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combination of protease and
multi-strain Bacillus-based
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Health (International Flavors & Fragrances (IFF)), Oegstgeest, Netherlands, 5Department of Animal
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Energy and nutrient availability in corn DDGS for pigs is partly limited by complex

interactions between fiber and protein of the corn DDGS. Supplemental direct

fed microbials (DFM) and protease can potentially improve energy and nutrient

availability in corn DDGS-based diets for pigs. This study determined the effects

of supplementing a corn DDGS-soybean meal (SBM)-based diet with a

combination of protease and Bacillus-based DFMs on the growth performance

and apparent total tract digestibility (ATTD) of nutrients in pigs. Eighty pigs (initial

BW = 29.2 kg) housed in 20 pens were fed two diets (10 pens per diet), which

were a corn DDGS-SBM-based diet without or with a combination of Bacillus

subtilis protease at 5,000 U/kg and three-strain Bacillus-based DFMs at 1.5 × 105

CFU/g. The basal diet contained phytase at 750 FTU/kg and was formulated to

meet the nutrient recommendations for grower–finisher pigs except for NE, Ca,

and P contents, which were lower than the recommendations by 0.209 MJ/kg,

0.9 g/kg, and 0.9 g/kg, respectively. The diets were fed in three phases based on

BW: phase 1 from 30 to 55 kg, phase 2 from 55 to 75 kg, and phase 3 from 75 to

100 kg. Growth performance was determined by phase, whereas the ATTD of

nutrients was determined at the end of phase 1. Protease and DFM

supplementation increased (P < 0.05) the ATTD of gross energy, nitrogen, and

P by 8.0%, 10.3%, and 15.5%, respectively, but did not affect BW gain and feed

intake. In conclusion, adding protease and DFMs to the corn-DDGS-SBM-based
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diet increased nutrient digestibility but did not affect the growth performance of

pigs, implying that the basal diet was not deficient in energy. Thus, basal diets

with appropriate low energy values should be developed to optimize the

utilization of protease and DFMs in diets for pigs.
KEYWORDS

apparent total tract digestibility, Bacillus subtilis protease, direct-fed microbial, feed
additive, fattening pigs
1 Introduction

Bacillus strains are beneficial bacteria that can be used as direct-

fed microbials (DFMs) in pig diets. By producing a variety of

enzymes (such as phytase and fiber-degrading enzymes),

promoting a balanced gut microbiome, and enhancing the

population of microorganisms capable of degrading fiber, Bacillus

strains can improve digestion and nutrient absorption, leading to

better overall health and performance (Kabir, 2009). Additionally,

they can help mitigate the emission of harmful environmental gases

(Prenafeta-Boldú et al., 2017). Considering that different Bacillus

strains vary in their enzyme production profiles, a combination of

multiple strains may have greater potential to increase digestibility

compared to individual strains (Cai et al., 2015; Augspurger et al.,

2016; Jaworski et al., 2017; Lewton et al., 2021). This synergistic

effect could arise from the complementary enzymatic activities of

different strains, potentially addressing a broader range of dietary

components. On the other hand, dietary supplementation with

exogenous protease has been shown to improve growth rate and

nutrient digestibility (Pan et al., 2016; Yu et al., 2016, 2020), as well

as to increase intestinal fermentation capacity and transit time (Min

et al., 2019; Aranda-Aguirre et al., 2021). Recent efforts have

explored the potential complementary advantages of combining

Bacillus-based DFMs with exogenous protease in pig diets,

particularly those based on corn and soybean meal. Payling et al.

(2019) reported that protease and DFMs worked synergistically to

degrade fiber–protein complexes in soybean meal-based digesta.

They proposed that protease hydrolyzes proteins, thereby

enhancing access to fiber substrates for enzymes secreted by

DFMs, indicating a complementary mode of action. Prior study

demonstrated that incorporating Bacillus-based DFMs and protease

into the diet of growing pigs resulted in synergistic improvements in

the apparent total tract digestibility (ATTD) of nitrogen and energy

(Payling et al., 2017).

