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Simple Summary: Necrotic enteritis is a complex gastrointestinal disease of broiler chickens that
imposes a substantial economic burden on poultry producers worldwide. The causative agent is
pathogenic strains of Clostridium perfringens type G. While numerous efforts to develop an effective
vaccine against the disease were unsuccessful, a previous study by our group identified five potential
vaccine candidate proteins. Herein, we assessed the relative contribution of the specific immunity
raised by these proteins to protect broiler chickens against an experimental disease challenge and
measured the impact on the intestinal microbiota. While it did not significantly impact the bacterial
populations in the intestine, the protective capacity of the antibodies raised by the immunization
of birds with the recombinant proteins should be further assessed using different necrotic enteritis
induction models.

Abstract: Avian necrotic enteritis is an enteric disease of broiler chickens caused by certain pathogenic
strains of Clostridium perfringens in combination with predisposing factors. A vaccine offering
complete protection against the disease has not yet been commercialized. In a previous study, we
produced five recombinant proteins predicted to be surface-exposed and unique to necrotic enteritis-
causing C. perfringens and the immunogenicity of these potential vaccine candidates was assessed
in broiler chickens. In the current work, the relative contribution of the antibodies raised by these
putative antigens to protect broiler chickens was evaluated using an experimental necrotic enteritis
induction model. Additionally, the link between the immune response elicited and the gut microbiota
profiles in immunized birds subjected to infection with virulent C. perfringens was studied. The ELISA
results showed that the IgY antibody titers in vaccinated birds on days 21 and 33 were significantly
higher than those on days 7 and 14 and those in birds receiving the adjuvant alone, while the relative
contribution of the specific immunity attributed to these antibodies could not be precisely determined
using this experimental necrotic enteritis induction model. In addition, 16S rRNA gene amplicon
sequencing showed that immunization of birds with recombinant proteins had a low impact on the
chicken caecal microbiota.
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1. Introduction

Clostridium perfringens is recognized as both a zoonotic and animal pathogen, in addi-
tion to being largely accepted as a typical member of the intestinal microbiota represented
by the large diversity of microorganisms living inside the gastrointestinal tract (GIT) of
broiler chickens [1,2]. Recent advances in the use of high-throughput sequencing tech-
nologies have highlighted the pivotal role of this microbiota in the growth promotion of
food-producing animals by facilitating the uptake of nutrients, stimulating the develop-
ment of the immune system, and promoting an overall good health status, thus ensuring
protection against pathogens [3]. Notwithstanding these protective attributes, the coloniza-
tion of the intestine with virulent C. perfringens is a fundamental step in the pathogenesis of
avian necrotic enteritis (NE), one of the most important gastrointestinal diseases of poultry
worldwide [4].

Although several alternative control strategies—including probiotics, prebiotics, short-
and medium-chain fatty acids, essential oils, organic acids, and plant extracts—were rapidly
considered to prevent NE when the poultry industry started to rely less and less on the
routine use of antibiotics, the search for a protective vaccine has always been an integral
part of the research efforts for cost-effective control of the disease. While the initial focus for
the development of an effective vaccine was on the C. perfringens alpha-toxin—a virulence
factor regarded at that time as a key element in NE pathogenesis—it is now known, a little
more than three decades later, that the establishment of the disease involves complex and
tightly regulated interactions between C. perfringens, the chicken host, and the intestinal
environment. Therefore, these components should be addressed as a whole [5–12]. To date,
the immunogenicity and protective efficacy of several C. perfringens antigens—including
alpha-toxin, NetB, TpeL, fructose 1,6-bisphosphate aldolase (FBA), pyruvate-ferredoxin
oxidoreductase (PFOR), endo-beta-N-acetylglucosaminidase (Naglu), phosphoglyceromu-
tase (Pgm), glyceraldehyde 3-phosphate dehydrogenase (GPD), and three predicted pilin
structural subunits (CnaA, FimA, FimB)—have been evaluated. However, none of them
have provided complete protection against an experimental NE challenge [13]. In addi-
tion, several studies have reported the effects of intestinal coccidial infection [14,15], diet
types [15–18], probiotics [19,20], and different challenge models [21–23] on the gut micro-
biota of broiler chickens during experimental NE; however, none of them have examined
the effects of vaccination against C. perfringens on the broiler chicken gut microbiota.

The most recent NE pathogenesis research findings have irrevocably contributed to
the advancement of knowledge on the virulence of C. perfringens, in addition to leading the
way in identifying potential vaccine targets, with a growing interest towards the bacterial
features involved in the intestinal colonization by C. perfringens, an initial step of most
bacterial diseases [24]. It is thus now known that the NE-causing competency of type
G C. perfringens is linked to its ability to bind to the intestinal mucosa through surface-
exposed structures. This feature appears as an initial critical prerequisite for the subsequent
intervention of the Agr-like quorum-sensing system and the upregulation of the VirR/VirS
regulon linked to the production of the NetB toxin, a virulence factor and antigen displayed
as central in both NE pathogenesis and control through vaccination [6,25–27]. Consequently,
other adherence factors, such as a collagen adhesin (CnaA) and fimbrial proteins (FimA
and FimB), would then contribute to the deeper mucosal intestinal colonization by virulent
C. perfringens [28].

With the aim of expediting the identification of C. perfringens appendages that could
both be potentially involved in this first colonization step of the broiler chicken intestine
during NE pathogenesis and that could be targeted to prevent the harmful effects of the
pathogen on the intestine of birds, we previously used a comparative and subtractive
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reverse vaccinology approach. Using this approach, five new predicted putative antigenic
surface-exposed proteins unique to NE-causing C. perfringens were shown to induce im-
munogenic responses in immunized birds [13]. The Western blotting and ELISA results also
revealed that the raised antibodies were able to specifically recognize both the recombinant
and native forms of the candidate proteins in pathogenic C. perfringens, respectively [13].
The current study proposes the evaluation of these predicted antigenic proteins by both
documenting the protective ability of the antibodies raised following the exposition of the
broiler chicken’s immune system to these candidate proteins and examining the impact of
this immunity on the intestinal microbiota profiles of immunized birds when challenged in
an experimental NE induction model. The objectives of the current work were then to (i)
document the relative contribution of the specific immunity raised by these recombinant
vaccine candidates using a combination of a vaccination trial and an experimental infection
model for NE and (ii) study the gut microbiota profile of immunized birds submitted to C.
perfringens experimental infection using Illumina MiSeq sequencing of the V4 region of the
16S rRNA gene.

