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ABSTRACT The application of probiotics in broiler
feed, to alleviate performance deficiencies due to mild
infections by coccidia and Clostridium perfringens, is of
increasing interest for the poultry industry. Therefore,
our objective was to evaluate the capacity of 3 Bacillus
strains and their combination as probiotics in vitro and
in vivo. Thus, protein and carbohydrate degradation
and C. perfringens growth inhibition capabilities were
assessed by colometry measurement and an agar diffu-
sion bioassay, respectively. A total of 2,250 1-day-old
male broiler chicks were assigned to 5 dietary treat-
ments: 1) non–probiotic-supplemented control (control);
2) control 1 DSM 32324 at 0.8 ! 106 cfu/g of feed; 3)
control 1 DSM 32325 at 0.5 ! 106 cfu/g of feed; 4)
control 1 DSM 25840 at 0.3 ! 106 cfu/g of feed; and 5)
control 1 DSM 32324 1 DSM 32325 1 DSM 25840 at
1.6 ! 106 cfu/g of feed. A pathogenic field strain of C.
perfringens was used to induce the necrotic enteritis
challenge on day 19, 20, and 21. All birds and remaining
feed were weighed on pen basis on day 0, 21, 35, and 42,
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to calculate BW gain and mortality-adjusted feed con-
version. Mortality and mortality due to necrotic enteritis
were recorded daily. On day 21, 45 birds per treatment
were evaluated for macroscopic intestinal necrotic en-
teritis lesions. Performance data were statistically
analyzed using an ANOVA and subjected to a least
significant difference comparison. Necrotic enteritis
lesion scores were statistically analyzed using nonpara-
metric Kruskal-Wallis test. Dunn’s test was used for
treatment comparison. The tested strains showed
different abilities of degrading protein and carbohy-
drates and inhibitingC. perfringens growth in vitro. The
birds fed the multi-train combination presented signifi-
cantly better performance and lower necrotic enteritis
lesion score than those in the control group. Dietary
supplementation with probiotics resulted in significantly
lower necrotic enteritis mortality. The results demon-
strate the suitability of the evaluated Bacillus multi-
strain combination as an effective probiotic in C.
perfringens–challenged chickens.
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INTRODUCTION

Clostridium perfringens (CP) is frequently found as a
commensal bacterial species of the poultry intestinal
tract that, in general, does not cause any damage to
the host (Van Immerseel et al., 2004). Nevertheless,
because of the high growth rate of CP, any issue that dis-
rupts the intestinal homeostasis, particularly those that
cause cellular damage and gut leakage, will trigger
outgrowth of CP (Shojadoost et al., 2012; Moore,
2016). In this sense, when pathogenic CP strains that
produce toxins, such as the alpha toxin and/or the
NetB toxin, are settled at noteworthy levels in the intes-
tine, necrosis in the epithelium, increased intestinal
permeability, hemorrhage, diarrhea, and subsequently
performance losses may take place. Thus, the outgrowth
of such pathogenic CP strains in the intestine of chickens
is the primary etiology of the globally widespread
necrotic enteritis (NE) in modern poultry production
(Sakurai et al., 2004; Van Immerseel et al., 2009;
Cooper et al., 2013; Smyth, 2016).

Until not many year ago, NE stayed controlled in
broiler chickens by the addition of antibiotics in feed as
growth promoters. However, increasing restrictions on
the use of antibiotics in feed as growth promoters and
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even therapeutic antibiotics in poultry production in
many parts of the world have contributed to the resur-
gence of clinical and subclinical NE, increasing its prev-
alence in broilers. Subclinical NE may have a greater
economic impact for poultry producers than the clinical
disease (Hofacre et al., 2018). In response to this phe-
nomenon, increasing attention has been focused by the
feed additive industry on research and application of
effective products to prevent, control, or palliate NE,
the most widespread being direct-fed microbials
(DFM) or probiotics, prebiotics, organic acids, phyto-
chemicals, and enzymes (Dahiya et al., 2006). Among
all these products, DFM stand out for being safe and nat-
ural additives. As accredited by world authorities, probi-
otics are live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host
(Food and Agricultural Organization of the United
Nations and World Health Organization, 2001).

At present, the spore-forming genus Bacillus is
certainly one of the most important sources of poultry
DFM (Zhang et al., 2013; Park and Kim, 2014;
Harrington et al., 2016; Haque et al., 2017; Reis et al.,
2017; Hong et al., 2019). Bacillus spp. have been consid-
ered to be promising DFM, owing to the high stability of
spores, which are unaffected by high temperature during
feed processing and resistant to harsh gastrointestinal
conditions (Mazanko et al., 2017). Another benefit of
Bacillus spp., which has made them widely used DFM,
is their explicit mechanisms of action in the intestine of
the chicken, once they have overcome feed
manufacturing and gastric conditions challenges. In
this sense, 2 relevant mechanisms of action representa-
tive of Bacillus spp. are their pronounced capacity to
produce a number of digestive enzymes (e.g., carbohy-
drases and proteases), increasing nutrient digestibility,
as well as their ability to deliver several sturdy antimi-
crobial peptides, inhibiting the growth of pathogenic
bacteria such as CP and subsequently improving perfor-
mance and alleviating NE in broilers (Sharma et al.,
2010; Sen et al., 2011; Seo et al., 2013; Sumi et al.,
2015; Wang et al., 2015; Elshaghabee et al., 2017;
Whelan et al., 2019). Nevertheless, different Bacillus
spp. or even different subspecies or strains from the
same species produce different amounts and sets of en-
zymes and antimicrobial peptides (Burkard et al.,
2007; Fuchs et al., 2011; Larsen et al., 2014; Grant
et al., 2018), which puts forward that different Bacillus
strains may interact in a different way with the digesta
and the intestinal microbiota in the gut. Therefore, the
development of multistrain DFM requires an unblem-
ished assessment of the ability of each single probiotic
strain to produce enzymes and its capability to inhibit
the growth of pathogenic bacteria, as well as the syn-
ergies between these abilities among different strains.