Distillers’ dried grains with soluble (DDGS), a co-product from

the ethanol industry, is rich in amino acids, phosphorus, and other

essential nutrients (NRC, 2012), making it a sustainable and cost-

effective option for incorporation into the diets of livestock animals

(Reddy et al., 2021). However, DDGS (compared with soybean

meal) has a lower availability of nutrients for pigs (NRC, 2012). The

lower nutrient availability in DDGS has been suggested to be due to
02
the formation of complexes between fiber, protein, and other

components of DDGS that are poorly digested by pigs (Jha et al.,

2015). Thus, the supplementation of DDGS-based diets with a

combination of protease and Bacillus-based DFMs can potentially

be effective in improving nutrient availability in DDGS for pigs.

However, information is lacking on the effect of supplementing

DDGS-based diets for pigs with a combination of protease and

Bacillus-based DFMs. We hypothesized that this supplementation

of DDGS-based diets with a combination of protease and Bacillus-

based DFMs would improve growth performance and nutrient

digestibility in growing pigs. Therefore, the present study aimed

to evaluate the effects of supplementing corn DDGS-soybean meal-

based diet for growing–finishing pigs with a combination of

protease and Bacillus-based DFMs on growth rate, feed intake,

feed efficiency, and ATTD of energy and nutrients.
2 Materials and methods

All experimental procedures involving animals were reviewed

and approved by the Institutional Animal Care and Use Committee

at South Dakota State University (Protocol #15-083E).
2.1 Experimental animals and housing

A total of 80 pigs (40 barrows and 40 gilts; initial BW = 29.2 kg;

Large White-Landrace female × Large White-Hampshire male; Pig

Improvement Company, Hendersonville, Tennessee, USA) were

used in this study. The pigs were obtained in two batches of 40 pigs

each from a commercial farm. Pigs in each batch were individually

weighed and placed in 10 pens of either four barrows or four gilts

balanced for body weight. The pens were in two different rooms.

The first room accommodated four pens (2.3 × 1.8 m) featuring a

fully slatted concrete floor along with a single-space dry feeder and a

nipple drinker. The second room housed six pens (4.88 × 1.2 m)

equipped with a half-slated concrete floor, double-space dry feeders,

and nipple drinkers. The temperature in each room was consistently

maintained at 22°C throughout the study period, while continuous

lighting was provided for 24 h without a dark period. The rooms

were ventilated through negative pressure.
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2.2 Experimental diets, design,
and procedure

Two diets were fed. The diets were a corn DDGS-soybean meal-

based diet (Table 1) without or with a combination of Bacillus

subtilis protease at 5,000 U/kg and a three-strain Bacillus-based

DFMs incorporating two strains of B. amyloliquefaciens and one

strain of B. subtilis at 1.5 × 105 CFU/g (Danisco Animal Nutrition &

Health, IFF, The Netherlands). The basal diets containing phytase

(Axtra® PHY; Danisco Animal Nutrition & Health, IFF, The

Netherlands) at 750 FTU/kg were formulated according to the

NRC (2012) nutrient recommendations for grower–finisher pigs

except for net energy (NE), Ca, and standardized total tract

digestible P contents, which were slightly lower than the

recommendations by 0.209 MJ/kg, 0.9 g/kg, and 0.9 g/kg,

respectively (Table 2). The basal diet was formulated to be lower

in NE value than the recommended value because supplementation

of the combination of protease and DFMs was expected to increase

the digestibility of energy-generating components of the diets and,

hence, the NE value of the diet. The basal diet was also formulated

to be lower in Ca and standardized total tract digestible P contents

than the recommended values because the basal diet contained

phytase. Diets were fed in three phases based on BW: phase 1 from

30 to 55 kg, phase 2 from 55 to 75 kg, and phase 3 from 75 to 100 kg.