2. Materials and Methods
2.1. Expression and Purification of Vaccine Candidate Proteins and Preparation of Whole-Cell
Lysate from Virulent C. perfringens MLG_7820

All recombinant proteins except P509 were produced as previously described [13].
Briefly, amplification of the protein-encoding genes was performed through PCR and the
resulting amplicons were sent for sequencing (McGill University and Génome Québec
Innovation Centre, Montréal, QC, Canada). These same amplicons were cloned into the
pET151/D-TOPO® vector and transformed to E. coli TOP10 competent cells (Champion
pET151 Directional TOPO® Expression Kit, Invitrogen, Vacaville, CA, USA) according to
the manufacturer’s specifications. The full-length form of P509 was predicted to contain
one transmembrane helix between residues 12–34; thus, this region was excluded due to
the obstacles related to purification. The gene encoding the truncated form of P509 was
initially synthesized using an Oligo Synthesizer (Biolytic Lab Performance, Inc., Fremont,
CA, USA) before being inserted into the pET-24a(+) vector using BamHI and NdeI restriction
enzymes (GenScript, Piscataway, NJ, USA). The recombinant plasmids were isolated using
a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) and transformed to E. coli BL21
competent cells (Champion pET151 Directional TOPO® Expression Kit, Invitrogen, CA,
USA) for protein expression. Purification of the P153, P264, P509, and P537 recombinant
proteins was conducted under native conditions and purification of P561 was performed
under denaturing conditions, as described previously [13]. Preparation of whole-cell lysate
from C. perfringens MLG_7820 and measurement of the protein concentration were carried
out according to our previous work [13].

2.2. Bacterial Strains, Media, Culture Conditions, and Inoculum Preparation

The virulent strain C. perfringens MLG_7820 was grown anaerobically (Oxoid Anaero-
Gen gas packs (Thermo Fisher Scientific, Waltham, MA, USA)) on 5% sheep blood agar
plates (Fisher Scientific, Ottawa, ON, Canada) for 18 h at 37 ◦C. Isolated colonies were
inoculated into 100 mL of Cooked Meat medium (CMM; Oxoid Ltd., Basingstoke, UK
(CM0081)), followed by incubation for 18 h at 37 ◦C under anaerobic condition. A 60 mL
volume of the resulting culture was used to inoculate 2 L of Fluid Thioglycollate (FTG)
broth (Biokar Diagnostics, Cedex, France), with subsequent anaerobic incubation for 18 h
at 37 ◦C. C. perfringens cells were harvested through centrifugation at 3000× g for 20 min at
room temperature (Thermo Scientific Sorvall Legend XTR with F14-6 × 250y Fixed-Angle
Rotor), and the pellet was resuspended in FTG broth. One mL of this solution was kept for
bacterial counting using serial dilutions (from 1 × 10−1 to 1 × 10−7) in 0.85% sterile saline.
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2.3. Birds Housing, Feeding, Experimental NE Disease Model, and Cecal Content Collection

All experiments on chickens were approved by the Animal Ethics Committee of
the Faculté de Médecine Vétérinaire of the Université de Montréal (certificate number:
20-Rech-2070) and carried out in accordance with the ARRIVE guidelines [29]. A total of
191 commercial day-old male Ross broiler chickens were purchased from a commercial
hatchery (Couvoir Réal Côté, L’Ange-Gardien, QC, Canada) and were randomly divided
into nine experimental groups (Table 1). All birds were fed a commercial diet containing
20% protein without antibiotics or anticoccidials (Meunerie Benjamin, Saint-Césaire, QC,
Canada) and corresponding to the starter, grower, and finisher stages of a commercial
broiler chicken diet for a period of 27 days. At 28 days of age, this diet was withdrawn for
12 h, before being replaced with a turkey diet containing 28% protein. The health status
of the birds was monitored daily, and their body weight was also measured at the end of
the trial. On day 29, 14 birds from each vaccinated group (groups 1 to 6) were randomly
selected, individually weighed, and sacrificed according to the guidelines. The caeca were
excised, and the content was collected in 2 mL cryovials (Sarstedt, Numbrecht, Germany)
before being snap-frozen in liquid nitrogen and stored at −80 ◦C until DNA extraction
for the purpose of a subsequent study. Starting from day 29, birds were orally inoculated
once a day, for four consecutive days, with a 2 mL suspension of C. perfringens ranging
between 108 and 109 colony-forming units (CFU)/mL depending on the inoculation day.
All remaining birds were sacrificed at 33 days of age. In the same way as on day 29, the
cecal content was harvested and the small intestine (from the duodenum to the ileum)
was examined for gross NE lesions. Lesions were blindly scored from 0 to 5, according to
Kulkarni et al. [30].

Table 1. Name, number of birds per group, days of immunization, dose of vaccine, and days of
serum collection.

Groups No. of Birds
per Group

Days of
Vaccination Dose of Vaccine Days of Serum

Collection

1. P153 28 7, 14, 21 Quil-A (50 µg) + P153 (50 µg) 7, 14, 21, 33

2. P264 28 7, 14, 21 Quil-A (50 µg) + P264 (50 µg) 7, 14, 21, 33

3. P509 28 7, 14, 21 Quil-A (50 µg) + P509 (50 µg) 7, 14, 21, 33

4. P537 28 7, 14, 21 Quil-A (50 µg) + P537 (50 µg) 7, 14, 21, 33

5. P561 28 7, 14, 21 Quil-A (50 µg) + P561 (50 µg) 7, 14, 21, 33

6. Mix 28 7, 14, 21 Quil-A (50 µg) + P153 (50 µg) + P264
(50 µg) + P509 (50 µg) + P561 (50 µg) 7, 14, 21, 33

7. Quil-A 6 7, 14, 21 Quil-A (50 µg) 7, 14, 21, 33

8. Bacitracin 8 - - 33

9. MLG_7820 9 7, 14, 21 Quil-A (50 µg) + whole-cell lysate of C.
perfringens MLG_7820 (50 µg) 7, 14, 21, 33
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2.4. Vaccination of Broiler Chickens

