient digestibility, bone mineralization, and
growth performance of fattening pigs, regardless of the nutritional level of the basal diet.

Keywords: multi-carbohydrase and phytase complex; nutrient digestibility; bone mineralization;
growth performance; pig
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1. Introduction

Non-starch polysaccharides (NSP), the main components of plant cell walls, and
phytate, the main form of plant-derived phosphorus (P), have long been considered the
most common antinutritional factors in the major feedstuffs, including corn, soya, wheat,
barley, and their by-products [1-4]. There is growing interest in using enzyme preparations
to reduce the antinutritive effects of NSP and phytate, thereby increasing feed efficiency,
decreasing nutrient (particularly nitrogen and P) losses via feces and urine, and minimizing
the cost of dietary formulation and waste disposal [5-9]. It is documented that phytase can
decompose phytate P into inositol and inorganic phosphorus [10,11], while carbohydrases
have the potential to enhance the nutritive value of diet by alleviating the physical encap-
sulation of intracellular nutrients by plant cell walls and thus improving energy and amino
acid availability [9]. Several studies have shown that supplementing a combination of phy-
tase and carbohydrases in corn, wheat or barley-based diets is more beneficial with regard
to P digestibility and retention than supplementation of the individual enzymes [12-15].

In China, swine nutrition is said to be a step ahead of poultry nutrition in terms of the
precision of nutrient requirements in the diet. However, the use of exogenous enzymes
to improve nutrient efficiency and reduce feed cost and nutrient excretion is much more
common in poultry nutrition than in swine nutrition. Beyond the efficacy of individual
enzymes, the supplementation of carbohydrase and phytase complex (multi-enzyme) in
diets fed to poultry species has been shown to allow a much higher reduction in levels of
energy and nutrients without adverse effects on the performance of the birds [16,17]. To
date, only limited information is available on the efficacy of multi-enzyme in swine diets
differing in nutrient levels [6]. Moreover, it remains unclear how multi-enzyme affects
growth performance, bone mineralization and strength, and carcass yield and quality in
growing—finishing pigs.

Corn, soybean meal, wheat, and their by-products contain much NSP and phytate.
Therefore, the objective of this study was to test whether the supplementation of a multi-
carbohydrase and phytase in corn-soybean meal-wheat and their by-products diets deficient
in net energy, digestible amino acids, digestible P, and Ca could improve nutrient digestibil-
ity, energy availability. This could alleviate the potential adverse effects of the deficiency of
energy, amino acid, Ca, and P on growth performance, bone mineralization and strength
and carcass yield and quality of growing-finishing pigs.

2. Materials and Methods
2.1. Experimental Design

Before the start of the experiment, crossbred [Duroc x (Landrace x Yorkshire)] piglets
(castrated males) were selected from a single weaning batch and fed with the same diets
(Supplemental Table S1) until the mean body weight of pigs approached 25 kg. Then, a
total of 576 growing barrows weighing approximately 25 kg were blocked by body weight
and housed in 72 pens with 8 pigs per pen. Each group of pigs (1 = 96 pigs) was fed one
of the six experimental diets (Table 1), with 12 pens per diet according to a randomized
completely block design. The experimental period was divided into 4 phases based on
body weight according to NRC (2012) recommendations: phase 1 (25 to 50 kg), phase 2
(50 to 75 kg), phase 3 (75 to 100 kg), and phase 4 (100 to 135 kg), and lasted 17 weeks with
5 weeks for phase 1 and 4 weeks for each of the following 3 phases.

2.2. Experimental Diets

In each feeding phase, a total of six experimental diets were formulated. Three
of the diets were without any supplemental multi-carbohydrase and phytase complex
(MCPC) (Tables 1 and 2), including a positive control diet (PC), negative control diet 1
(NC1), and negative control diet 2 (NC2). Another three diets (PC + MCPC, NC1 + MCPC
and NC2 + MCPC) were with supplemental 100 g of MCPC per metric ton to the basal
diets and supplied at least 1800 U of xylanase, 1244 U of beta-glucanase, 6600 U of a-
arabinofuranosidase, and 1000 FTU of phytase (Rovabio, Advance Phy, Adisseo France
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SAS, France) per kg of diet. The PC diets, based on corn, soybean meal, wheat (fixed
at 10%), wheat bran, and soy hulls, were formulated to be adequate but not excessive
in net energy (NE), standard ileal digestible (SID) amino acids (AA), standard total-tract
digestible (STTD) P, and total calcium (Ca), as recommended by the NRC (2012) (Table 2).
The calculated NE and SID AA levels in NC1 diets were reduced to 97% of the PC diets,
while STTD P and total Ca levels in NC1 diets were reduced by 0.080% and 0.071% units,
respectively, compared with the PC diets. The calculated NE and SID AA levels in NC2
diets were reduced to 95% of the PC diets, while STTD P and total Ca levels in NC2 diets
were reduced by 0.080% and 0.071% units, respectively, compared with the PC diets (the
detail as shown in Supplemental Table S2). The analyzed values of the composition of the
experimental diets (phase 1) are shown in Table 3. The database (NRC 2012) was used
to calculate NE, SID of amino acids, and STTD of P. All experimental diets were fed in
mash form.

Table 1. Ingredients of the basal diets including positive control (PC), negative controls (NC) 1 and 2
for each phase (%, as-fed basis).

Phase 1 (25-50 kg BW) Phase 2 (50-75 kg BW)  Phase 3 (75-100 kg BW)  Phase 4 (100-135 kg BW)
PC NC1 NC2 PC NC1 NC2 PC NC1 NC2 PC NC1 NC2
Corn 58.91 56.41 52.10 63.75 58.67 54.83 67.73 62.22 58.58 68.89 63.62 60.02

Item

Soybean meal
(CP 46%)

Wheat bran 10.00 15.00 20.00 10.00 1530  20.20 10.00 15.65  20.40 10.00 16.00  20.55
Wheat (CP 11%)  10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

14.10 12.43 11.61 9.95 9.05 7.90 6.32 5.70 478 5.50 420 3.50

Soy hulls 090 120 132 126 260 270 170 282 272 198 314 3.00
Soybean oil 257 190 197 193 179 181 145 135 130  1.30 120 112
Limestone 115  1.08 107 104 09 095 092 083 083 081 073 072
Monocalcium 5 59 058 080 043 043 070 032 032 057 020  0.19
phosphate
L'Ly(;gﬂ/e)HCI 053 052 051 049 046 046 045 042 041 032 031 030
DL'I\E[;;E}‘;’“‘“ 011 0.10 009 008 006 006 005 003 003 001 001 001

L-Threonine 0.18 0.17 0.17 0.16 0.15 0.15 0.15 0.13 0.13 0.10 0.09 0.09
L-Tryptophane 0.03 0.03 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.01 0.01 0.01

L-Valine 0.08 0.07 0.05 0.05 0.03 0.03 0.04 0.03 0.02 0.04 0.03 0.02
NaCl 0.23 0.23 0.23 0.23 0.23 0.23 0.24 0.24 0.24 0.24 0.24 0.24