The diets did not contain antimicrobial agents and pharmacological

levels of Zn and Cu. Pens of pigs were randomly allocated to the two
Frontiers in Animal Science 03
dietary treatments within batch, sex, and room, for a total of five

pens per dietary treatment per sex and, hence, 10 pens per diet for

the study.

During the experimental period, diet were offered to the pigs ad

libitum and pigs had unlimited access to water. Feed intake and

individual body weight were monitored biweekly throughout the

experimental period with the calculation of average daily gain

(ADG), average daily feed intake (ADFI), and feed efficiency (G:

F) by phase. To measure ATTD, titanium dioxide was added to the

diets at a rate of 0.4% as an indigestible marker and fed during the

last 7 days of phase 1 of feeding (days 21 to 28 of the experiment). A

minimum of 100 g of fresh and clean fecal samples were collected

from the floor of pens on days 26 and 27 of the study into plastic

bags and stored at −20°C for subsequent analysis.
2.3 Sample processing and analysis

Fecal samples from each pen were thawed, pooled, and

homogenized. A 100-g subsample of homogenized feces for each

pen was then lyophilized at −40°C and 0.05 mbar for 24 h. Feed and

lyophilized fecal samples were ground in a centrifugal mill (Retsch

model ZMII; Brinkman Instruments, Rexdale, ON, Canada) to pass
TABLE 1 Ingredients of experimental diets (g/kg as-fed basis).

Ingredient
Phase 1
(25–55 kg)

Phase 2
(55–75 kg)

Phase 3
(75–100 kg)

Corn 629 648 675

Soybean meal, 48%
crude protein

129 98 55

Soybean hulls 12 29 47

Corn DDGS, 7% fat 150 150 150

Wheat middling,
15.8% crude protein

50 50 50

Limestone 13 11 9

Dicalcium phosphate 1 0.0 0.0

DL-Met,
99% methionine 0.47 0.15 0.0

Lys. HCl, 78% lysine 6 5 5

L-threonine,
98% threonine

2 1 1

Salt 5 5 5

Vitamin premix1 1 1 1

Mineral premix2 2 2 2
1Provided the following per kilogram of diet: 2,226 IU of vitamin A, 340 IU of vitamin D3, 11.3
IU of vitamin E, 0.01 mg of vitamin B12, 0.91 mg of menadione, 2.04 mg of riboflavin, 12.5 mg
of pantothenic acid, 11.3 mg of niacin, 0.23 mg of folic acid, 0.68 mg of pyridoxine, 0.68 mg of
thiamine, and 0.04 mg of biotin.
2Provided the following per kilogram of diet: 75 mg of Zn as ZnSO4, 75 mg of Fe as FeSO4, 7
mg of Cu as CuSO4, and 20 mg of Mn as MnSO4.
TABLE 2 Composition of experimental diets (as-fed basis).

Item Phase 1
(25–55 kg)

Phase 2
(55–75 kg)

Phase 3
(75–100 kg)

Calculated nutrient content in the diet

DE, MJ/kg 14.05 13.98 13.87

ME, MJ/kg 13.60 13.56 13.50

NE, MJ/kg 10.15 10.15 10.15

CP, g/kg 171.6 158.0 141.1

NDF, g/kg 138.1 147.2 157.1

Ca, g/kg 5.7 5.0 4.3

Total P, g/kg 4.1 3.8 3.6

Available P, g/kg 1.9 1.8 1.7

SID AA, g/kg

Lys 10.5 9.0 7.6

Met 3.0 2.5 2.2

Thr 6.3 5.5 4.8

Trp 1.8 1.6 1.3

Analyzed nutrient content in the diet

CP, g/kg 171.0 – –

NDF, g/kg 131.2 – –

Ca, g/kg 6.0 – –

Total P, g/kg 4.1 – –
DE, digestible energy; ME, metabolizable energy; NE, net energy; CP, crude protein; NDF,
neutral detergent fiber; SID AA, standardized ileal digestible amino acids; Lys, lysine; Met,
methionine; Thr, threonine; Trp, tryptophan.
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through a 0.75-mm sieve. Feed and fecal samples were subjected to