All recombinant proteins to be injected were prepared in the morning of the inocu-
lation; each protein was thawed on the ice and its concentration was quantified (Qubit
Protein Assay kit (Invitrogen, Carlsbad, CA, USA) and Denovix QFX Fluorometer (Frog-
gabio, Toronto, ON, Canada)) according to the manufacturer’s instructions. Broiler chickens
were injected intramuscularly (pectoral muscle) on days 7, 14, and 21 with 200 µL of PBS
containing 50 µg of the Quil-A adjuvant (InvivoGen, San Diego, CA, USA) and 50 µg of
each recombinant protein. For the Mix group, every immunized bird received 50 µg of
Quil-A adjuvant and 50 µg of each candidate protein (P153, P264, P509, P561), for a total
of 200 µg of proteins. Birds from the MLG_7820 group were vaccinated with 200 µL of
PBS containing 50 µg of proteins from the whole cell lysate preparation of C. perfringens
MLG_7820 and Quil-A adjuvant (50 µg). Birds from the adjuvant control group received
50 µg of Quil-A in a 200 µL volume of PBS. Blood samples were collected in blood collec-
tion tubes (Covidien, Monoject blood collection tube, MA, USA) from all birds before each
immunization and at day 33 (end of the trial). Blood tubes were kept at room temperature
for 3 to 4 h before the serum was collected through centrifugation (3000 rpm, 19 ◦C, 10 min,
Beckman Coulter with SX4750A Rotor (Beckman Coulter Inc, Miami, FL, USA)). Serum
samples were frozen at −20 ◦C until ELISA analysis.

2.5. DNA Extraction from Cecal Samples

DNA extraction was conducted on 12 samples from each vaccinated group (samples
from birds sacrificed post-challenge with C. perfringens MLG_7820 at 33 days old): 8 samples
from the MLG_7820 group; 6 samples from the Quil-A group. The procedure was performed
according to the protocol established by our laboratory [31]. Briefly, 200 mg of the thawed
cecal samples along with 700 µL of lysis buffer [Tris-HCl 500 mM pH 8, EDTA 100 mM pH 8,
NaCl 100 mM, SDS 1% (w/v)] were added to a 2 mL screw cap tube (MP Biomedical, Solon,
OH, USA) containing 500 mg of 0.1 mm silica spheres. All samples and a negative control
tube (containing only 900 µL of lysis buffer) were submitted to mechanical lysis using a
FastPrep-24™ 5G Instrument (MP Biomedicals, VWR, Ville Mont-Royal, QC, Canada) for
three runs of 60 s each, at 6 m/s, with a 5 min pause between each run. Samples were kept
on ice during intervals. A subsequent thermal lysis (20 min at 95 ◦C, Dry Bath Incubator,
Fisher Scientific) was also performed. The supernatant was collected after centrifugation at
14,000× g, 4 ◦C for 15 min and a standard phenol/chloroform method was used to complete
DNA extraction. The quantity and quality of the extracted DNA were measured using the
QFX Fluorometer (Froggabio, Toronto, ON, Canada) and Nanodrop 1000 device (Fisher
Scientific, Ottawa, ON, Canada), respectively, according to the manufacturer’s instructions.
DNA samples were kept at −80 ◦C until analysis through 16S rRNA gene amplification.

2.6. 16S rRNA Gene Amplification, Amplicon Sequencing, and Bioinformatics Analysis

Amplification of a 292 bp fragment from the V4 region of the bacterial 16S rRNA
was conducted using 6 µL of 5× SuperFiTM GC Enhancer (Fisher Scientific, Ottawa, ON,
Canada), 6 µL of 5× SuperFiTM Buffer (Fisher Scientific, Ottawa, ON, Canada), 0.6 µL of
10 mM dNTP mix (Fisher Scientific, Ottawa, ON, Canada), 1.8 µL of 10 µM forward primer
(5′-ACACTGA CGACATGGTTCTACAGTGCCAGCMGCCGCGGTAA-3′), 1.8 µL of 10 µM
reverse primer (5′-TACGGTAGCAGAGACTTGGTCTGGACTACHVGGGTWTCTAAT-3′)
(Invitrogen, CA, USA), 0.6 µL of 20 mg/mL PierceTM bovine serum albumin (Fisher
Scientific, Ottawa, ON, Canada), 0.3 µL of 2 U/µL Platinum SuperFi DNA Polymerase
(Fisher Scientific, Ottawa, ON, Canada), 2.5 µL of DNA (12.5 ng), and ddH2O in a total
reaction volume of 30 µL. Eight negative controls (one for each DNA extraction that was
conducted on different days) to confirm the quality of the DNA extraction procedure;
two negative controls (sterile water), and two positive controls (ZymoBIOMICS Microbial
Community DNA Standard (Cedarlane, Burlington, ON, Canada)) were also included for
the PCR approach. Cycling conditions were as follows: an initial denaturation step at
95 ◦C for 5 min, 23 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and
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elongation at 72 ◦C for 3 min. The reaction was completed through an extension step at
72 ◦C for 10 min. A volume of 4 µL of each PCR product was subjected to electrophoresis
using 1% agarose gels containing 0.01% SYBR Safe DNA gel stain (Fisher Scientific, Ottawa,
ON, Canada). Amplicons were sent to the Génome Québec Innovation Centre (Montreal,
QC) for DNA sequencing of the V4 region using an Illumina MiSeq PE250 (2 × 250 bp V3
chemistry) platform (Illumina, San Diego, CA, USA) [31].

The obtained raw sequences were processed using the MOTHUR standard operating
procedure (v. 1.14.3) [32], as previously described [33]. Briefly, forward and reverse
reads were merged into contigs for every sample and ambiguous or too-long reads were
eliminated. Potential chimeras were discarded using VSEARCH [34]. Unique sequences
were aligned to the SILVA database version 132 (Mothur-formatted). The remaining reads
were clustered into operational taxonomic units (OTU) at 97% sequence similarity and the
obtained OTUs were classified using the Mothur-formatted Ribosome Database Project
(RDP) trainset version 18. Finally, classified sequences as Eukaryota, Archaea, chloroplasts,
mitochondria, and unclassified sequences were eliminated [31].