The objective of this study was to evaluate the capac-
ity of 3 Bacillus strains (DSM 32324, DSM 32325, and
DSM 25840) to inhibit the growth of pathogenic CP
and their ability to digest protein and carbohydrates
in vitro, as bases for their suitability as probiotics, as
well as the effects of their dietary supplementation,
independently or combined, on the performance of
broiler chickens under CP challenge as a model to repro-
duce subclinical NE.
MATERIALS AND METHODS

As per the described objective, the present study
comprised 2 distinct parts. First, in vitro qualitative
evaluations were carried out to determine the capacity
of the test strains to degrade proteins and carbohydrates
of soybean meal, as well as their CP growth inhibitory
capacity. In addition, an in vivo trial was carried out
with broiler chickens to evaluate the effect of the test
strains and their combination on the performance of
the birds under a mild challenge by CP.

Protein and Carbohydrate Degradation

Protein and carbohydrate degradation capacity
in vitro was examined on 2 custom-made substrates,
S1 and S2, based on dyed soy bean meal (GlycoSpot,
Soeborg, Denmark). Soy bean meal protein and polysac-
charides were selectively labeled with a nonspecific chlor-
otriazine dye, Reactive Blue 49. When degraded, a blue
color is released into the medium. The intensity of the co-
lor in the supernatant corresponds to the degree of
degradation and can be measured at an absorbance of
595 nm (FLUOstar Omega microplate reader; BMG
Labtech, Ortenberg, Germany). In substrate 1 (S1),
the combined effect of carbohydrases and proteases
was measured, whereas in substrate 2 (S2), the carbohy-
drase effect was specifically assessed. By subtracting the
absorbances of S2 from S1, the effect of protease was ob-
tained. The Bacillus strains were grown from glycerol
stocks overnight at 37 C with shaking in VIB (Veal infu-
sion Broth, BD Difco 234420; Becton, Dickinson and
Company, Franklin Lakes, NJ) before inoculating 1%
into the 2 soy substrates. The Bacillus strains were
grown in the soy substrates for 24 h at 37 C, with
shaking, then spun down, and the supernatants used
for assaying both the overall degradation of soy bean
(S1) and more specifically the degradation of carbohy-
drate (S2) and protein (S2-S1). The results obtained
with the 3 strains were compared with the average of re-
sults obtained with the same method for 270 Bacillus
subtilis strains and 154 Bacillus amyloliquefaciens
strains from the Bacillus collection of Chr Hansen A/S
(H€orsholm, Denmark), as a qualitative control to deter-
mine the relative efficacy of the tested strains.

C. perfringens Inhibition

Inhibitory activity of the single Bacillus strains was
tested towards both CP type A and CP type C, as
described in the following.
All bacterial strains were maintained in Brain Heart

Infusion (BHI) broth (Chr. Hansen A/S) with 20% glyc-
erol at 280�C. A nonquantified loopful of BS DSM
32324, BS DSM 32325, and BADSM 25840 from the cry-
otube was aerobically grown overnight on tryptic soy
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agar with sheep blood (Oxoid A/S, Denmark) at 37�C.
After purity check, Bacillus colonies from the plates
were inoculated in BHI broth and incubated aerobically
overnight at 37�C and 175 rpm.
Bacillus overnight cultures were diluted 100 times in

BHI broth and 10 mL were added to Luria-Bertani
agar plates (Chr. Hansen A/S) as spots (106 cfu/spot).
As a positive control, ciprofloxacin (0.2 mg/mL) was
added as a spot. The plates were incubated aerobically
at 37�C for 3 h. After purity check, CP colonies from
the plates were suspended in peptone saline buffer
(Chr. Hansen A/S) until McFarland 2 was obtained.
The suspended CP (CP DSM 756 3.5 mL, CP NCTC
3180 5.7 mL) were added to and mixed with 100 mL
liquid BHI agar and the inoculated agar poured onto
the surface of the Luria-Bertani agar plates with Bacillus
spp. spots as a top layer. The plates were incubated
anaerobically at 30�C for 20 h. Radii of the inhibition
zones around the spots were recorded. The experiment
was repeated twice with duplicates.
Table 1. Composition of basal diets.