analysis for dry matter (DM), gross energy (GE), nitrogen (N),

neutral detergent fiber (NDF), acid detergent fiber (ADF), ether

extract (EE), Ca, P, and titanium dioxide content. The

determination of DM followed the protocol outlined by the

AOAC (1990). Gross energy was quantified using an adiabatic

bomb calorimeter (model AC600, Leco, St. Joseph, MI, USA).

Nitrogen content was assessed using the method 984.13A-D,

while EE was analyzed according to the method 920.39A. The

NDF and ADF were determined based on the methodology by

Holst (1973) and AOAC (2006), respectively. Calcium and P

analyses involved ashing and digestion following the AOAC

(1990) procedures, with measurement conducted using

inductively coupled plasma mass spectrometry (Varian Inc., Palo

Alto, CA, USA). Titanium dioxide content was determined through

spectrophotometry (model Spectra MAX 190, Molecular Devices,

Sunnyvale, CA, USA) at 408 nm after ashing at 525°C for 10 h

(Myers et al., 2004).
2.4 Statistical analysis

Data were analyzed using ANOVA with the PROC MIXED

procedure of SAS (SAS Institute Inc., Cary, NC, USA). Before

ANOVA, the normal distribution of the data was evaluated using

the UNIVARIATE procedure of SAS. Growth performance

parameters for each phase were analyzed using a model that

included batch, room, diet, sex, and diet × sex interaction as fixed

effects, whereas the nutrient digestibility data were analyzed using a
Frontiers in Animal Science 04
model with fixed effects of batch, room, and diet. For the entire

study period, the fixed effects of batch, room, and diet were included

in the model, while sex was considered a block effect. Initial BW was

incorporated as a covariate factor for ADG, ADFI, and G:F, and

each pen was considered as the experimental unit. Means were

separated by the probability of difference. Hypotheses were tested at

a significance level of P ≤0.05. Additionally, trends (0.05 < P ≤ 0.10)

were reported where applicable.
3 Results

The analyzed values of CP, NDF, Ca, and P for the phase 1 basal

diet were close to the calculated values of the same diet (Table 2).

The results of the growth performance are presented in Table 3.

The main effects of the diet on ADG, ADFI, and G:F were not

significant (P > 0.05). During phase 2, barrows showed a greater

ADG (P = 0.051) compared to gilts. Moreover, higher ADFI was

observed for barrows than for gilts during both phase 2 (P = 0.009)

and phase 3 (P < 0.038) of feeding. No interaction was detected

between diet and sex for any of the performance parameters.

Additionally, the overall performance of the pigs was not affected

by the dietary treatment (Figure 1).

Figure 2 shows the results of ATTD of energy and nutrients.

Supplementing basal diet with a combination of protease and

Bacillus-based DFMs resulted in an improvement (P < 0.05) in

the ATTD of DM, GE, nitrogen, and EE. Moreover, pigs fed the diet

supplemented with a combination of B. subtilis protease and multi-

strain Bacillus-based DFMs had greater (P < 0.05) ATTD of NDF
TABLE 3 Effects of experimental diets on growth performance of pigs across all three dietary phases.