2.7. Measurement of Serum Antibody Levels by ELISA

Antibody titers in chicken sera representing both the specific (candidate proteins) and
non-specific (adjuvant only) immunity were determined using an indirect ELISA approach.
Briefly, the wells of Maxisorp 96 well flat-bottom Immuno plates (Thermo Scientific, NY,
USA) were coated with 100µL of purified recombinant protein (0.5 µg/well) diluted in
50 mM carbonate/bicarbonate coating buffer (pH 9.6). The plates were then incubated for
1 h at 37 ◦C, followed by incubation at 4 ◦C overnight. After three washes with washing
buffer (PBS containing 0.05% Tween 20), the plates were blocked with 100µL of blocking
buffer (washing buffer containing 0.3% casein; Sigma-Aldrich, USA), and then incubated
for 2 h at 37 ◦C. A volume of 100µL of 2-fold serially diluted chicken sera (ranging between
1:50 and 1: 3,276,800) in blocking buffer was added to each well after being washed three
times with the same washing buffer. The plates were then incubated at 37 ◦C for 2 h,
followed by washing 3 times with washing buffer. Subsequently, a volume of 100 µL of goat
anti-chicken IgY horseradish peroxidase (HRP)-conjugated polyclonal antibody (Bethyl
Laboratories, Montgomery, TX, USA, cat. no A30-104P; diluted 1:8000 in wash buffer)
was applied to each well. Following 1 h of incubation at 37 ◦C and 3 washes with wash
buffer, 100 µL of 3,3′,5,5′-tetramethylbenzidine (TMB; Life Technologies, Inc., Carlsbad, CA,
USA) substrate was added to each well, and the plates were incubated for 15 min at room
temperature in the dark. The reaction was stopped with 100 µL/well of 0.18 M H2SO4, and
the absorbance at 450 nm was read using a spectrophotometer (EZ Read 400, Biochrom,
Cambridge, UK), according to the manufacturer’s instructions.

2.8. Statistical Analysis

A post-hoc test with Benjamini-Hochberg correction was used for statistical analysis
of the ELISA results obtained from serum samples collected at 7, 14, 21, and 33 days of age.
The body weight of the birds was statistically analyzed using a mixed linear model with
the body mass of individuals as the dependent variable and the group as the explanatory
variable. The identity of the individuals was indicated as a random factor. A post-hoc test
of multiple comparisons between the groups with a Benjamini-Hochberg correction on
the p-values was subsequently applied. Necrotic enteritis lesion scores were statistically
analyzed using the non-parametric Kruskal-Wallis test before a post-hoc test of multiple
comparisons between the groups with a Benjamini-Hochberg correction was carried out.

Alpha and beta diversity analyses were performed to assess the impact of the treat-
ments on the bird’s microbiota at day 33 using rarefied data in RStudio v.1.4.1103 (RStudio,
Inc., Boston, MA, USA), according to the standard operating procedure (SOP) used in a
previous study [35]. Three alpha diversity indices (observed OTUs, Shannon, and inverse
Simpson) were measured using the estimate_richness function of the phyloseq package
in R [36], followed by a Kruskal-Wallis test with multiple comparison. Beta-diversity was
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calculated using the Bray-Curtis (based on the relative abundance of each genus distance
metric and then plotted on a two-dimensional map with non-metric multidimensional
scaling (NMDS)). Statistically significant differences between groups were tested using the
permutational multivariate analysis of variance (PERMANOVA) via the pairwise ADO-
NIS function within the R package Vegan [37]. Biomarkers were also analyzed using
MaAsLin2 [38], using NEGBIN as an analysis method on unrarefied data, and all p-values
were adjusted for multiple comparisons using the false-discovery rate (FDR) or q-value
method, with q lower than 0.20 and p value lower than 0.05 considered significant.

3. Results
3.1. Expression and Purification of Vaccine Candidate Proteins and Preparation of Whole-Cell
Lysate of Virulent C. perfringens MLG_7820

Various concentrations of purified proteins were produced for the in vivo assay:
2.5 µg/µL for P537, and 3 µg/µL and 2 µg/µL for P153 and P264, respectively (Figure 1).
The protein concentration of the whole-cell lysate derived from C. perfringens MLG_7820
was 14.6 µg/µL. Table 2 shows the name, size, cellular localization, and VaxiJen score of
the candidate proteins used for the in vivo assay.

Table 2. Name, size, cellular localization, and VaxiJen score of candidate proteins that were used in
in vivo assay.

Name Size (KDa) Location VaxiJen Score

P153 5.6 Extracellular/Cytoplasmic
membrane 0.69

P264 9.2 Extracellular/Cytoplasmic 1.47

P509 13 Extracellular 0.91

P537 21 Cytoplasmic 0.21

P561 17 Extracellular 0.64
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Figure 1. Coomassie blue stained SDS-PAGE gels showing purification of His-tagged recombinant
proteins by Ni-NTA affinity chromatography. A volume of 15 µL of crude E. coli extract and fractions
of (a) P153, (b) P264, (c) P509, (d) P537, and (e) P561 were loaded onto 15% SDS-polyacrylamide
gels. The size of the protein of interest is 4 KDa higher than the predicted size due to the insertion
of V5 and His-tag at the N-terminal of each coding sequence. Negative control sample in Figure 1a
corresponds to the crude cell lysate from BL21 cells that were transformed with pET empty vector.
The uncropped original gels are presented in Supplementary Figure S1.

3.2. Bacterial Strains, Media, Culture Conditions, and Inoculum Preparation

The birds received a concentration of C. perfringens varying between 1 × 108 and
2.2 × 109 CFU/mL: 5.6 × 108 CFU/mL and 1.4 × 109 CFU/mL for the first and second
days of inoculation, respectively, and 1 × 108 CFU/mL and 2.2 × 109 CFU/mL for the
third and fourth inoculations, respectively.

3.3. NE Lesion Scoring and Average Body Weight Gain of Broiler Chickens

No mortality or clinical signs associated with NE, such as depression, diarrhea, or
ruffled feathers, was observed before or after the challenge. Table 3 presents the number of
birds per group, the NE-associated gross lesion scores observed at 33 days of age in the
different groups, the average lesion score, and the average body weight for each group.
Among the 103 birds examined for establishing a macroscopic lesion score, 71 showed
no lesion, while 16, 14, 1, and 1 bird revealed lesion scores of 1, 2, 3, and 4, respectively
(Figure 2). The mean lesion score observed in the birds from the MLG_7820 group was 1.22,
which was the highest among the experimental groups. In contrast, the lowest average
lesion scores were attributed to the birds from the Bacitracin (0), P561 (0.07), and Quil-A
groups (0.17).

Regarding the final body weight (Table 3), the Bacitracin group was identified as
the heaviest, with a mean body weight of 2790 g, followed by the P537 group (2087 g).
Conversely, the lowest average body weight was recorded from the P561 group (1900 g),
followed by the Quil-A group (1925 g).
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Table 3. Distribution of birds according to the lesion score among immunized groups, including their
corresponding average lesion score and average body weight.