Item Starter Grower Finisher

Ingredient (g/kg)
Corn 596.98 645.28 663.64
Soybean meal 354.87 302.73 277.46
Vegetable fat 17.30 22.72 32.42
Deflourinated phosphate 21.03 19.50 17.12
Calcium carbonate 3.33 3.34 3.43
DL-Methionine 2,61 2.29 1.93
L-Lysine 1.13 1.17 0.74
Sodium chloride 1.50 1.70 1.99
Trace mineral premix1 0.75 0.75 0.75
Vitamin mineral premix2 0.50 0.50 0.50

Calculated nutrient value
CP (%) 21.8 19.6 18.5
ME (kcal/kg) 3,008 3,086 3,167
Crude fiber (%) 2.20 2.13 2.09
Lysine (%) 1.30 1.16 1.06
Methionine (%) 0.61 0.55 0.50
Phosphorus (%) 0.76 0.71 0.65
Calcium (%) 0.90 0.84 0.76

1The trace mineral mix provided the following (per kg of diet): man-
ganese (MnSO4∙H2O), 60 mg; iron (FeSO4∙7H2O), 30 mg; zinc (ZnO),
50 mg; copper (CuSO4∙5H2O), 5 mg; iodine (ethylene diamine dihy-
droiodide), 0.15 mg; selenium (NaSeO3), 0.3 mg.

2Vitamin mix provided the following (per kg of diet): vitamin A, 8,818
IU; vitamin D3, 2,480 IU; 25-hydroxyvitamin D3, 69 mg; vitamin E, 35 IU;
vitamin B12 (cobalamin),15.5 mg; biotin, 0.17 mg; menadione, 1.98 mg;
thiamine, 1.87 mg; riboflavin, 7.7 mg; d-panthothenic acid, 13.23 mg;
vitamin B6, 3.3 mg; niacin, 44.1 mg; folic acid, 1.1 mg.
Animals and Diets

The study was conducted at Southern Poultry Feed
and Research, Inc. (Athens, GA), during the winter
months, beginning from December to February. The
experiment was conducted in accordance with the Guide
for the Care and Use of Agricultural Animals in
Research and Teaching. All procedures were supervised
by an attending veterinarian. A total of 2,250 1-day-old
Cobb 500 male broiler chicks were randomly assigned to
5 dietary treatments consisting of 9 floor pen replicates
per treatment and 50 birds per replicate, with pen as
an experimental unit. Each pen had an area of
4 ! 10 5 40 ft2. All pens had approximately 4 inches
of builtup litter with a coating of fresh pine shavings.
This study was designed to mimic commercial conditions
in the United States as close as possible, so builtup litter
was used. This builtup litter was also a possible source of
coccidial oocysts. All birds were reared under the same
house conditions. All birds were sprayed with commer-
cial coccidia vaccine (Coccivac-B52; Intervet Inc.,
Omaha, NE) on day 1. Only healthy appearing chicks
were used in the study. No birds were replaced during
the course of the study. A bird was culled only to relieve
suffering. When a bird was culled or found dead, the pen,
date, and removal weight (kg) were recorded. A gross
necropsy was performed on all dead or culled birds to
determine the probable cause of death.
Three nonmedicated (no antibiotic or anticoccidial

drug), corn–soybean meal–based diets were used as the
basal diets for all treatments during starter (crumbles,
day 1–21), grower (pellets, day 22–35), and finisher (pel-
lets, day 36–42) periods, as per the National Research
Council (1994) recommendations. All broilers were
allowed ad libitum access to water and feed. The feed
was provided in 1 tube-type feeder per pen. From day
1 until day 7, feed was also supplied on a tray placed
on the litter of each pen. The ingredient and chemical
compositions of the experimental diets used in this study
are shown in Table 1. Dietary treatments were then pro-
duced by supplementing the basal diets with test probi-
otics. The treatment groups were as follows: 1) infected
and nonsupplemented control (control); 2)
control 1 B. subtilis DSM 32324 at 0.8 ! 106 cfu/g of
feed (BS DSM 32324); 3) control 1 B. subtilis DSM
32325 at 0.5 ! 106 cfu/g of feed (BS DSM 32325); 4)
control 1 B. amyloliquefaciens DSM 25840 at
0.3 ! 106 cfu/g of feed (BA DSM 25840;) and 5)
control 1 BS DSM 32324 1 BS DSM 32325 1 BA
DSM 25840 (multistrain combination).

Three feed samples were collected, 1 each from the
beginning, middle, and end of the batch of each diet
and mixed to form a composite sample. One sample
was then obtained from the composite for each treat-
ment and was used for Bacillus spore count analysis.
The total spore count analysis was performed twice by
the dilution plate series culture method. In Table 2,
spore counts are reported as the log10 transformation
of cfu per gram of feed (Log10 cfu/g feed; VDLUFA,
2012).

Necrotic Enteritis Challenge

On day 0, birds in each pen were exposed to approxi-
mately 2 kg of used litter that was sourced from healthy
chickens that were not exposed to dietary probiotics. A
pathogenic field strain of CP, alpha toxin and NetB pos-
itive, that was isolated from a commercial poultry oper-
ation diagnosed with NE was used to induce the NE
challenge. Fresh challenge inoculant was prepared before
each challenge day; the CP isolate was incubated in
cooked meat broth for approximately 24 h and then
transferred into sterile nutrient broth and incubated
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for approximately 18 h. On 3 consecutive day (day 19,
20, and 21), all birds were administered a fresh broth cul-
ture of CP (approximately 1 ! 109 cfu/mL) by mixing
the inoculum into the feed in the base of the tube feeders.
Each pen received the same amount of inoculum and
fresh inoculum was used each day.
Performance Evaluation and NE Lesion
Score

All birds and feeds were weighed on day 0, 21, 35, and
42. Feed consumption and BWwere recorded on pen ba-
sis for each treatment group. BW gain and mortality-
adjusted feed conversion ratio (aFCR) were reported
as average per bird. Mortality and mortality due to
NE (NE mortality) were recorded daily, calculated as a
percentage for each pen replicate, and reported as
average of all replicate pens in each treatment. The diag-
nosis of NE mortality was based on macroscopical exam-
ination of intestinal necrosis found in the jejunum and
ileum—mucosa lined by a loosely-to-tightly adherent
yellow-to-green pseudomembrane, often described as
having a “Turkish towel” appearance—as well as dark,
swollen, and firm liver (Opengart, 2008).