Premix ! 0.27 0.27 0.27 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23
Total 100.00 100.00  100.00  100.00 100.00  100.00 100.00  100.00  100.00 100.00  100.00  100.00

I Provided per kg of diet for 25-50 kg and >50 kg phases: vitamin premix 300 mg, 250 mg (vitamin A, 13,500,
11,250 IU; vitamin Ds, 2550, 2125 IU; vitamin E, 25, 21 mg; menadione, 3, 2.5 mg; thiamine, 2.4, 2 mg; riboflavin, 6,
5 mg; niacin, 30, 25 mg; d-pantothenic acid, 15, 12.5 mg; vitamin B, 2.4, 2 mg; vitamin By, 30, 25 pg; d-biotin, 150,
125 ug; folic acid, 1.5, 1.25 mg), choline 400, 300 mg; copper, 8, 6 mg; iron, 90, 60 mg; manganese, 4 mg; zinc, 90,
75 mg; iodine, 0.28 mg; selenium, 0.3 mg; flavor, 200 mg; antioxidant, 100 mg; anti-mold, 500 mg; Oregano oil,
200 mg.

2.3. Animal Management

Pens (6 m x 2.3 m) were regularly cleaned, disinfected, and dried. All pigs were
vaccinated and dewormed according to the routine management and immunization proce-
dures of the farm. Pigs were fed at 07:30, 14:00 and 20:00 ad libitum and had free access to
water throughout the experiment period. The feed consumption of each pen was recorded
weekly. At the end of each phase, the total body weight of each pen of pigs was recorded
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after removing the feed for 12 h to calculate the average weight. Net energy intake was
determined by multiplying the total feed intake by the NE content of each diet and dividing
it by the number of days in each phase. Net energy: gain ratio (NE:G) was determined by
dividing the total NE intake by the weight gain in each phase. Room temperature was set
to 22-25 °C.

Chromium trioxide (0.3% of diet) was added as an indigestible marker in each diet
during the last two weeks of feeding phase 1 (25 to 50 kg BW). Fresh fecal samples were
collected from each pen for four consecutive days after the pigs had ten days of adapting
to the diets. Fecal samples were stored at —20 °C until analysis. In addition, at the end
of phase 1, one pig from each pen was randomly selected, weighed, and slaughtered by
penetrating captive bolt; then, ileal content was collected by gentle squeezing and stored
at —20 °C until analysis. At the end of the experiment, one pig per pen with mean body
weight, a total of 12 pigs per diet, were euthanized for carcass trait measurement.

Table 2. Nutrient characteristics of the basal diets including positive control (PC) and negative control
(NC) 1 and 2 (Calculated values).

It Phase 1 (25 to 50 kg BW) Phase 2 (50 to 75 kg BW) Phase 3 (75 to 100 kg BW) Phase 4 (100 to 135 kg BW)
m
€ PC NCl  NC2 PC  NC1 NC2 PC NCl  NC2 PC NC1  NC2
Dry Matter, % 8647 8674 8679 8646 8683 8688 8642 8681 8684 8650 8688 8691
Crude protein, % 1456 1440 1441 1304 1312 1303 1171 1190 11.84 1123 1124 1127
Crude fat, % 5.50 4.89 49 505 489 489 464 451 448 455 444 436
Crude fiber, % 3.62 400 436 357 435 468 353 427 457 3.63 437 464
Ash, % 433 413 427 394 381 393 358 347 358 3.36 323 334
Net energy, kcal /kg 2475 2401 2351 2475 2401 2351 2475 2401 2351 2475 2401 2351
Digestible lysine, % 0.98 0.95 0.93 08 083 081 0.73 071 069 0.61 059 058
DigeStibleJ?efhioni“ef 032 031 0.30 027 025 025 0.22 021 0.20 0.18 0.18 0.18
Digestible methionine
o 0.55 0.53 0.52 048 047 046 0.42 041 040 0.38 037 037
Digestible threonine, ¢ 59 0.57 0.56 052 050 049 0.46 045 044 0.40 039 038
Digestible tryptophan, ¢ 17 0.17 0.16 015 015 014 0.13 013 0.12 0.11 011 011
Digestible arginine, %  0.78 0.76 0.76 067 067 066 0.58 059 058 0.55 055 054
Digestible histidine, % 0.3 033 0.33 031 031 030 0.28 028 028 027 027 027
Digestible isoleucine, - g51 049 048 045 044 043 040 039 038 038 037 036
Digestible leucine, % 1.17 1.13 1.10 1.10 1.06 1.02 1.04 1.01 0.97 1.02 0.98 0.95
Digestible - 0.62 0.60 0.59 056 055 053 0.50 0.49 0.48 0.49 047 046
phenylalanine, %
Digestible valine, % 0.64 0.62 0.61 055 053 052 0.48 048 047 0.47 046 045
Calcium, % 0.66 0.59 0.59 059 052 052 0.52 045 045 0.46 039 039
Total phosphorus, % 0.58 0.53 0.56 053 048 051 0.50 045 048 0.47 042 045
STTD-P, % 031 0.23 0.23 027 019 019 0.24 016 016 0.21 013 013
Sodium, % 0.10 0.10 0.10 010 010  0.10 0.10 010 0.10 0.10 010 0.10

The database (NRC 2012) was used to calculate NE, SID of amino acids, and STTD of P. Another three diets were
supplemented with 100 g/t MCPC on the basal diets, and the MCPC provided at least 1800 U of xylanase, 1244 U
of beta-glucanase, 6600 U of a-arabinofuranosidase, and 1000 FTU of phytase (Rovabio, Advance Phy, Adisseo
France SAS, Antony, France) per kg of diet.
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AID or ATTD(%) = 100 —

Table 3. Nutrient characteristics of the basal diets including positive control (PC) and negative control
(NC) 1 and 2 (Analyzed values).

Phase 1 (25-50 kg BW)

ftem PC NC1 NC2

Gross energy, kcal /kg 3916 3908 3877
Crude protein, % 14.75 14.80 14.73
Neutral detergent fiber (NDF), % 15.89 16.17 16.38
Acid detergent fiber (ADF), % 12.90 12.13 11.94
Lysine, % 1.15 1.10 1.10
Methionine, % 0.40 0.32 0.30
Cysteine, % 0.29 0.26 0.29
Threonine, % 0.76 0.71 0.71
Isoleucine, % 0.58 0.55 0.54
Leucine, % 1.37 1.33 1.31
Phenylalanine, % 0.82 0.83 0.86
Histidine, % 0.42 0.42 0.43
Aspartic acid, % 1.37 1.27 1.25
Serine, % 0.77 0.71 0.72
Glutamic acid, % 2.87 2.83 2.80
Glycine, % 0.60 0.61 0.61
Tyrosine, % 0.44 0.42 0.42
Arginine, % 0.80 0.82 0.78
Proline, % 1.01 0.99 1.00
Alanine, % 0.78 0.76 0.74
Calcium, % 0.80 0.76 0.77
Total Phosphorus, % 0.55 0.53 0.49