Item1

Experimental diet2

SEM3

P-values4

− Supplement + Supplement
D S D × S

Barrows Gilts Barrows Gilts

Phase 1 (25–55 kg)

ADG, kg 0.79 0.79 0.83 0.76 0.04 0.874 0.300 0.376

ADFI, kg 1.74 1.65 1.81 1.59 0.09 0.989 0.125 0.525

G:F 0.46 0.47 0.47 0.46 0.02 0.999 0.974 0.678

Phase 2 (55–75 kg)

ADG, kg 1.05 0.86 1.09 0.95 0.07 0.344 0.051 0.798

ADFI, kg 2.59 2.23 2.71 2.31 0.12 0.434 0.009 0.867

G:F 0.41 0.39 0.41 0.42 0.02 0.369 0.861 0.426

Phase 3 (75–100 kg)

ADG, kg 1.04 1.00 1.03 0.93 0.06 0.497 0.223 0.565

ADFI, kg 2.81 2.60 2.99 2.54 0.14 0.684 0.038 0.416

G:F 0.38 0.37 0.36 0.37 0.02 0.590 0.854 0.688
1ADG, average daily gain; ADFI, average daily feed intake; G:F, feed efficiency (gain to feed intake ratio); 2Corn-DDGS-soybean meal-based diet without (− Supplement) or with (+ Supplement) a
combination of Bacillus subtilis protease at 5,000 U/kg and three-strain Bacillus-based direct-fed microbials at 1.5 × 105 CFU/g; SEM, 3standard error of the mean; 4D, main effect of diet; S, main
effect of sex; D × S, interaction effect between diet and sex.
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and ADF than those fed the non-supplemented diet. Although

supplementation of protease and multi-strain Bacillus-based

DFMs did not significantly increase the ATTD of Ca, it increased

(P < 0.05) the ATTD of P.
4 Discussion

Although diets were formulated for three phases and

calculations were performed for all phases, chemical composition

analysis was conducted only for phase 1, which is the phase that is

typically the most critical and limiting for nutrient requirements

and performance impacts of growing–finishing pigs. The analyzed

nutrient composition of the basal diet for phase 1 closely matched

the calculated (expected) composition, providing confidence in our

diet formulation accuracy and ingredient quality.

In a prior study conducted by Kellner et al. (2021), it was noted

that dietary supplementation of a combination of protease and DFMs

(B. subtilis) significantly reduced mortality rates in wean-to-finish pigs,

with no significant effects on growth performance under commercial

conditions. In contrast, a meta-analysis of data from three studies

on growing pigs (~25 kg initial BW, fed for 42 days) indicated

that protease and multi-strain Bacillus-based DFMs, either

individually or in combination, enhanced the growth performance of

pigs (Payling et al., 2017). However, the variability among the

experimental diets used in these studies, including differing levels

of DDGS (0%, 5%, and 20%) and/or exogenous phytase, makes it

challenging to draw definitive conclusions regarding the supplement’s

overall effects. The growth performance responses of pigs to the

inclusion of a blend of exogenous enzymes in DDGS-containing

diets have also shown inconsistencies in previous studies. Li et al.

(2012) fed grower–finisher pigs with diets containing 10% or 15%
Frontiers in Animal Science 05
DDGS supplemented with a blend of exogenous enzymes, including

protease. They found that the multi-enzyme blend tended to

improve the growth performance in pigs fed diets with DDGS. In

contrast, other researchers indicated no significant effects of multi-

enzyme blends containing protease on the growth performance of

grower–finisher pigs fed diets containing 15% to 60% DDGS (Thacker,

2009; Jacela et al., 2010; Agyekum et al., 2012; Kerr et al., 2013).

The efficacy of feed additives in corn-soybean meal-DDGS-

based diets has been a subject of ongoing research. Kerr et al. (2013)

evaluated various commercial feed additives, including enzymes,

probiotics, and yeast, in soybean meal-DDGS-based diets, similar to

those used in our study. They found that these additives had

minimal impact on nutrient digestibility and no effect on growth

performance in both starter and finishing pigs when fed

nutritionally adequate diets containing 30% corn DDGS. In the

present study, although the NE, Ca, and P levels were slightly lower

than the NRC (2012) nutrient recommendations (0.209 MJ/kg, 0.9

g/kg, and 0.9 g/kg, for NE, Ca, and P, respectively), the growth

performance of the pigs was comparable to previous studies in

which growing–finishing pigs were fed diets formulated to meet or

exceed NRC recommendations (Yang et al., 2020). This indicates

that pigs may have some capacity to adapt to marginally deficient

diets without significant performance losses. However, the impact

of feed additives may be more pronounced in diets with greater

nutrient deficiencies or lower digestible ingredients. In a study

conducted by Emiola et al. (2009) on pigs from 36.5 to 55 kg

BW, soybean meal in a diet formulated to meet the NRC (1998)