On day 21, 5 birds per pen (45 birds per treatment)
were randomly selected, euthanized by cervical disloca-
tion, and evaluated for macroscopic intestinal NE lesions
(Hofacre et al., 1998). Lesion scores were based on a 0 to
3 scoring system, with 0 being normal and 3 being the
most severe (Opengart, 2008).
Statistical Analysis

A randomized complete block design was used. BW,
aFCR, and mortality data were analyzed using ANOVA
(Statistix 10.0, Tallahassee, Florida) and subjected to a
least significant difference comparison. Differences were
considered significant when P , 0.05. Percentage mor-
tality was arcsine transformed before ANOVA analysis.
Necrotic enteritis lesion scores were statistically
analyzed using nonparametric Kruskal-Wallis test,
with Dunn’s test nonparametric pairwise multiple com-
parisons as a post hoc test for treatment comparison.
RESULTS

In Vitro Results

The 3 strains used in the present study were selected
from the Bacillus collection of Chr. Hansen A/S
Table 2. Bacillus cfu counts (cfu/g) in expe

Experimental treatments Starter feed G

Control 1.2 ! 105

BS DSM 32324 4.4 ! 105

BS DSM 32325 5.0 ! 105

BA DSM 25840 3.3 ! 105

Multistrain combination 2.2 ! 106

1cfu counts are average values of five techn
sample.
(H€orsholm, Denmark). Therefore, protein and carbohy-
drate degradation data were obtained from single exper-
iment screens of more than 1,300 Bacillus isolates; of
which, 270 strains were B. subtilis and 154 B. amyloli-
quefaciens. Table 3 shows the protein and carbohydrate
degradation results of the 2 B. subtilis strains selected
(DSM 32324 and DSM 32325), compared with all the
B. subtilis strains (N5 270) from the referred collection,
as well as the results of the B. amyloliquefaciens strain
selected (DSM 25840), compared with all the B. amylo-
liquefaciens strains (N 5 154) from the same collection.
All 3 strains showed a high overall degradation of soy

bean meal (S1), whereas the fiber degradation/carbohy-
drase activity (S2) was most pronounced for B. subtilis
strains (DSM 32324 and DSM 32325), both having
high activity. B. amyloliquefaciens DSM 25840 showed
medium activity. In contrast, there was no activity of
both B. subtilis strains (DSM 32324 and BS DSM
32325) on protein degradation (S2-S1), whereas B. amy-
loliquefaciens DSM 25840 had high activity. Comparing
with all the B. subtilis strains tested, both DSM 32324
and DSM 32325 were in the high-end on overall degrada-
tion of soy bean meal (S1) and in the medium and high-
end, respectively, for fiber degradation (S2). All B. sub-
tilis scored low on protein degradation (S2-S1). On the
contrary, DSM 25840 was in the high end for both the
overall degradation of soybean meal (S1) and the protein
degradation (S2-S1), whereas the fiber degradation ac-
tivity was in the low end, compared with all B. amyloli-
quefaciens strains tested.
The Bacillus spp. strains exhibited inhibitory activity

against the CP strains though in varying extent. DSM
32324 was strongly inhibitory (r 5 5–10 mm) against
both tested CP strains, whereas DSM 32325 and DSM
25840 exhibited moderate inhibition (r 5 1–5 mm)
against both tested CP strains.
Live Performance Results

The performance of broilers in each feeding phase is
summarized in Table 4. At the end of the starter phase
(0–21 d), the control group showed significantly lower
BW gain than any of the DFM-supplemented groups.
With regard to feed efficiency during the starter phase,
the control group showed the highest aFCR, whereas
the 2 B. subtilis single strain (BS DSM 32324 and BS
DSM 32325), as well as the multistrain combination
group resulted in the lowest aFCR. The B. amyloliquefa-
ciens single-strain-supplemented group (BA DSM
25840) showed an intermedium value.
rimental feed.1

rower feed Finisher feed Expected

1.1 ! 105 3.1 ! 104

4.2 ! 105 4.0 ! 105 8.0 ! 105

3.0 ! 105 3.9 ! 105 5.0 ! 105

3.2 ! 105 3.0 ! 105 3.0 ! 105

2.0 ! 106 1.9 ! 106 1.6 ! 106

ical replicates of 2 biological replicate per



Table 3.Degree of carbohydrate and protein degradation byBacillus subtilisDSM 32324
and DSM 32325 strains, compared with 270 B. subtilis strains, and Bacillus amyloli-
quefaciens DSM 25840 strain, compared with 154 B. amyloliquefaciens strains. Results
are expressed as the absorbance measured at 595 nm.