2.4. Sample Preparation and Analysis

Fecal samples were dried in a fan-forced oven at 65 °C for 72 h, while ileal digesta
samples were dried by vacuum freeze drying, then ground to pass a 1-mm sieve. Repre-
sentative samples of experimental diets used in feeding phase 1 (25-50 kg BW), digesta
and fecal samples were taken and analyzed in duplicate for proximate nutrients, Ca, total
P, neutral detergent fiber (NDF), acid detergent fiber (ADF), and chromium [18]. Crude
protein (CP) was analyzed by the Kjeldahl nitrogen method (AOAC method 988.05). Gross
energy was determined by calorimeter (parr6400 CALORIMETER, Moline, IL, USA). Total
P (AOAC method 965.05) and chromium (AOAC method 974.27) were determined by
microplate spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale, CA, USA).
Ca was analyzed by the potassium permanganate titration method (AOAC method 927.02).
NDF and ADF (AOAC method 973.18) were determined by an Automatic fiber analyzer
(ANKOM2000i, Ankom Technology, Macedon, NY, USA). The AA concentration of hy-
drolyzed protein was determined by ion-exchange chromatography with an automatic
amino acid analyzer (LA8080 HITACHI, Tokyo, Japan).

The AID and ATTD of nutrients in the diet were calculated by the following formula:

Cry03 in feed (%)
Cr,O3 in feces or digesta(%)

Components content in feces or digesta (%)

% 100
Components content in feed (%)
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The left tibia was excised from each euthanized pig for bone-breaking strength and
ash, Ca, and P contents determination. The left tibia samples were de-fleshed and cleaned
by scalpel blades, and the bone-breaking strength was determined by Bone Strength Tester
(Wuhan Huatuo Measurement Technology Co., Ltd., Wuhan, China). The tibia samples
were defatted by soaking in petroleum ether for 72 h to remove the fat before ashing. Then,
the tibia samples were dried to a constant weight by a fan-forced oven at 105 °C. The dry,
defatted tibias samples were ground and accurately weighed and ashed in a 550 °C mutffle
furnace for 12-16 h to determine ash, Ca, and P contents.

2.5. Statistical Analysis

The growth performance was analyzed using the PROC MIXED procedure of SAS
(SAS 9.4, Inst. Inc., Cary, NC, USA) with a two-way factorial arrangement on randomized
complete block design. The first factor consisted of the add MCPC and without MCPC.
The second factor consisted of three levels of diet (PC, NC1, NC2). Pen is the experimental
unit, while initial body weight is the covariance. The effect of dietary treatment was
determined using specific contrasts. The data of ATTD, AID, Bone index and carcass traits
were analyzed by the two-way ANOVA procedure. p < 0.05 was considered significant.

3. Results
3.1. Growth Performance

The effects of supplemental MCPC in diets differing in nutritional levels on the growth
performance of growing—finishing pigs are presented in Table 4. NC2 had lower (p < 0.01
and p < 0.05, respectively) final BW and overall (25-130 kg) ADG than PC and NC1 diets.
NC1 and NC2 diets had higher (p < 0.05) ADFI and feed-gain ratio than the PC diet during
25-100 kg and 25-130 kg periods, while NC2 also had a higher (p < 0.05) feed-gain ratio
than the PC diet during 25-50 kg and 25-75 kg period. MCPC supplementation had a
significant effect on BW at the end of phases 1 (p < 0.001), 2 (p < 0.05), and 4 (p < 0.05), on
ADG (p <0.001) during 25-50 kg periods, on NE:G (p < 0.05) during the 25-50 kg period, in
addition to the ADFI (p < 0.05) and feed-gain ratio (p < 0.05) during 25-50 kg and 25-75 kg
period. Specifically, MCPC supplementation resulted in growth rate, feed intake, and
feed efficiency improvements by 0.57%, 2.55%, and 6%, respectively, during the 25-50 kg
period. Furthermore, significant diet x MCPC interaction was observed on BW at the end
of phase 4. No significant diet x MCPC interaction was observed in ADG, ADFI, and
feed-gain ratio throughout the experimental period.

Table 4. Effects of supplemental multi-enzyme (MCPC) in diets differing in nutritional levels on
growth performance of growing—finishing pigs.

Basal Diet (BD) Enzyme (MCPC) p-Value
Item SEM
PC NC1 NC2 —MCPC  +MCPC BD MCPC BD x MCPC

BW, kg

Initial 24.70 24.69 24.74 24.71 24.71 0.51 0.193  0.872 0.607
At the end of phase 1 50.16 49.52 49.97 49280 50.48 2 0.61 0.228  <0.001 0.880
At the end of phase 2 76.39 75.99 76.22 75.62° 76.78 2 0.70 0.817  0.032 0.822
At the end of phase 3 103.81 104.02 102.53 102.87 104.04 0.77 0.248  0.139 0.110
At the end of phase 4 125482 126897 123.11°  124.23P 126.09 2 0.70  <0.001  0.016 0.020
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Table 4. Cont.

Basal Diet (BD) Enzyme (MCPC) p-Value
ftem PC NC1 NC2 —~MCPC  +MCPC SEM BD MCPC BD x MCPC
NE.G

25-50 kg 5511.06 ~ 5522.42  5377.51 5537.05P 5403.622 38.64  0.136  0.044 0.900
25-75 kg 5135.75 512724  5036.54  5109.78  5089.91 2770  0.062  0.594 0.598
25-100kg 6739.79 677145 6671.80 674825  6707.11  31.90 0203  0.374 0.277
25-130 kg 7211.04  7292.01 721721 727116  7209.01 3323 0282  0.180 0.200

Average daily gain

(ADG), kg/d

25-50 kg 0.727 0.709 0.721 0.702 b 0.706 2 001 0234 <0.001 0.890
25-75 kg 0.979 0.970 0.971 0.961° 0.9852 001 0737  0.019 0.974
25-100kg 0.871 0.872 0.854 0.859 0.872 001 0178  0.140 0.170
25-130 kg 0.8682  0.8742  0.857P 0.870 0.862 0.01  0.005  0.060 0.070

Average daily feed

intake (ADFI), kg/d
25-50 kg 1.621 1.626 1.649 1.611° 1.6522 001 0212  0.004 0.961
25-75kg 2.032 2.072 2.081 2.040 P 20832 002  0.148  0.042 0.748
25-100kg 23733 2457b  24p33b 2.401 2428 0.02 0036  0.429 0.599
25-130 kg 25292 2655P  2.600be 2.586 2.603 0.02  <0.001 0458 0.146

Feed:gain ratio, kg/kg

25-50 kg 2.227 2.300 2.288 22992 2.437° 0.02 0066  0.043 0.884
25-75 kg 24382 2515 2515b¢ 2.497 2.481 0.01  <0.001 0.384 0.842
25-100kg 26792 2773 2799 be 2.756 2.745 0.02  <0.001 0.631 0.147
25-130 kg 29142 3037b  3070bc 3.019 2.994 0.02 <0.010 0.184 0.209

abc Means within a row with no common letters differ at p < 0.05 or p < 0.01. 1 = 12 pigs/ treatment.