Group No. of Birds Lesion Scores Average Lesion
Score (±SE)

Average Weight
(±SE)

0 1 2 3 4

P153 13 8 4 1 0 0 0.46 (0.18) 2066.77 (40.6)
P264 14 9 2 3 0 0 0.57 (0.23) 1952.50 (40.3)
P509 14 10 2 1 1 0 0.50 (0.25) 1946.79 (52.2)
P537 13 6 3 4 0 0 0.85 (0.25) 2087.69 (65.1)
P561 14 13 1 0 0 0 0.07 (0.07) 1900.71 (41.1)

Bacitracin 8 8 0 0 0 0 0.00 (0.00) 2790.00 (61.5)
Mix 12 10 0 1 0 1 0.50 (0.36) 2043.00 (37.9)

MLG_7820 9 2 3 4 0 0 1.22 (0.28) 2023.11 (54.9)
Quil-A 6 5 1 0 0 0 0.17 (0.17) 1925.00 (77.5)
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Bacitracin 0.213 0.216 0.262 0.142 0.615 - - - 

Mix 0.531 0.533 0.678 0.273 0.533 0.478 - - 

Figure 2. Lesion scores in birds submitted to NE-experimental infection and immunized with
adjuvant alone, recombinant form of the candidate proteins, and whole-cell lysate from virulent C.
perfringens MLG_7820. The bacitracin group was not immunized before the challenge (* p < 0.05 and
lines correspond to the average lesion score).

Table 4 shows the results of multiple comparisons between the groups for the NE
lesion scores. The post-hoc test followed by Benjamini–Hochberg correction indicates
a statistically significant difference (p < 0.05) between the MLG_7820 and P561 groups;
the birds from the MLG_7820 group exhibited more severe lesions. A significant trend
(0.05 ≤ p < 0.10) was also observed between the MLG_7820 and Bacitracin groups and
between the P561 and P537 groups, where the birds from MLG_7820 and P537 had higher
lesion scores, respectively.

Table 5 indicates the results of multiple comparisons between the groups for body
weight. According to the model, there is an effect of the group on the body weight of the
birds (LMM: X2 = 177.80, Df = 10, p-value < 0.001). A statistically significant difference in the
body weight between the birds from the Bacitracin group and all other groups was found
(p-value < 0.001), with the former being heavier. A significant difference (p-value < 0.05)
was also observed when comparing the body weight of the birds in the P561 and P537
groups, with the latter being heavier (187 g).
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Table 4. Results of multiple comparisons between groups for lesion scores. Significant values
(p < 0.05) are shown in bold and trends (0.05 ≤ p < 0.10) are presented as underlined.

P153 P264 P509 P537 P561 Bacitracin Mix MLG_7820

P264 0.928 - - - - - - -
P509 0.802 0.784 - - - - - -
P537 0.488 0.531 0.441 - - - - -
P561 0.213 0.216 0.273 0.082 - - - -

Bacitracin 0.213 0.216 0.262 0.142 0.615 - - -
Mix 0.531 0.533 0.678 0.273 0.533 0.478 - -

MLG_7820 0.176 0.220 0.184 0.493 0.031 0.060 0.150 -
Quil-A 0.493 0.493 0.622 0.262 0.641 0.492 0.943 0.142

Table 5. Results of multiple comparisons between groups for body weight. p-values were cor-
rected using the Benjamini-Hochberg method. Significant differences appear in bold characters
(p-value < 0.05).

Compared Groups Estimate ±SE Z-Ratio p-Value Adj.

P153—P264 114.33 65.90 1.734 0.226
P153—P509 120.05 65.90 1.821 0.208
P153—P537 −20.92 67.10 −0.312 0.855
P153—P561 166.12 65.90 2.520 0.062

P153—Bacitracine −723.11 77.20 −9.367 < 0.001
P153—Mix 23.66 68.50 0.345 0.855

P153—MLG_7820 43.74 74.40 0.588 0.767
P153—Quil-A 142.20 85.00 1.672 0.235
P264—P509 5.71 64.70 0.088 0.965
P264—P537 −135.26 65.90 −2.052 0.148
P264—P561 51.79 64.70 0.801 0.632

P264—Bacitracine −837.44 76.20 −10.995 < 0.001
P264—Mix −90.67 67.40 −1.346 0.322

P264—MLG_7820 −70.59 73.30 −0.962 0.532
P264—Quil-A 27.87 84.10 0.331 0.855
P509—P537 −140.97 65.90 −2.138 0.140
P509—P561 46.07 64.70 0.713 0.692

P509—Bacitracine −843.16 76.20 −11.070 <0.001
P509—Mix −96.38 67.40 −1.431 0.296

P509—MLG_7820 −76.30 73.30 −1.040 0.487
P509—Quil-A 22.15 84.10 0.263 0.855
P537—P561 187.04 65.90 2.837 0.028

P537—Bacitracine −702.19 77.20 −9.096 < 0.001
P537—Mix 44.59 68.50 0.651 0.729

P537—MLG_7820 64.67 74.40 0.869 0.591
P537—Quil-A 163.12 85.00 1.918 0.177

P561—Bacitracine −889.23 76.20 −11.675 < 0.001
P561—Mix −142.45 67.40 −2.114 0.140

P561—MLG_7820 −122.37 73.30 −1.668 0.235
P561—Quil-A −23.92 84.10 −0.284 0.855

Bacitracine—Mix 746.78 78.40 9.529 < 0.001
Bacitracine—
MLG_7820 766.86 83.20 9.214 < 0.001

Bacitracine—Quil-A 865.31 92.70 9.335 < 0.001
Mix—MLG_7820 20.08 75.60 0.266 0.855

Mix—Quil-A 118.54 86.10 1.377 0.315
MLG_7820—Quil-A 98.46 90.60 1.087 0.466

3.4. Measurement of Serum Antibody Levels by ELISA

The statistical analysis of the ELISA results revealed significant differences between
the IgY antibody titers on days 21 and 33 in comparison to days 7 and 14 for the birds
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immunized with P537 (Figure 3). For the birds injected with P264, the antibody levels
at 14, 21, and 33 days of age were significantly higher than those found at day 7. A
third immunization at day 21 significantly increased the IgY antibody levels at day 33
for this group. The highest mean IgY titers were observed in the birds vaccinated with
P537 (1.31 × 105 and 2.52 × 105) and P264 (7.86 × 104 and 3.76 × 105) on days 21 and 33,
respectively. Conversely, the lowest mean IgY antibody levels were found in the broiler
chickens vaccinated with P153 (1.34 × 102 and 6.74 × 102), P509 (6.10 × 10 and 6.02 × 102),
and P561 (1.57 × 102 and 1.13 × 103) on days 21 and 33, respectively. Significant changes
were noted in the IgY titers between day 33 and days 7, 14, and 21 for the birds from the
P509 group. Similar results were also documented in the birds immunized with P561, and
significant changes between day 33 and days 7, 14, and 21 were also seen for this group.
For the birds from group 153, a significant difference between days 14 and 33 was reported,
whereas no significant change between days 7 and 33 was observed. This trend was also
noted during the first immunization trial [13]. The IgY antibody response of the birds
receiving the adjuvant alone was negligible at 33 days of age. Sera collected from the birds
immunized with the mixture of proteins were tested separately against each protein. Again,
the highest antibody response was obtained in the P264 and P561 group, and the lowest
antibody level was achieved in the P153 and P509 groups at 33 days of age. Significant
differences between the antibody titers at day 33 and day 7 were noted for all candidates
(Figure 3).