Class of degradation

Bacillus subtilis Bacillus amyloliquefaciens

DSM 32324 DSM 32325 Control1 STD DSM 25840 Control2 STD

S1: Carbohydrate and protein 3 2.2 2.2 1.6 0.85 2.9 2.6 0.66
S2: Carbohydrate4 2.1 2.9 2.0 1.08 0.9 1.4 0.38
S1–S2: Protein 5 0.1 0.0 0.0 0.90 1.9 1.2 0.70

1Average of 270 Bacillus subtilis strains.
2Average of 154 Bacillus amyloliquefaciens strains.
3Degree of carbohydrate and protein degradation.
4Degree of carbohydrate degradation.
5Degree of protein degradation, by subtracting the absorbance of S2 from absorbance of S1.
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In the grower phase (22–35 d), once the challenge with
C. perfringens had already been completed, no signifi-
cant differences in BW gain were observed between the
different experimental treatments. However, the birds
fed with BA DSM 25840 had the lowest aFCR, whereas
the control birds had the highest aFCR. The 2 groups
that received the diets supplemented with B. subtilis
(BS DSM 32324 and BS DSM 32325) did not show sig-
nificant differences compared with the control group.
However, the BS DSM 32324 group did not differ from
the BA DSM 25840 one either. The multi–train combi-
nation group presented an intermediate aFCR between
the 2 groups supplemented with B. subtilis strains (BS
DSM 32324 and BS DSM 32325) and the one supple-
mented with B. amyloliquefaciens (BA DSM 25840).
In the finisher phase (36–42 d), the chickens that

received the diet supplemented with the multistrain
combination obtained the best performance, both in
BW gain and in aFCR. In the short finisher period, the
birds that were fed the BA DSM 25840 diet had the
Table 4. The effect of 3 Bacillus probiotic strains and their com-
bination on performance of Clostridium perfringens–challenged
broilers in different feeding phases.1

Feeding phase and probiotic inclusion BW gain (g) aFCR

Starter phase (0–21 d)
Control 430.40b 6 10.24 1.90a 6 0.03
BS DSM 32324 475.81a 6 14.76 1.69c 6 0.02
BS DSM 32325 509.17a 6 13.31 1.65c 6 0.03
BA DSM 25840 436.36b 6 9.65 1.79b 6 0.02
Multi-strain combination 488.65a 6 15.28 1.65c 6 0.02

Grower phase (22–35 d)
Control 1,175.32 6 14.13 1.91a 6 0.03
BS DSM 32324 1,190.97 6 12.92 1.86a,b,c 6 0.01
BS DSM 32325 1,185.48 6 14.99 1.90a,b 6 0.03
BA DSM 25840 1,204.71 6 21.14 1.81c 6 0.01
Multistrain combination 1,201.26 6 8.08 1.84b,c 6 0.02

Finisher phase (36–42 d)
Control 631a,b 6 13.31 2.10a,b 6 0.04
BS DSM 32324 624a,b 6 9.10 2.08a,b 6 0.04
BS DSM 32325 627a,b 6 16.20 2.14a,b 6 0.05
BA DSM 25840 603b 6 14.56 2.20a 6 0.04
Multistrain combination 654a 6 20.15 2.04b 6 0.03

a–cGroups that are significantly different from each other
(P , 0.05),within a feeding phase in the same column, are indicated by
different superscripts (n 5 9).

Abbreviations: aFCR, mortality-adjusted feed conversion ratio; BWG,
BW gain.

1The results are reported as mean 6 SE.
poorest performance. The other 3 groups showed inter-
mediate values for both parameters.

In the overall experimental period (Table 5), the
group fed the multistrain combination was the only
one that presented significantly better performance
than the control group in both BW gain and aFCR.
The birds fed the diets containing B. subtilis (BS DSM
32324 and BS DSM 32325) showed similar BW gain to
that of the multistrain combination group, whereas the
BS DSM 32324 group and BA DSM 25840 group showed
no significant differences in aFCR compared with the
multistrain group. No significant differences in mortality
were observed between experimental treatments. How-
ever, dietary supplementation with DFM, regardless of
the DFM, resulted in significantly lower NE mortality
(control: 4.2%; BS DSM 32324: 0.4%; BS DSM 32325:
0.9%; BA DSM 25840: 1.6%; multi-strain group: 0.4%;
P , 0.05).

Figure 1 shows the lesion score of the different exper-
imental groups. In general, all groups showed a fairly low
score. The multistrain combination and the 2 strains of
B. subtilis (BS DSM 32324 and BS DSM 32325) resulted
in the lowest score, whereas the control group showed
the highest one. The BA DSM 25840 group showed in-
termediate score. Furthermore, the multistrain combi-
nation resulted in the highest percentage of birds with
lesion score of zero (Table 6).
DISCUSSION

In recent times, several studies have evaluated the use
of Bacillus spp. as DFM for the prevention and palliation
of NE effects on the performance in chickens (De
Oliveira et al., 2019; Whelan et al., 2019; Bortoluzzi
et al., 2019; Hern�andez-Patlan et al., 2019). However,
preceding exhaustive strain selection procedures need
to be completed as per the mentioned prophylactic and
alleviating purpose. Thus, the 3 strains tested in the pre-
sent study (DSM32324, DSM 32325, and DSM 25840)
were previously selected, among numerous B. subtilis
and B. amyloliquefaciens strains, on their efficacy with
regard to 2 representative properties of the Bacillus
genus, which make it 1 of the genera of choice for the
development of poultry DFM: the ability to degrade car-
bohydrates and proteins and the capacity of inhibiting



Table 5. The effect of 3 Bacillus probiotic strains and their com-
bination on performance of Clostridium perfringens–challenged
broilers in the entire experimental period (1–42 d).1

Probiotic inclusion BW gain (g) aFCR

Control 2,236.80b 6 19.97 1.96a 6 0.02
BS DSM 32324 2,290.94a,b 6 14.27 1.87b,c 6 0.01
BS DSM 32325 2,321.93a 6 30.98 1.90b 6 0.02
BA DSM 25840 2,243,63b 6 31.05 1.90b 6 0.01
Multistrain combination 2,342.43a 6 32.40 1.84c 6 0.01

a–cGroups that are significantly different from each other within a col-
umn at P , 0.05 are indicated by different superscripts (n 5 9).