nutrient recommendations was completely replaced with 30%

wheat DDGS. This substitution resulted in 4% and 5% reductions

in digestible energy and lysine, respectively, and led to lower daily

gain (76.2 vs. 90.5 g/day) and feed efficiency (0.33 vs. 0.39)

compared to pigs fed a soybean meal-based control diet. These
FIGURE 1

Effect of experimental diets on the overall average daily feed intake (ADFI), average daily gain (ADG), and feed efficiency (G: F) of pigs throughout the
experiment. The experimental diets were a corn DDGS-soybean meal-based diet without (− Supplement) or with (+ Supplement) a combination of
Bacillus subtilis protease at 5,000 U/kg and three-strain Bacillus-based direct-fed microbials at 1.5 × 105 CFU/g. No significant difference was
observed between treatments.
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authors observed significant improvements in growth performance

due to supplementation with a multi-enzyme preparation, which

was associated with improvements in nitrogen, energy, and ether

extract digestibility. Collectively, these findings indicate that the

effectiveness of feed additives in improving growth performance

through increased nutrient digestibility is contingent upon diet

composition and nutrient adequacy. In marginally deficient diets, as

in our study, benefits may be less apparent. Conversely, in diets with
Frontiers in Animal Science 06
more pronounced deficiencies or less digestible ingredients, the

positive effects of feed additives are likely to be more evident.

The main challenge associated with incorporating DDGS into

pig diets revolves around NSP, which can have a negative impact on

nutrient digestibility and availability. Although there is some

evidence indicating that feed additives such as exogenous

enzymes, DFMs, and yeast may have no effect or even a negative

impact on nutrient digestibility in pig diets containing DDGS
FIGURE 2

Effects of experimental diets on apparent total tract digestibility of dry matter (DM), gross energy (GE), nitrogen (N), ether extract (EE), neutral
detergent fiber (NDF), acid detergent fiber (ADF), calcium (Ca), and phosphorous (P) in phase 1. The experimental diets were corn DDGS-soybean
meal-based diet without (− Supplement) or with (+ Supplement) a combination of Bacillus subtilis protease at 5,000 U/kg and three-strain Bacillus-
based direct-fed microbials at 1.5 × 105 CFU/g. *significant differences between treatments at P <0.05; **significant differences between treatments
at P <0.01. NS, non-significant differences between treatments (P > 0.05).
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(Kerr et al., 2013), the general consensus in the literature indicates

that feed additives, particularly exogenous enzymes, enhance

nutrient digestibility in DDGS-inclusive diets for growing pigs

(Swiatkiewicz et al., 2016). In the present study, the blend of

DFMs and protease had a significant positive effect on nutrient

digestibility, with a 7% improvement in the ATTD of DM. This

higher DM digestibility was associated with increased ATTD of CP,

EE, NDF, ADF, and P by 11%, 15%, 33%, 28%, and 13%,

respectively. The higher CP, EE, and fiber digestibility led to 8%

greater GE digestibility compared to the non-supplemented group.

Our findings show more pronounced effects than previous studies.

For instance, Emiola et al. (2009) reported only a modest 1% to 2%

improvement in DM digestibility when supplementing DDGS diets

with multi-carbohydrase enzymes, though they observed

improvements in nitrogen (8.8%), EE (25%), and NDF (5.4%)

digestibility in growing pigs. Cai et al. (2015) found that multi-

strain Bacillus species-based DFMs had minimal effects on the

ATTD of DM and nitrogen in nursery pigs, without impacting

GE digestibility. Consistent with our results, Payling et al. (2017)

demonstrated that a combination of protease and Bacillus-based

DFMs has the potential to enhance nutrient digestibility more

effectively than either component alone, supporting the

synergistic approach observed in our study.