3.2. Bone Strength and Mineralization

The bone strength (p = 0.430 and p = 0.910, respectively) and Ca (p = 0.510 and p = 0.700,
respectively), P (p = 0.760 and p = 0.710, respectively), and ash (p = 0.830 and p = 0.870,
respectively) percentage in bone were not significantly (p > 0.10) affected by the basal diet
or the interaction of diet x MCPC (Figure 1). MCPC showed a significant (p < 0.05) positive
effect on bone strength, Ca, P, and ash percentage in bone by +8.3%, +4.6%, +3.6% and
+3.0%, respectively, in comparison to diets without MCPC.

3.3. Digestibility Coefficients

The effects of basal diet and MCPC supplementation on apparent ileal digestibility
(AID) coefficients of AA in growing pigs (25-50 kg) are shown in Table 5. Diet showed a
significant (p < 0.05) effect on AID coefficients of Lys, Met, Cys, Thr, lle, Asp, Ser, Tyr, and
Arg. Particularly, the AID coefficient of Met, Cys, Thr, Asp, Ser, Tyr, and Arg were lower
(p <0.05 or p < 0.01) in NC1 and NC2 than in the PC diet, whereas the AID coefficient of
Lys and Ile were lower (p < 0.01 or p < 0.05, respectively) in NC1 than in PC diet. MCPC
improved significantly (p < 0.05) the AID of Lys, Leu, Val, Phe, Gly, and Pro. The AID of
AA was not significantly (p > 0.10) affected by the interaction of diet x MCPC (Table 5).
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A BD: P=0.515

MCPC: P =0.003

BD * MCPC: P =0.701
b a

ab & ab &

PC NC1 NC2

C BD: P=0.434
MCPC: P =10.037

BD * MCPC: P=0.914
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Figure 1. Effects of supplemental multi-enzyme (MCPC) in diets differing in nutritional levels on

calcium (Ca), phosphorus (P), bone strength and Ash percentage in bone of growing—finishing pigs

(25-50 kg). (A) the Ca percentage in bone of growing-finishing pigs; (B) the P percentage in bone

of growing-finishing pigs; (C) the bone strength of growing-finishing pigs; (D) the Ash percentage

in bone of growing-finishing pigs. PC = positive control; NC1 = negative control 1; NC2 = negative

control 2; MCPC = multi-carbohydrase and phytase complex. a, b, c means with no common letters
differ at p < 0.05. n = 12 pigs/treatment.

Table 5. Effects of supplemental multi-enzyme (MCPC) in diets differing in nutritional levels on

apparent ileal digestibility (AID) coefficients of amino acids of growing—finishing pigs (25-50 kg).

Item Basal Diet (BD) Enzyme (MCPC) SEM p-Value

PC NC1 NC2 —~MCPC  +MCPC BD MCPC BD x MCPC
Lysine 07702 0.722b*  (.7453 0.727b 0.764 2 0.017 0.025  0.010 0.387
Methionine 0.8272  0.757bx (0764 b 0.778 0.787 0.024 0.010  0.629 0.939
Cysteine 0.6192  0.500“**  (.583be 0.546 0.589 0.033 0.003  0.121 0.036
Threonine 0.6552  0.563b*  (0.586b* 0.587 0.616 0.026 0.002  0.162 0.486
Isoleucine 0.6652  0.575b* 0.617 2 0.602 0.636 0.026 0.005  0.120 0.639
Leucine 0.727 0.685 0.713 0.692b 0.724 2 0.019 0.090  0.045 0.572
Valine 0.686 0.643 0.677 0.650 © 0.687 0.020 0.089  0.028 0.337
Phenylalanine 0.712 0.702 0.743 0.698 P 0.740 0.018 0.072  0.007 0.189
Histidine 0.659 0.594 0.640 0.598 0.631 0.038 0.195  0.988 0.362
Aspartic acid 0.6422 05420 0566 b 0.565 0.602 0.028 0.002  0.119 0.406
Serine 0.6642  0.563P# (0590 b 0.589 0.622 0.026 0.001  0.135 0.416
Glutamic acid 0.732 0.682 0.716 0.697 0.724 0.023 0.098  0.159 0.314
Glycine 0.365 0.216 0.257 0.212° 0.347 0.079 0.167  0.043 0.132
Tyrosine 0.6852  0.585b#* (581 b*+ 0.594 0.640 0.030 0.001  0.063 0.714
Arginine 07422 0.652P*  0.643 b 0.674 0.683 0.023  <0.001  0.659 0.964
Proline 0.700 0.692 0.684 0.665° 0.7182 0.029 0.863  0.034 0.455
Alanine 0.626 0.564 0.603 0.578 0.625 0.028 0.097  0.099 0.337

PC = positive control; NC1 = negative control 1; NC2 = negative control 2; MCPC = multi-carbohydrase and
phytase complex. #P¢ means within a row with no common letters differ at p < 0.05 or p < 0.01. * p < 0.05 and
** p < 0.01 compared with PC. n = 8 pigs/treatment.
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The type of basal diet showed a significant (p < 0.05) effect on the AID coefficient of GE
and CP. Specifically, AID coefficients of GE decreased (p < 0.05) in NC2 and tended (p < 0.10)
to decrease in NC1, while that of CP decreased (p < 0.05) in NC1 and tended (p < 0.10)
to decrease in NC2 when compared with the PC diet (Table 6). No significant effect of
the basal diet was found on AID of Ca and P (Supplemental Figure S1), while MCPC
supplementation resulted in a significant (p < 0.05) improvement of the AID coefficient of
Ca (+33.2%) and P (+115.7%).

Table 6. Effects of supplemental multi-enzyme (MCPC) in diets differing in nutritional levels on
apparent ileal digestibility (AID) coefficients of gross energy (GE), crude protein (CP), dry matter
(DM), calcium (Ca), and phosphorus (P) of growing pigs (25-50 kg).

Basal Diet (BD) Enzyme (MCPC) p-Value
Item SEM
PC NC1 NC2 —MCPC +MCPC BD MCPC BD x MCPC
GE 0.6372 0.599 ab# 0.588 b:* 0.602 0.614 0.046 0.032 0.432 0.593
Ccp 05922 0.524 br** 0.546 ab# 0.538 0.570 0.060 0.029 0.118 0.893
DM 0.955 0.946 0.946 0.949 0.949 0.011 0.054 0.989 0.269
Ca 0.389 0.417 0.480 0368 0.4902 0.149 0.327 0.020 0.536
P 0.305 0.251 0.259 0.172b 03712 0.172 0.707 0.002 0.381
PC = positive control; NC1 = negative control 1; NC2 = negative control 2; MCPC = multi-carbohydrase and
phytase complex. *® means within a row with no common letters differ at p < 0.05 or p < 0.01. # p < 0.10, * p < 0.05,
and ** p < 0.01 compared with PC. n = 12 pigs/treatment.