3.5. 16S rRNA Gene Amplicon Metagenomic Sequencing

A total of 4,409,736 sequences were retained after cleaning. The average number of
reads was 47,416.52 per sample and the highest and lowest numbers were 68,047 and
33,327, respectively. The composition of the positive controls was as expected based on the
composition provided by the manufacturer (see Supplementary Figure S2). When all of the
samples are compared together in an NMDS plot (see Supplementary Figure S3), with the
exception of one negative control that denotes some contamination, all of the controls were
grouped apart from the study samples.

A total of four phyla were identified in the samples with more than 1% abundance.
Among all of them, Ruminococcaceae, Lachnospiraceae, and Bacteroidaceae had the highest
relative abundance of identified families of the chicken caecal contents analyzed in all
of the experimental groups (Figure 4). Ruminococcaceae was not statistically different
among the experimental groups (FDR adjusted p-value = 0.22, Figure 5A), while the
Bacteroidaceae family was significantly higher (FDR adjusted p-value < 0.05) in the birds
immunized with P153 and P537 when compared to the Quil-A control group (Figure 5B,C).
Lachnospiraceae, Erysipelatoclostridiaceae, and Oscillospiraceae were lower in the MLG_7820
group compared to all of the other experimental groups, although this was not statistically
significant (FDR adjusted p-value > 0.05, Figure 5D–F). A meaningful increase in members
of RF39 and Clostridia (unclassified) in the P561 experimental group was observed in
comparison to the Quil-A group (FDR adjusted p-value < 0.01, Figure S4A,B, respectively).
Conversely, a significant decrease in Enterobacteriaceae in the P561 experimental group
was found when compared to the Quil-A control group (FDR adjusted p-value < 0.01,
Figure S4C). A considerable increase in the population of the Lactobacillaceae was seen
in the P537 group compared to the Quil-A control group (FDR adjusted p-value < 0.01,
Figure S4D). Clostridiaceae were found to be higher in the P537 and MLG_7820 groups,
although this was not statistically significant (FDR adjusted p-value > 0.05, Figure S4E). In
addition, Erysipelotrichaceae and Clostridia UCG-014 were different across the groups, but
not significantly so (FDR-adjusted p-value > 0.05, Figure S4F–L).
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Figure 3. ELISA antibody responses in birds immunized with indicated recombinant proteins mixed
with the adjuvant Quil-A. The negative control group (Quil-A) was injected with the adjuvant alone.
Birds in Mix group received 50 µg of each of the four candidate proteins (P153, P264, P509, P561, for a
total of 200 µg of proteins) and 50 µg of Quil-A adjuvant. Immuno plate MaxiSorp wells were coated
with 0.5 µg of each recombinant protein. The sera obtained from birds from the Mix group were
tested four times separately against each recombinant protein. The number of asterisks indicates the
level of significance: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3.6. Alpha and Beta Diversities

The alpha diversity analysis (Figure S5) based on the observed OTUs showed no
significant (p-value > 0.05) differences among the experimental groups (Table 6). However,
the Shannon index was statistically different between several groups (p-value < 0.05 for P509
vs. MLG_7820, P509 vs. P153, P509 vs. Mix, P509 vs. P537, P509 vs. P561) (Table 7). The
samples from the P509 group showed lower Shannon diversity (lower bacterial population
evenness) than the P537, P561, and Mix groups, but higher Shannon diversity compared to
the 153 and MLG_7820 groups (Table 8).
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Figure 4. Relative abundance of the major bacterial genera identified in the ceca of treated birds
and submitted to NE infection. Only bacterial genera representing at least 2.5% of the total reads
are shown.

Table 6. Results (p values) of multiple comparisons between groups for observed OTUs.

Mix MLG_7820 P153 P264 P509 P537 P561

MLG_7820 0.139 - - - - - -

P153 0.087 0.554 - - - - -

P264 0.968 0.091 0.087 - - - -

P509 0.459 0.087 0.087 0.539 - - -

P537 0.872 0.087 0.087 0.841 0.664 - -

P561 0.968 0.377 0.211 0.872 0.554 0.904 -

Quil-A 0.872 0.377 0.459 0.872 0.293 0.554 0.852
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Table 7. Results (p values) of multiple comparisons between groups for Shannon index. Significant
differences appear in bold characters (p-value < 0.05).

Mix MLG_7820 P153 P264 P509 P537 P561

MLG_7820 0.344 - - - - - -

P153 0.566 0.608 - - - - -

P264 0.434 0.051 0.160 - - - -

P509 0.014 0.014 0.014 0.066 - - -

P537 0.910 0.116 0.354 0.365 0.014 - -

P561 0.921 0.160 0.442 0.365 0.014 0.836 -

Quil-A 0.365 0.051 0.116 0.836 0.354 0.365 0.365

Table 8. Results of average alpha diversity indices (Observed, Shannon, and Inverse Simpson) for
each experimental group (p-value < 0.05).

Observed Shannon Inverse Simpson

P153 804 3.67 10.55

P264 721 3.59 10.1

P509 744 3.7 10.69

P537 706 3.74 11.63

P561 811 3.93 13.32

Mix 806 3.86 13.2

Quil-A 800 3.8 12.35

MLG_7820 828 3.57 8.75

Likewise, the inverse Simpson diversity index was significantly different across several
groups (p-value < 0.01 for MLG_7820 vs. Mix and p-value < 0.05 for MLG_7820 vs. P561)
(Table 9). According to Table 8, the samples from the MLG_7820 group exhibited lower
inverse Simpson diversity (lower bacterial richness and evenness) compared to the Mix
and P561 samples (Table 8).