1The results are reported as mean 6 SE.
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the growth of CP. It is well-known that Bacillus spp. iso-
lates differ in their capacity to produce and secrete
bioactive metabolites, even if they belong to the same
species (Larsen et al., 2014). It is therefore essential to
discern how effective each strain is, compared with other
strains of the same species, to definitively become an
effective DFM in practice. The tested strains in this trial
showed indeed different abilities among them, in addi-
tion to excelling in most of the cases with respect to
the studied collection of strains of the same species
(Table 3), which enables them as complementary strains
to develop an effective DFM for birds. In this sense, the
B. subtilis DSM 32324 strain showed both a relatively
high carbohydrate degradation capacity (Table 3) and
a high ability to inhibit CP growth. In turn, the B. sub-
tilisDSM 32325 strain was also effective in carbohydrate
degradation, with a moderate ability to inhibit CP. The
B. amyloliquefaciens DSM 25840 strain stood out for its
high protein degradation capacity (Table 3), while its
CP inhibitory capacity was middle.

In the present study, the abilities of the tested strains
as DFM, confirmed in the in vitro tests, were definitely
corroborated in the in vivo trial, giving full alignment be-
tween the in vitro and the in vivo results. The suitability
of B. subtilis and B. amyloliquefaciens strains as poultry
DFM has previously been verified by other researchers.
Accordingly, Latorre et al. (2016) screened 31 Bacillus
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Figure 1. Intestinal lesion scores of the control group and groups supple
Groups that are significantly different from each other at P , 0.05 are indic
spp. from environmental and poultry sources as DFM
candidates in view of their enzyme production profile,
biofilm synthesis capacity, and pathogen-inhibition ac-
tivity and found that a B. subtilis strain and 2 B. amylo-
liquefaciens strains were superior enzyme producers.
Furthermore, the majority of the tested Bacillus spp.
strains showed antimicrobial activity against Salmonella
enterica serovar Enteritidis, Escherichia coli, and Clos-
tridium difficile. Likewise, Penaloza-V�azquez et al.
(2019), assessed the suitability as poultry DFM of 200
endospore-forming bacteria isolated from sourdough
and the gastrointestinal tract of young broiler chicks
based on the production of a series of exoenzymes, sur-
vivability under stress conditions, sporulation efficiency,
biofilm formation, compatibility among themselves, and
antagonistic effects against pathogenic bacteria such as
Enterococcus cecorum, S. enterica and E. coli. The au-
thors also concluded that the strains identified as B.
amyloliquefaciens and B. subtilis demonstrated remark-
able potential as probiotics for poultry. However, in the
previously referenced studies, CP growth inhibition ca-
pacity was not studied, as it was performed in the pre-
sent study. Nevertheless, the inhibition of CP growth
by B. subtilis and B. amyloliquefaciens has certainly
been previously described by several researchers (Teo
and Tan, 2005; Klose et al., 2010; Latorre et al., 2015;
Geeraerts et al., 2016; Horng et al., 2019).
The observed carbohydrate and protein degradation

by the tested strains in the present study is undoubtedly
triggered by the capacity of both Bacillus species of pro-
ducing nonstarch polysaccharide enzymes and proteases
(Larsen et al., 2014; Latorre et al. 2015, 2016; Gong
et al., 2018). Thus, the production of exogenous enzymes
by BacillusDFM leads to improvements in the use of nu-
trients when these strains are added to poultry feed. The
dietary supplementation with Bacillus spp. can improve
energy and CP digestibility, which is highly associated
with a subsequent digestive capacity improvement
(Sen et al., 2011). It has been observed in several studies
 32325 BA DSM 25840 Mul�strain
combina�on

c

b

mented with Bacillus strains and their combination on day 21 of trial.
ated by different letters (a–c).



Table 6. The effect of 3 Bacillus probiotic strains and their combination on
the distribution of intestinal lesion scores on day 21 of trial.

Probiotic inclusion n

Number of birds
with 0, 1, 2, 3
lesion score

Percentage of birds with 0,
1, 2, 3 lesion score (%)