The effects of the basal diet and MCPC supplementation on diets with different levels
of nutrients on apparent total-tract digestibility (ATTD) coefficients of GE, CP, Ca, P, NDF
and ADF of growing pigs (25-50 kg BW) are shown in Table 7. Basal diet significantly
(p < 0.05) affected ATTD coefficients of ADF and tended to affect ATTD coefficients of GE
(p =0.08), Ca (p = 0.08) and NDF (p = 0.07). MCPC supplementation significantly (p < 0.05)
improved ATTD coefficients of GE, CP, and P. Interestingly, ATTD coefficients of NDF
and ADF were significantly (p < 0.05) affected by the interaction of diet x MCPC. Indeed,
ATTD coefficients of NDF and ADF were improved (p < 0.05) in the PC diet, whereas no
effect (p > 0.10) in either NC1 or NC2 was observed following MCPC supplementation
(Supplemental Figure S2).

Table 7. Effects of supplemental multi-enzyme (MCPC) in diets differing in nutritional levels on
apparent total-tract digestibility (ATTD) coefficients of gross energy (GE), crude protein (CP), Ca, P,
neutral detergent fiber (NDF) and acid detergent fiber (ADF) of growing-finishing pigs (25-50 kg).
PC NC1 NC2 Basal Diet (BD) Enzyme (MCPC) p-Value
Item SEM
—MCPC +MCPC —MCPC +MCPC —MCPC +MCPC PC NC1 NC2 —MCPC +MCPC BD MCPC l\]?[IgPXC

GE 0.751 be 0.7842 0.7713¢ 0.778 a¢ 0.739b 0.760 ab 0.028  0.767 0.775 0.749 0.754 b 0.7742 0.077 0.03 0.53

cP 0.632° 0.684 2P 0.679 2 0.6912 0.633° 0.6783>  0.047  0.658 0.685 0.656 0.648 P 06852 0244 0.023 0.568

Ca 0.308° 0.408 2 041520 0.435 2P 0.441 20 0.500 2 0122 0.358 0.425 0471 0.388 0.448 0.081 0.149 0.726

P 0.181°¢ 04572 0.313P 0.416 2P 0.178 0.400 2P 0.036 0319 0.364 0.289 0.224° 04252 0.125 <0.001 0.058

NDF  0338be 04772 04187 0350b¢ 0.326¢ 0340bc 0082 0408 0.384 0.333 0.361 038 0072 0297 0.009

ADF  0.520b¢ 0.6252 0.555 2P 0.450 be 0.477 ¢ 0.540bc 0064 05732 05273b# 0509 bx 0517 0.555 0.042 0.078 0.008

PC = positive control; NC1 = negative control 1; NC2 = negative control 2; MCPC = multi-carbohydrase and
phytase complex. "¢ means within a row with no common letters differ at p < 0.05 or p < 0.01. # p < 0.10 and
* p < 0.05 compared with PC. n = 12 pigs/treatment.

3.4. Carcass Traits

The results on carcass traits of pigs at slaughter age (around 130 kg live weight) are
presented in Table 8. NC2 diet decreased (p < 0.05) carcass weight compared to PC and NC1
diets and increased (p < 0.05) lean meat percentage compared to the PC diet, whereas no
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difference was observed between the NC1 and PC diets. Given that these pigs were selected
according to the mean final body weight of each treatment, the difference in carcass traits
was mainly associated with the live weight, which was not different (p > 0.10) between
PC-and NC1-fed pigs but significantly (p < 0.05) lower in NC2 than in PC-fed pigs. MCPC
supplementation resulted in a significant (p < 0.05) improvement in carcass weight (+2.7%).

Table 8. Effects of supplemental multi-enzyme (MCPC) in diets differing in nutritional levels on
carcass traits of pigs at slaughter age.

Items Basal Diet (BD) Enzyme (MCPC) SEM p-Value

PC NC1 NC2 —MCPC +MCPC BD MCPC BD x MCPC
Live weight, kg 12852 128.22 123.8 b 125.5 128.2 1.760 0.015  0.070 0.830
Carcass weight, kg 96.0% 96.0% 927 b+ 93.6° 96.2 2 1.450 0.033  0.037 0.821
Carcass yield, % 74.8 74.9 74.9 74.6 75.0 0.003 0.817  0.126 0.517
Carcass length, cm 86.9 86.2 85.8 85.7 86.9 1.002 0.559  0.160 0.299
Backfat thickness, mm 26.5 27.1 25.3 26.4 26.2 1.396 0449 0.825 0.976
Lean meat percentage, % 52.7b 54.8ab 55.6 &* 54.5 54.2 1.138 0.041 0.719 0.162
LM area, mm? 5188 4939 4858 5007 4983 268.9 0445 0912 0.798

PC = positive control; NC1 = negative control 1; NC2 = negative control 2; MCPC = multi-carbohydrase and
phytase complex. *® means within a row with no common letters differ at p < 0.05 or p < 0.01. * p < 0.05 and
**p < 0.01 compared with PC. n = 12 pigs/treatment.

4. Discussion

There is growing interest in minimizing the cost of dietary formulation by using
particular feed by-products supplemented with exogenous enzymes, targeting main antin-
utrients (phytic acid and NSP) in monogastric animals. Studies performed on poultry have
suggested that the use of enzyme complexes containing various carbohydrase and phytase
activities would allow for the reduction of dietary metabolizable energy and amino acid lev-
els while maintaining optimum growth performance [16,19]. However, few study reports
are available on the responses of growing—finishing pigs to the supplementation of enzyme
complexes in diets with different nutritional levels. In the present study, the lower final
body weight of pigs fed the NC2 diet than fed the NC1 and PC diets indicated the adverse
effect of reduced nutrient levels on the growth rate of growing—finishing pigs, although
they were fed ad-libitum. The higher feed intake of pigs fed NC1 and NC2 diets than fed
PC diets during every experimental period suggested that pigs might meet their energy
needs by adjusting feed intake. These things considered, the current study found that pigs
fed NCI and NC2 diets exhibited lower nutrient digestibility. In totality, the reasons may
further explain the higher feed-gain ratio of pigs fed NC1 and NC2 diets than fed PC diets
during every experimental period. In addition, we found that reduced nutrient levels did
not affect NE:G. The marked increase in both growth rate and feed efficiency observed
in the 25-50 kg period might be explained by the fact that young pigs are more sensitive
to the antinutritional effect of NSP or phytate due to their relatively immature digestive
physiology. Indeed, improved performance following enzyme-complex addition in weaned
pigs [20,21], whereas inconsistent results have been obtained in growing—finishing pigs
following dietary supplementation with enzyme complex [22]. Otherwise, in this study,
we found that NE:G decreased when MCPC was added at the 25-50 kg stage. MCPC is
beneficial to pigs who consume less energy per unit of weight gain.