Table 9. Results (p values) of multiple comparisons between groups for inverse Simpson diversity
index. Significant differences appear in bold characters (p-value < 0.05 and p-value < 0.01).

Mix MLG_7820 P153 P264 P509 P537 P561

MLG_7820 0.0084 - - - - - -

P153 0.1129 0.4166 - - - - -

P264 0.0774 0.6288 0.6538 - - - -

P509 0.2752 0.2741 0.7053 0.5526 - - -

P537 0.7053 0.0882 0.2752 0.1536 0.6288 - -

P561 0.7222 0.0302 0.1137 0.0882 0.2127 0.5901 -

Quil-A 0.5428 0.3902 0.7053 0.6538 0.8201 0.8201 0.5526

The beta diversity was affected by the experimental treatments and is graphically
represented using a 2D NMDS (Figure 6). Table 10 shows the ADONIS analysis between
different groups.
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Figure 6. Non-metric multidimensional scaling plot (NMDS) illustrating the dissimilarity between
sample types using Bray–Curtis index.

Table 10. Analysis of beta diversity on cecal microbiota using the ADONIS test based on the Bray-
Curtis distance matrix. Significant differences between groups are highlighted in bold characters.

Comparison p-Value

P509—P561 0.004

P509—Mix 0.031

P509—P153 0.046

P509—P264 0.007

P509—P537 0.024

P509—MLG_7820 0.077

P509—Quil-A 0.06

P561—Mix 0.064

P561—P153 0.001

P561—P264 0.001

P561—P537 0.005

P561—MLG_7820 0.002

P561—Quil-A 0.017

Mix—P153 0.007

Mix—P264 0.006

Mix—P537 0.008

Mix—MLG_7820 0.046

Mix—Quil-A 0.241

P153—P264 0.06
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Table 10. Cont.

Comparison p-Value

P153—P537 0.09

P153—MLG_7820 0.019

P153—Quil-A 0.009

P264—P537 0.002

P264—MLG_7820 0.053

P264—Quil-A 0.015

P537—MLG_7820 0.009

P537—Quil-A 0.005

MLG_7820—Quil-A 0.325

4. Discussion

NE is a severe enteric disease in broilers that causes a significant increase in flock
mortality and can result in mucosal damage and a microbial shift in the small intestine,
leading to decreased zootechnical performances. It thereby has an unfavorable impact
on birds’ welfare and profitability for poultry producers [39–41]. Although pathogenic C.
perfringens strains are the main causative agent of NE, the presence of other predisposing
factors is also crucial to experimentally inducing the disease. Avian coccidiosis, an enteric
parasitic disease caused by one or more Eimeria species (e.g., E. acervulina, E. maxima),
is one of the best-known predisposing factors for NE [42]. Vaccination is a promising
non-antibiotic strategy as a preventive measure, but despite extensive efforts over recent
years, no commercial vaccine for the control of NE has been developed to date [42,43].

In a previous study conducted by our group [13], the recombinant form of five proteins
predicted to be surface-exposed and unique to NE-causing C. perfringens was evaluated
for its immunogenicity in broiler chickens. In this work, the same candidate proteins,
except for P509, were evaluated for their relative contribution to the protection of broiler
chickens and their impact on the caecal microbiota of these birds using an experimental
NE-induction model. For P509, a truncated form excluding a hydrophobic transmembrane
domain, was used to facilitate purification. Similar difficulties with the cloning, expression,
and purification of the full-length coding sequence of pilin subunits were also reported by
other authors; this is probably due to the existence of the hydrophobic N-terminus [44–46].
It has also been reported that the deletion of this hydrophobic N-terminus can lead to the
overexpression of the protein product, which can in turn be recovered under its soluble
form [44–46]. For P509 and P561, which are both identified as prepilin N-terminal cleavage
methylation domain proteins, the presence of a hydrophobic N-terminus was hypothesized
to be the main interfering factor that might have contributed to the obstacles encountered
in the expression and purification of the recombinant form of these candidate proteins [13].

The results from our first study indicated that immunization of the birds with P537,
P509, and P264 induced the highest IgY titers at 35 days of age [13]. Conversely, P153 and
P561 evoked the lowest antibody responses in the immunized broiler chickens at the same
age [13].

The ELISA results obtained during the current study confirmed the trends observed
for the IgY titers measured during the previous immunization trial. The highest antibody
response was achieved at 33 days of age through immunization with P537 [13]. The
immunization of broiler chickens with the full-length form of P509 was correlated with
the second mean highest IgY titers (2.41 × 105) at the end of the first immunization trial.
After the removal of its transmembrane region, the IgY response elicited by this candidate
protein reached a mean value of 6.02 × 102 in the birds analyzed at 33 days of age. This
result was unexpected given the immunogenic score predicted by the VaxiJen software v
2.0, which increased from 0.86 to 0.91, when comparing the full-length and the truncated
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sequence of P509. Thus, the lowest IgY titers obtained during this second immunization
trial were measured in the birds immunized with P509. The conformational stability of a
protein is known to act as an important factor in the stimulation of the immune system. In
addition, despite reports that the removal of 28 residues or more from the hydrophobic first
half of the N-terminal coding sequence of pilin proteins in order to improve their solubility
had minimal impact on the protein structure itself, some authors have also shown that
modification of the N-terminal sequence of pilin proteins was modifying their solubility,
their role in the pilus assembly, and thus, potentially, their ability to induce an immune
response [47–49]. The comparatively weak fold change in the IgY titers measured from
the birds immunized with a truncated form of P561 at 7 and 33 days of age, another pilin-
associated protein, during both immunization trials further supports this hypothesis [13].
The difficulties encountered by our group in obtaining a pure product of the recombinant
form of P509 during the first immunization trial might have contributed to the magnitude
of the response generated in the immunized birds through the exposition of their immune
system to some other bacterial components not being removed in the purification step.
This could also explain the variations in the mean values and the fold change in IgY titers
observed between both trials [13].