The increased ATTD of nitrogen along with higher fiber (NDF

and ADF) digestibility due to supplementation with the blend of

DFMs and protease is likely attributed to a complementary mode of

action where protease hydrolyzes proteins, providing increased access

to fiber substrates for the enzymes secreted by DFMs as well as

degrading the fiber–protein complexes and increase in protein

solubilization. This synergistic action may explain the more

pronounced improvements in nutrient digestibility observed in our

study compared to those using single additives. The results from

confocal laser scanning microscopy and scanning electron microscopy

indicated that a combination of protease and Bacillus-based DFMs

had a complementary effect in degrading the fiber–protein complexes

in the SBM-based digesta, but not in wheat and corn-based digesta

(Payling et al., 2019). This was supported by a significant increase in

protein solubilization with the additive combination compared to the

control, which is likely due to a complementary mode of action where

protease hydrolyzes proteins, providing increased access to fiber

substrates for the enzymes secreted by DFMs. Furthermore, the

enhanced fiber digestibility observed in our study could have

additional benefits beyond improved nutrient utilization. Increased

fiber fermentation in the hindgut can lead to the production of short-

chain fatty acids, which may contribute to improved gut health and

potentially influence the microbial population in the gastrointestinal

tract (Jha and Berrocoso, 2015). The positive results observed in our

study with pigs fed DDGS-containing diets indicate that this

synergistic approach could be particularly beneficial in diets with a

high inclusion of fibrous by-products.

The synergistic effect of dietary enzyme additives as a blend of

exogenous enzymes on nutrient digestibility in diets containing

DDGS has been reported (Swiatkiewicz et al., 2016). Despite the

comparable positive effects of enzyme blends and the combination of
Frontiers in Animal Science 07
Bacillus-based DFMs and enzymes on nutrient digestibility, the

combination of DFMs and enzymes is preferable due to its ability

to enhance nutrient digestibility, reduce disease incidence, and

maintain stability under various feed processing conditions (Latorre

et al., 2017; Park et al., 2020). Moreover, porcine in-vitro fermentation

studies have revealed complex interactions between exogenous

enzyme feed additives. Although multi-carbohydrase enzymes were

found to increase the fermentability of DDGS, their combination with

protease hindered the efficacy of the multi-carbohydrase (Jha et al.,

2015). This antagonistic interaction, which limits the additive benefits

of protease when combined with certain enzymes, may be less

pronounced in protease and DFM combinations. The potentially

reduced interference between protease and DFMs could explain the

positive results observed in our study.

Within plant cells, phytate is located in cell contents and not

within cell walls (Tervilä-Wilo et al., 1996). Thus, the increase in P

digestibility due to the supplementation of a combination of

protease and the DFM product could be attributed to the fact that

the protease and the DFM product increased the degradation of cell

walls, leading to increased availability of phytate to phytase

produced by the DFM product. Lee et al. (2019) reported

increased P digestibility in growing–finishing pigs due to the

addition of fiber-degrading enzymes to phytase-supplemented

diets, implying that the efficacy of phytase can be enhanced by

fiber-degrading enzymes.
5 Conclusion

Supplementing an energy-, Ca- and digestible P-deficient corn

DDGS-soybean meal-based diet with a combination of protease and

Bacillus-based DFMs enhanced the ATTD of nutrients, highlighting

its potential as a feed additive to enhance nutrient utilization in

growing–finishing pigs. However, the overall growth performance

(e.g., ADG, ADFI, FE) was not affected by dietary supplements.

Future research is needed to focus on exploring the effects of adding

a combination of protease and DFM products fed in the current

study on the growth performance of pigs fed diets with lower net

energy and nutrient contents than those fed in the current study.
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