NSP are the main components of the cell walls of plant feeds, including corn, soya,
and cereal grains such as wheat and barley. The antinutritional effect of NSP is, on the
one hand, ascribed to the viscosity of soluble NSP such as arabinoxylans and, on the other
hand, associated with the physical encapsulation of NSP, thereby preventing the release of
intracellular nutrients, including proteins and starch. In addition, phytate, also known as
an antinutrient in monogastric animals, was increased by 11% to 21%, respectively, in NC1
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and NC2 diets in comparison with the PC diet. The significant reduction in AID of GE, CP,
and AA observed in the present study in animals fed NC1 and NC2 diets probably reflect
the antinutritional effects of arabinoxylans and phytate on the digestive process. Indeed, it
has been documented that arabinoxylans decreased the digestibility of energy and amino
acids in pigs [23], while phytate affected the digestibility of minerals and amino acids and
the bioavailability of energy in both poultry and pigs [24,25]. In the present study, the multi-
enzyme supplementation showed a potent role in improving AID of AA, particularly Lys,
Leu, Val, Phe, Gly, and Pro, and ATTD of GE and CP. The increased digestibility of energy
and AA partly explained the improved growth performance of pigs, which agreed well
with the previous studies in weaned piglets [20,21] and growing—finishing pigs [12,13,22].
Similarly, studies in broilers also reported that optimal growth performance was obtained
by using enzyme complexes containing carbohydrase and phytase activities in diets at low
metabolizable energy and AA levels [17,19,23]. The improved energy and AA digestibility
could be explained by the fact that xylanase, beta-glucanase, and arabinofuranosidase
could destroy plant cell wall structure and thus facilitate the release and subsequent
digestion of intracellular proteins and starch by endogenous enzymes [26]. In addition, a
previous study has shown that exogenous enzymes reduce the loss of endogenous nitrogen,
which may partly explain the higher protein/amino acids digestibility of pigs fed MCPC
supplemental diets [27]. In addition, the growth rate of weaned pigs was not affected
by the single addition of xylanase [24]. These results might suggest the synergistic effect
of beta-glucanase and/or debranching enzyme (arabinofuranosidase) with xylanase in
facilitating the release of intracellular nutrients. Otherwise, according to diet formulation
and analysis, we found that measured ileal digestibility values are lower and more different
among treatments than expected. This may be related to the difference in feed materials,
sample collection and index measurement, and significant diet x MCPC interaction was
observed on ADF and NDF in this study. The dietary composition had different effects on
the effect of exogenous enzymes [28].

Phytate is another antinutritional factor commonly existing in feedstuffs. Phytate, as
the primary storage form of P, accounts for 65-80% of the total P in cereal grains [1], and
more than 60% of P in corn is also present in the form of phytate [2]. Phytate not only
hinders the digestion of P but also binds proteins and other minerals such as Ca and Zn,
thereby reducing nutrient digestibility and growth performance [7,8]. In the present study,
the designed STTD P and total Ca levels in both NC1 and NC2 diets were reduced similarly
by 0.080% and 0.071% units, respectively, compared with the PC diets. However, diets
showed no significant effect on bone strength, the content of Ca, P, and ash in bone, and
apparent ileal or total-tract digestibility of Ca and P. This might be explained by two aspects.
Firstly, the designed difference in Ca and digestible P levels between diets may not be larger
enough to cause a significant difference in the digestibility of Ca and P and their retention in
bones. Secondly, the difference in the actual content of Ca and digestible P between diets, as
reflected by the analyzed values, was not as large as that indicated by the designed levels. In
support of this, among the three basal diets without enzyme supplementation, numerically
higher AID coefficients of Ca and P were observed in the NC1 and NC2 diets compared
with the PC diet (Supplemental Figure S2). Moreover, enzyme supplementation did show
a significant effect on improving apparent ileal and/or total-tract digestibility coefficients
of Ca and P and their retention in bones. In agreement with our results, many studies have
shown that phytase can effectively increase Ca and P digestion and utilization [11,29,30]
and thus make it feasible to lower the inclusion levels of Ca and P in diets [31,32]. Given
that multi-carbohydrase and phytase were supplemented in our experimental diets in
combination, it is possible that the enhanced phytate degradation has also contributed to
the improvement of energy and AA digestibility. Indeed, a cocktail of carbohydrases and
phytases was reported to significantly increase ATTD of gross energy, P, and Ca in corn
or wheat-based diets for weanling and growing—finishing pigs [12]. Such improvement,
especially in P and nitrogen digestibility, could be an interesting approach to reducing N
and P excretion, thereby supporting sustainable swine production.



Animals 2023, 13, 1557

12 of 14

Furthermore, in the present study, compared with the PC diet, the lower carcass
weight and higher lean meat percentage were observed in NC2 rather than in the NC1
diet. Considering that NC1 and NC2 diets had the same magnitude reduction of Ca and
digestible I’ compared with the PC diet, the NE and digestible amino acid levels were
different between NC1 and NC2. Shelton et al. studied a tendency (p = 0.100) towards a
decrease in final body weight, hot carcass weight, and lean carcass weight in pigs fed the
low Ca and P diet, whereas these responses could be reversed by dietary supplementation
with phytase. Thus, the difference in the magnitude of Ca (0.080% vs. 0.100%) and P
(0.071% vs. 0.100%) reduction might explain the discrepancy in the responses of carcass
traits between present and previous studies [33]. Furthermore, Kerr et al. found that dietary
crude protein and NE failed to interact on any carcass variable measured [34]. In this study,
the difference between the average final BW and average slaughter BW (the average final
BW and the average slaughter were 1.9 kg and 4.7 kg difference between extreme values
PC vs. NC2, respectively. Thus, the effect of diet on carcass weight may be related to
slaughter selection.

5. Conclusions

The MCPC (xylanase, beta-glucanase, arabinofuranosidase, and phytase) had a potent
role in improving energy, AA, Ca, and P digestibility in growing pigs regardless of dietary
nutrient levels, thus increasing the deposition of Ca and P in bone and improving the
growth rate and feed efficiency of growing pigs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani13091557/s1, Table S1: Ingredients and compositions of diets
for 7-11 kg and 11-25 kg piglets; Table S2: The diets of descriptions. Figure S1: Effects of supplemental
multi-enzyme (MCPC) in diets differing in nutritional levels on apparent ileal digestibility (AID)
coefficients of Ca and P of growing—finishing pigs; Figure S2: Effects of supplemental multi-enzyme
(MCPC) in diets differing in nutritional levels on apparent total-tract digestibility (ATTD) coefficients
of neutral detergent fiber (NDF) and acid detergent fiber (ADF) of growing—finishing pigs.

Author Contributions: Conceptualization: Z.F, M.]., A.P. and D.W.; Methodology: F.C., L.Y,,L.Z,,
Y.Z., X.J. and L.H.; Formal analysis: EC., M.]., Y.Z., X.J., L H. and Z.F,; Investigation: F.C., EW. and
R.Z.; Data Curation: EC., S.X,, Y.L, L.C,, B.F. and Z.F,; Writing—original draft: F.C.; Wring—review &
editing: EC., D.W.,, M.].,, A.P. and Z.EF,; Supervision: Z.F. Project administration: Z.F.,, M.]. and A.P. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge the financial support from Adisseo France
S.A.S. and from the Science & Technology Support Program of Sichuan Province (grant number
2021YFYZ0030).