0 1 2 3 0 1 2 3

Control 45 7 33 5 0 15.6 73.3 11.1 0.0
BS DSM 32324 45 22 23 0 0 48.9 51.1 0.0 0.0
BS DSM 32325 45 23 22 0 0 51.1 48.9 0.00 0.0
BA DSM 25840 45 15 29 1 0 33.3 64.6 2.2 0.0
Multistrain combination 45 24 21 0 0 53.3 46.7 0.00 0.0
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that the use of Bacillus DFM in diets for healthy
chickens with a lower energy and protein content than
control diets (without any added DFM), equals the
growth performance of the DFM-fed birds to that of con-
trol birds, corroborating the positive effect of Bacillus
DFM on the digestive capacity of birds (Harrington
et al., 2016; Goodarzi Boroojeni et al., 2018; Upadhaya
et al., 2019). Besides the well-defined positive effect on
the nutrient utilization, the enzyme production of B.
subtilis and B. amyloliquefaciensmay have a subsequent
positive effect on the gut health of the birds under chal-
lenging conditions. In this sense, the improvement of
nutrient digestibility has been described as an important
beneficial factor in controlling NE in chickens (Williams,
2005; Moore, 2016). The increase of the digestion of die-
tary carbohydrates—particularly nonstarch polysaccha-
rides—and the subsequent decreased digesta viscosity,
as well as the improvement of the protein digestion
and the consequent reduction of undigested protein
available to feed pathogenic bacteria, provide a nutri-
tional environment that rather hinders the growth of
CP in the gastrointestinal tract of chickens
(Shojadoost et al., 2012; Latorre et al., 2015). The re-
ported in vitro results in the present study show the ca-
pacity of the tested Bacillus strains and their
combination to inhibit the growth of CP, probably
owing to a combination of both the production of
antimicrobial-like compounds—as it appears from the
CP inhibition test in agar—and changes in environ-
mental conditions—as it seems from the carbohydrate
and protein degradation test (Table 3). Consequently,
the 3 strains and their combination tested were consid-
ered appropriate to be evaluated as DFM in the succeed-
ing in vivo trial, under CP challenge conditions.
In the in vivo part of the present study, the relative ef-

ficacy among each of the tested strains and their combi-
nation on the performance of the birds was different
depending on the feeding phase (Table 4). Thus, the sup-
plementation of the feed with each 1 of the 2 strains of B.
subtilis (DSM 32324 and DSM 32325) and the multi-
strain combination resulted in superior performance in
relation to the control diet and BA DSM 25840 treat-
ment in the starter period (0–21 d) and the multistrain
combination also in the finisher period (36–42 d). How-
ever, the supplementation with the B. amyloliquefaciens
strain (DSM 25840) was prominent in the grower period
(22–35 d), just after the challenge with CP. These differ-
ences between experimental treatments, depending on
the feeding phase, are conceivably because of the
different effect of each DFM on the intestinal microbiota
of chickens in each of the periods studied. Li et al. (2019)
observed variations in the effect of different strains of
Bacillus spp. added in feed on the composition and diver-
sity of the intestinal microbiota of chickens, depending
on the age of the birds. It has been observed that micro-
bial diversity increases during chicken development,
reaching at the peak approximately on day 14 for the
foregut and then remaining stable or decreasing slightly
thereafter under challenge-free conditions (Huang et al.,
2018). However, in the present study, a CP challenge
was held as an external factor on day 19, 20 and 21,
which obviously destabilized the microbiota balance in
the gut, simulating what, to a greater or lesser extent, oc-
curs in practice.

In the present study, the feed supplementation with
both B. subtilis strains (DSM 32324 and DSM 32325)
and with the multistrain combination resulted in signif-
icantly higher BW and lower aFCR than the control
group during the starter period (0–21 d), including the
challenge d with CP. The group fed B. amyloliquefa-
ciens–supplemented feed (BA DSM25840) showed a
similar BW to that of the control group and an interme-
dium aFCR between the other 3 DFM treatments and
the control group (Table 4). The marked preeminence
of the 2 groups supplemented with B. subtilis (BS
DSM 32324 and BA DSM 32325) and the group supple-
mented with the multistrain combination is most likely
owing to the particularly high carbohydrate-degrading
ability of both tested strains of B. subtilis (Table 3), as
well as the strong CP-inhibitory power by strain DSM
32324. Dietary carbohydrates are a primary source of en-
ergy for young chicks. It has been suggested that the
higher the energy and nutrient availability during early
ages of chickens, the better the development of their
gastrointestinal tract (Adedokun and Olojede, 2019).
With regard to CP-inhibitory capacity of B. subtilis,
the synthesis of CP growth inhibitory factors by B. sub-
tilis has been known for a long time (Teo and Tan, 2005).
In this regard, B. subtilis–derived surfactin is an impor-
tant antimicrobial peptide with antibacterial activity
through disruption of the bacterial membrane. Thus, it
has been observed that the mentioned surfactin is able
to cause the death of CP in a dose- and time-
dependent manner (Horng et al., 2019). The results on
NE lesion score at 21 d of age (Figure 1 and Table 6)
are consistent with the performance results during the
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0- to 21-d onset period (Table 4) and with the in vitro CP
inhibition results. All DFM treatments showed a signif-
icantly lower NE lesion score than the control treatment,
with the 2 B. subtilis treatments (BS DSM32324 and BS
DSM 32 325) and the multistrain combination showing
the lowest score (Figure 1). Despite the significant differ-
ences in NE lesion score between the control group and
the DFM groups, the low scores observed, owing to the
subclinical induction of NE, make it difficult to draw
consistent conclusions in this regard, given that a differ-
ence of 0.5 score is most likely not biologically relevant
enough. Nevertheless, it does deserve to emphasize
that the multistrain combination was the experimental
treatment that resulted in the largest number of animals
without lesion (Table 6).