Institutional Review Board Statement: The protocol of this study was approved by the Animal
Care and Use Committee of Animal Nutrition Institute, Sichuan Agricultural University (China)
(520174302), and was carried out in accordance with the National Research Council’s Guide for the
Care and Use of Laboratory Animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: None of the data were deposited in an official repository. Data that
support the present study are available upon request.

Conflicts of Interest: All the authors have read and approved the final submitted manuscript.
The authors confirm that there is no conflict of interest to declare for any of the co-authors of
this manuscript.


https://www.mdpi.com/article/10.3390/ani13091557/s1
https://www.mdpi.com/article/10.3390/ani13091557/s1

Animals 2023, 13, 1557 13 of 14

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.

21.

22.

23.

24.

Hadi Alkarawi, H.; Zotz, G. Phytic acid in green leaves. Plant Biol. 2014, 16, 697-701. [CrossRef] [PubMed]

Li, S.F; Niu, Y.B,; Liu, J.S,; Lu, L.; Zhang, L.Y.; Ran, C.Y,; Feng, M.S.; Du, B.; Deng, J.L.; Luo, X.G. Energy, amino acid, and
phosphorus digestibility of phytase transgenic corn for growing pigsl. J. Anim. Sci. 2012, 91, 298-308. [CrossRef] [PubMed]
Ndou, S;; Kiarie, E.; Agyekum, A.; Heo, J.; Romero, L.; Arent, S.; Lorentsen, R.; Nyachoti, C. Comparative efficacy of xylanases
on growth performance and digestibility in growing pigs fed wheat and wheat bran- or corn and corn DDGS-based diets
supplemented with phytase. Anim. Feed. Sci. Technol. 2015, 209, 230-239. [CrossRef]

Diebold, G.; Mosenthin, R.; Piepho, H.-P.; Sauer, W.C. Effect of supplementation of xylanase and phospholipase to a wheat-based
diet for weanling pigs on nutrient digestibility and concentrations of microbial metabolites in ileal digesta and fecesl. ]. Anim. Sci.
2004, 82, 2647-2656. [CrossRef]

Recharla, N.; Kim, D.; Ramani, S.; Song, M.; Park, J.; Balasubramanian, B.; Puligundla, P,; Park, S. Dietary multi-enzyme complex
improves In Vitro nutrient digestibility and hind gut microbial fermentation of pigs. PLoS ONE 2019, 14, e0217459. [CrossRef]
Jerez-Bogota, K.; Sanchez, C.; Ibagon, J.; Jlali, M.; Cozannet, P.; Preynat, A.; Woyengo, T.A. Growth performance and nutrient
digestibility of growing and finishing pigs fed multi-enzyme-supplemented low-energy and -amino acid diets. Transl. Anim. Sci.
2020, 4, 602-615. [CrossRef]

Bedford, M.R. Exogenous enzymes in monogastric nutrition—Their current value and future benefits. Anim. Feed. Sci. Technol.
2000, 86, 13. [CrossRef]

Cowieson, A.; Acamovic, T.; Bedford, M. The effects of phytase and phytic acid on the loss of endogenous amino acids and
minerals from broiler chickens. Br. Poult. Sci. 2004, 45, 101-108. [CrossRef]

Rutkowski, A.; Kaczmarek, S.; Szczyrkowska, A.; Jozefiak, D. The effect of particle size of full-fat rapeseed and of multi-
carbohydrase enzyme supplementation on nutrient digestibility and performance in broilers. J. Anim. Feed. Sci. 2012, 21, 324-333.
[CrossRef]

Centeno, C.; Viveros, A.; Brenes, A.; Canales, R.; Lozano, A.; de la Cuadra, C. Effect of Several Germination Conditions on Total P,
Phytate P, Phytase, and Acid Phosphatase Activities and Inositol Phosphate Esters in Rye and Barley. J. Agric. Food Chem. 2001, 49,
3208-3215. [CrossRef]

Dersjant-Li, Y.; Awati, A.; Schulze, H.; Partridge, G. Phytase in non-ruminant animal nutrition: A critical review on phytase
activities in the gastrointestinal tract and influencing factors. J. Sci. Food Agric. 2014, 95, 878-896. [CrossRef]

Olukosi, O.A.; Sands, ].S.; Adeola, O. Supplementation of carbohydrases or phytase individually or in combination to diets for
weanling and growing-finishing pigs1. J. Anim. Sci. 2007, 85, 1702-1711. [CrossRef] [PubMed]

Zeng, Z.; Li, Q.; Tian, Q.; Xu, Y.; Piao, X. The combination of carbohydrases and phytase to improve nutritional value and
non-starch polysaccharides degradation for growing pigs fed diets with or without wheat bran. Anim. Feed. Sci. Technol. 2018,
235,138-146. [CrossRef]

Zijlstra, R.; Owusu-Asiedu, A.; Simmins, P. Future of NSP-degrading enzymes to improve nutrient utilization of co-products and
gut health in pigs. Livest. Sci. 2010, 134, 255-257. [CrossRef]

Jozefiak, D.; Ptak, A.; Kaczmarek, S.; Mackowiak, P.; Sassek, M.; Slominski, B.A. Multi-carbohydrase and phytase supplementation
improves growth performance and liver insulin receptor sensitivity in broiler chickens fed diets containing full-fat rapeseed.
Poult. Sci. 2010, 89, 1939-1946. [CrossRef]

Cowieson, A.J.; Acamovic, T.; Bedford, M.R. Phytic Acid and Phytase: Implications for Protein Utilization by Poultry. Poult. Sci.
2006, 85, 878-885. [CrossRef]

Francesch, M.; Geraert, P.A. Enzyme complex containing carbohydrases and phytase improves growth performance and bone
mineralization of broilers fed reduced nutrient corn-soybean-based diets. Poult. Sci. 2009, 88, 1915-1924. [CrossRef] [PubMed]
AOAC. Official Methods of Analysis, 17th ed.; Association of Official Analytical Chemists: Gaithersburg, MD, USA, 2000.

Jlali, M.; Cozannet, P; Alleno, C.; Preynat, A. Evaluation of a multicarbohydrase and phytase complex in reduced energy, amino
acids, available phosphorus and calcium diets fed to broilers. Livest. Sci. 2020, 241, 104227. [CrossRef]

Shim, Y.H.; Chae, B.J.; Lee, ].H. Effects of Phytase and Enzyme Complex Supplementation to Diets with Different Nutrient
Levels on Growth Performance and Ileal Nutrient Digestibility of Weaned Pigs. Asian-Australas. J. Anim. Sci. 2004, 17, 523-532.
[CrossRef]

Lu, H,; Preynat, A.; Legrand-Defretin, V.; Geraert, P.; Adeola, O.; Ajuwon, K. Effects of dietary supplementation of exogenous
multi-enzyme mixture containing carbohydrases and phytase on growth performance, energy and nutrient digestibility, and
selected mucosal gene expression in the small intestine of weanling pigs fed nutrient deficient diets. Can. J. Anim. Sci. 2016, 96,
243-251.

Jo,J.K,; Ingale, S.L.; Kim, ].S.; Kim, Y.W.; Kim, K.H.; Lohakare, ].D.; Lee, ]. H.; Chae, B.]. Effects of exogenous enzyme supplemen-
tation to corn- and soybean meal-based or complex diets on growth performance, nutrient digestibility, and blood metabolites in
growing pigsl. J. Anim. Sci. 2012, 90, 3041-3048. [CrossRef]

Sun, H.; Cozannet, P; Ma, R.; Zhang, L.; Huang, Y.K.; Preynat, A.; Sun, L.H. Effect of concentration of arabinoxylans and a
carbohydrase mixture on energy, amino acids and nutrients total tract and ileal digestibility in wheat and wheat by-product-based
diet for pigs. Anim. Feed. Sci. Technol. 2020, 262, 114380. [CrossRef]

Selle, P.H.; Cowieson, A.]J.; Cowieson, N.P; Ravindran, V. Protein-phytate interactions in pig and poultry nutrition: A reappraisal.
Nutr. Res. Rev. 2012, 25, 1-17. [CrossRef]


https://doi.org/10.1111/plb.12136
https://www.ncbi.nlm.nih.gov/pubmed/24341824
https://doi.org/10.2527/jas.2012-5211
https://www.ncbi.nlm.nih.gov/pubmed/23100575
https://doi.org/10.1016/j.anifeedsci.2015.08.011
https://doi.org/10.2527/2004.8292647x
https://doi.org/10.1371/journal.pone.0217459
https://doi.org/10.1093/tas/txaa040
https://doi.org/10.1016/S0377-8401(00)00155-3
https://doi.org/10.1080/00071660410001668923
https://doi.org/10.22358/jafs/66082/2012
https://doi.org/10.1021/jf010023c
https://doi.org/10.1002/jsfa.6998
https://doi.org/10.2527/jas.2006-709
https://www.ncbi.nlm.nih.gov/pubmed/17371787
https://doi.org/10.1016/j.anifeedsci.2017.11.009
https://doi.org/10.1016/j.livsci.2010.07.017
https://doi.org/10.3382/ps.2010-00694
https://doi.org/10.1093/ps/85.5.878
https://doi.org/10.3382/ps.2009-00073
https://www.ncbi.nlm.nih.gov/pubmed/19687277
https://doi.org/10.1016/j.livsci.2020.104227
https://doi.org/10.5713/ajas.2004.523
https://doi.org/10.2527/jas.2010-3430
https://doi.org/10.1016/j.anifeedsci.2019.114380
https://doi.org/10.1017/S0954422411000151

Animals 2023, 13, 1557 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Liao, S.F; Kies, A.K,; Sauer, W.C.; Zhang, Y.C.; Cervantes, M.; He, ].M. Effect of phytase supplementation to a low- and a
high-phytate diet for growing pigs on the digestibilities of crude protein, amino acids, and energy. J. Anim. Sci. 2005, 83,
2130-2136. [CrossRef] [PubMed]

Mendis, M.; Simsek, S. Production of structurally diverse wheat arabinoxylan hydrolyzates using combinations of xylanase and
arabinofuranosidase. Carbohydr. Polym. 2015, 132, 452-459. [CrossRef] [PubMed]

Nyachoti, C.M.; De Lange, C.EM.; McBride, B.W.; Schulze, H. Significance of endogenous gut nitrogen losses in the nutrition of
growing pigs: A review. Can. J. Anim. Sci. 1997, 77, 149-163. [CrossRef]

Lei, X; Liu, G.; Ru, Y,; Wang, Y.; Nian, F. Effect of Different Bioassay Methods and Exogenous Complex Enzymes on Available
Energy of Different Corns in Broilers. J. Chin. Cereals Oils Assoc. 2015, 30, 122-127, 133.

Jiang, X.R.; Luo, EH.; Qu, M.R.; Bontempo, V.; Wu, S.G.; Zhang, H.].; Yue, H.Y.; Qi, G.H. Effects of non-phytate phosphorus levels
and phytase sources on growth performance, serum biochemical and tibia parameters of broiler chickens. Ifal. J. Anim. Sci. 2013,
12, 375-381. [CrossRef]

Yang, J.-C.; Wang, L.; Huang, Y.-K.; Zhang, L.; Ma, R.; Gao, S.; Hu, C.-M.; Maamer, J.; Pierre, C.; Preynat, A.; et al. Effect of a
Multi-Carbohydrase and Phytase Complex on the Ileal and Total Tract Digestibility of Nutrients in Cannulated Growing Pigs.
Animals 2020, 10, 1434. [CrossRef]

Zeng, Z.K.; Wang, D.; Piao, X.S.; Li, P.F; Zhang, H.Y.; Shi, C.X,; Yu, S.K. Effects of Adding Super Dose Phytase to the Phosphorus-
deficient Diets of Young Pigs on Growth Performance, Bone Quality, Minerals and Amino Acids Digestibilities. Asian-Australasian
J. Anim. Sci. 2014, 27, 237-246. [CrossRef]

De Faria, H.G.; Thomaz, M.C.; dos Santos Ruiz, U.; Robles-Huaynate, R.A.; Watanabe, PH.; De Melo GM, P.; Da Silva, S.Z. Effects
of phytase on pig diets digestibilities, bone mineral deposition, performance and manure production. Semin.-Cienc. Agrar. 2015,
36, 4519-4529. [CrossRef]

Shelton, J.L.; Southern, L.L.; Lemieux, EM.; Bidner, T.D.; Page, T.G. Effects of microbial phytase, low calcium and phosphorus,
and removing the dietary trace mineral premix on carcass traits, pork quality, plasma metabolites, and tissue mineral content in
growing-finishing pigs. J. Anim. Sci. 2004, 82, 2630-2639. [CrossRef] [PubMed]

Kerr, B.J.; Southern, L.L.; Bidner, T.D.; Friesen, K.G.; Easter, R.A. Influence of dietary protein level, amino acid supplementation,
and dietary energy levels on growing-finishing pig performance and carcass compositionl. J. Anim. Sci. 2003, 81, 3075-3087.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2527/2005.8392130x
https://www.ncbi.nlm.nih.gov/pubmed/16100068
https://doi.org/10.1016/j.carbpol.2015.05.083
https://www.ncbi.nlm.nih.gov/pubmed/26256370
https://doi.org/10.4141/A96-044
https://doi.org/10.4081/ijas.2013.e60
https://doi.org/10.3390/ani10081434
https://doi.org/10.5713/ajas.2013.13370
https://doi.org/10.5433/1679-0359.2015v36n6Supl2p4519
https://doi.org/10.2527/2004.8292630x
https://www.ncbi.nlm.nih.gov/pubmed/15446480
https://doi.org/10.2527/2003.81123075x
https://www.ncbi.nlm.nih.gov/pubmed/14677864

	Introduction 
	Materials and Methods 
	Experimental Design 
	Experimental Diets 
	Animal Management 
	Sample Preparation and Analysis 
	Statistical Analysis 

	Results 
	Growth Performance 
	Bone Strength and Mineralization 
	Digestibility Coefficients 
	Carcass Traits 

	Discussion 
	Conclusions 
	References