In our study, feed supplementation with B. amyloli-
quefaciens (BA DSM 25840) significantly decreased
FCR, compared with the control group, in the grower
period, immediately after the CP challenge (day 22–
35). As in this study, other researchers (De Oliveira
et al., 2019) have recently observed a positive effect of
B. amyloliquefaciens as DFM on FCR and lower CP
counts in ileal content when added to diets of chickens
right after challenging birds with CP (De Oliveira
et al., 2019). According to Hong et al. (2019), B. amylo-
liquefaciens DFM are able to modulate the intestinal
microbiota of chickens, increasing the Firmicutes/Bac-
teroidetes ratio until day 35 of life. The described micro-
biota modulation by B. amyloliquefaciens could explain
the improvement in aFCR in B. amyloliquefaciens–sup-
plemented birds (BA DSM 25840) compared with con-
trol birds, after the infection with CP. It has been
proven that a higher Firmicutes/Bacteroidetes ratio pro-
motes broiler performance (Singh et al., 2013;
Mancabelli et al., 2016). In addition to the intestinal
microbiota modulating effect of B. amyloliquefaciens,
its great ability to degrade dietary protein may also
contribute to a faster recovery of the digestive capacity
of the birds and consequently of their intestinal health,
after a mild infection with CP, as stated previously.
Contrarily, Geeraerts et al. (2016), despite the substan-
tial CP inhibitory activity of B. amyloliquefaciens they
observed in vitro, did not detect any beneficial effect of
the referred DFM against NE in vivo. The lack of effect
in vivo in the aforementioned study could be explained
by the fact of evaluating the addition of vegetative cells.
On the other hand, in the present study, all the tested
DFM were added to the feed in the form of spores. Spor-
ulated DFM survive feed-manufacturing processes and
pass through the stomach, reaching the intestine where
spores germinate and function through mechanisms
which require them to be metabolically active, such as
secretion of antimicrobial compounds (Cartman et al.,
2008).

In the finisher period, the group supplemented with B.
amyloliquefaciens (BA DSM 25840) did not only stand
out with respect to the other dietary treatments, but it
was the group that showed the worst performance
(Table 4). The lack of positive effect of the tested B.
amyloliquefaciens strain (DSM 25840) in the last period
of the trial (36–42 d) could be owing to the fact that its
modulating effect on the intestinal microbiota is diluted
after 35 d of life. Hong et al. (2019) indicated that, as
time progress, the proportion of Bacteroidetes in the
gut increases, and the proportion of Firmicutes de-
creases, regardless of the dietary supplementations.
Furthermore, another reason behind the better perfor-
mance results with the other 3 experimental treatments
(BS DSM 32324, BS DSM 32325, and multistrain combi-
nation) than with BA DSM 25840, from 36 to 42 d of life,
could be a compensatory growth of those birds that did
not receive BA DSM 25840. In general, a compensatory
growth can be observed after challenge periods
(Arczewska-Wlosek and �Swiatkiewicz, 2013). With re-
gard to the other experimental treatments of the present
study, the multistrain combination resulted in a signifi-
cant growth performance improvement compared with
the control group in the finisher period (36–42 d). The
positive effect observed with the multistrain combina-
tion in our trial in the finisher period most probably is
because of a synergistic effect between its 3 component
strains. As aforementioned, the performance results
observed in the finisher period also show the different
behavior of each DFM treatments depending on the
life span of the birds.
In the global experimental period (0–42 d), BS DSM

32325 and the multistrain combination significantly
improved BW gain with respect to the control group.
However, aFCR was also improved by BA DSM 25804
besides BS DSM 32325 and the multistrain combination
(Table 5). Definitely, the multistrain combination was
the only experimental treatment that significantly
improved both BW and aFCR in the overall period. In
the same way, Ramlucken et al. (2020) recently observed
a significant FCR improvement but a nonsignificantly
higher BW in birds fed a multistrain DFM compared
with control birds without any DFM in their diet. In
addition to using different DFM strains in the present
study and in the previously referred study, the difference
observed in the significance of the BW improvement
when feeding birds with a multistrain DFM could be
potentially affected by the virulence of the CP strains
used in each study as well as differences in the environ-
ments where both trials were performed. In our study,
a pathogenic field strain of CP, alpha toxin and NetB
positive, that had been isolated from a commercial
poultry operation diagnosed with NE was used, trying
to reliably simulate conditions that usually occur in
the field. These stark trial conditions potentially allowed
the multistrain combination to express its full probiotic
effect through the whole experimental period. Regarding
the positive effect of DFM supplementation on NE mor-
tality observed in our study, it agrees with the findings of
other researchers using Bacillus-based DFM in poultry
diets (Bortoluzzi et al., 2019; Whelan et al., 2019). On
the contrary, in other recent studies (De Oliveira et al.,
2019; Hernandez-Patlan et al., 2019; Ramlucken et al.,
2020), no significant improvements in mortality are re-
ported when DFM is used in chickens affected by NE.
This shows again the probiotic efficacy of the DFM
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tested in this trial, which, as explained earlier in this
article, were selected from a wide collection of Bacillus
spp.
In conclusion, our results show the suitability of the

evaluated Bacillus multistrain combination as a fully
effective and reliable DFM to be considered within stra-
tegies for coping with CP-associated disorders in broiler
chickens. Its positive effect on the performance may be
attributable to complementary effects of its constituent
single strains on nutrient availability, pathogen inhibi-
tion and, in the end, on intestinal health and function.
Future considerations include elucidating further the
modes of action of this novel Bacillus multistrain DFM.
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