The IgY titer values clustering for each time point and for each of the vaccination
groups leads us to think that the antigen delivery was consistent, and the similar IgY
response patterns observed for both immunization trials strengthen this affirmation [13].
Previous vaccination studies assessing the protective ability of other C. perfringens recombi-
nant proteins stressed the fact that a strong serum IgY response does not always positively
correlate with a protective mucosal immunity through the action of secretory IgA. We could
presume that the low average lesion score observed for all the immunized groups in the
current study could support such an extrapolation [30]. When considering an average
lesion score for birds receiving the Quil-A adjuvant only, which should range between 1
and 4,depending on the severity of the challenge, as well as the variability in the lesion
scores among the birds from different groups, we could hypothesize that the NE-induction
model used might compare to a field challenge, during which some broiler chickens will
reveal severe intestinal lesions, sometimes resulting into death, while some other birds will
not show any particular impairment at both the clinical and histological levels [30,50–54].
Thus, while broiler chickens submitted to a severe experimental NE challenge might benefit
from some specific immunity for fighting the disease, the induction model used in the
current study made the distinction between the contribution of the non-specific (adjuvant
only) and specific immunity (candidate proteins) less clear. Different experimental models
can be used for the induction of NE in broilers, most of them relying on a combination of
predisposing factors and inoculations with a virulent strain of C. perfringens over a period
of 1 to 5 days [55]. While the current study used an oral gavage with a suspension of
bacterial pellets of the virulent strain MLG_7820 once daily for four consecutive days, other
authors achieved higher lesion scores using whole bacterial broth cultures mixed with
the feed served twice daily for infecting the birds. This approach most likely increases
the bird’s exposure to the preformed toxins and secreted proteins of C. perfringens and
might also contribute to the virulence of the pathogen and the severity of the lesions
observed [53,56,57].

As the aim of the current study was to document the relative contribution of the
specific immunity raised by the studied recombinant proteins to prevent NE, with no
other interference with the immune system, a high animal-based protein diet was used
as a predisposing factor in contrast to other studies using an Eimeria infection as the
predisposing factor [58]. It should be pointed out that the birds with the highest average
lesion score belonged to the MLG_7820 group, highlighting the fact that the exposition
of the birds’ immune system to the whole diversity of C. perfringens proteins and the
stimulation of the production of a plethora of antibodies does not necessarily translate into
protection against C. perfringens.
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Whereas only birds from the bacitracin group revealed a significantly higher body
weight when compared to the other experimental groups, we can safely hypothesize that
the injection of the recombinant protein followed by the stimulation of an immune response
did not significantly impact the growth performance of the birds—a critical feature of any
vaccine strategy for which the intended purpose is a commercial application. It is well
established that antibiotics such as bacitracin methylene disalicylate (BMD) promote weight
gain and feed efficiency in broiler chickens by increasing the villus height throughout the
small intestine, ameliorating the digestion of dietary components, and modulating the
intestinal microbiota [59–61].

Intestinal health is directly linked to the composition of the microbiota that interacts
with the host [62]. It has been demonstrated that the broiler chicken gut microbiota plays
central roles in providing the host with nutrients and vitamins (e.g., vitamin K and biotin),
improving intestinal integrity, modulating immunity, and preventing enteric pathogens
from colonizing the GIT [62]. A high proportion of Ruminococcaceae and Lachnospiraceae,
which belong to the Firmicutes phylum, was identified in the microbiota of the birds
from all of the groups in this trial. The Ruminococcaceae family, which contains a range of
highly oxygen-sensitive butyrate-producing species [63], was the most prevalent family
identified in the cecum of the birds across all the experimental groups in this study. This
family is associated with the production of short-chain fatty acids (SCFA) such as butyrate
and the degradation of plant materials; hence, it is correlated with better feed conversion
and favorable productivity outcomes [63]. In addition, Ruminococcaceae were found to
be highly abundant in the cecal microbiota of chickens with a low feed conversion ratio
(FCR) [63]. Likewise, Lachnospiraceae, the second most dominant family identified in all the
experimental groups, is also involved in butyric acid production [63]. The Oscillospiraceae
and Erysipelatoclostridiaceae families, which belong to the Firmicutes phylum and also
contain butyrate-producing members, were identified in all of the experimental groups. [64].
There is accumulating evidence indicating that butyrate has an anti-inflammatory property,
stabilizes intestinal integrity, and strengthens the epithelial barrier [65]. Additionally, it
is a pivotal signaling molecule in the GIT and serves as an energy source for epithelial
cells [66]. It has also been reported that butyrate decreases the incidence and severity
of NE when used as a feed additive; thus, the high abundance of butyrate-producing
bacteria in the microbiota of birds involved in the current trial could potentially contribute
to the reduced severity of the observed lesion scores [65]. The immunization of the birds
with recombinant proteins did not considerably affect the abundance of Ruminococcaceae,
Lachnospiraceae, Oscillospiraceae, and Erysipelatoclostridiaceae compared to the Quil-A control
group (FDR adjusted p-value > 0.05) (Figure 5A,D–F). In contrast, a reduction in the relative
population of Lachnospiraceae, Erysipelatoclostridiaceae, and Oscillospiraceae was observed in
the MLG_7820 group, which was the group with the highest lesion score (Figure 5D–F).
Thus, the existence of a link between the high NE lesion score in the MLG_7820 group
and the reduction in beneficial butyrate-producing bacteria in the same group could be
considered. Consistent with this observation, Wu et al. demonstrated that NE predisposing
factors such as a high-protein fishmeal diet and Eimeria infection reduced the abundance of
butyrate-producing Ruminococcaceae and Lachnospiraceae families of bacteria in chickens [15].

The P537 group, which was characterized by the highest antibody titers, showed two
significant changes compared to the control group. The populations of Lactobacillaceae and
Bacteroidaceae increased noticeably in the birds receiving P537 (FDR adjusted p-value < 0.05).
Also, the birds from this group revealed the second highest mean body weight and the
second highest mean lesion score (0.85) among the experimental groups. The superior abun-
dance of Lactobacillaceae and Bacteroidaceae in the P537 group might be a direct impact of the
experimental NE challenge. This observation was also made by Lacey et al., who reported
both an increase in the proportion of Lactobacillus bacteria in broiler chickens presenting
NE lesions and a negative correlation between the abundance of this bacterial population
and the feed conversion ratio of birds [41]. Lactobacillaceae is a diverse family of lactic
acid-producing bacteria found within the gut of both vertebrates and invertebrates [67].
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Conversely, the Bacteroidota phylum, represented by members of the Bacteroidaceae
family, can reduce nutritional absorption and lead to dysbiosis [68,69]. Xu et al. showed
that the population of Bacteroidota and Proteobacteria phyla increased with the severity of
NE [70]. Hence, it could be supposed that the higher abundance of this family correlates
with a greater susceptibility to developing higher NE lesions (lesion score of 0.85) for birds
belonging to this group [41].

One significant change observed in the birds from the P561 group (the group with
the lowest average lesion score) was a reduction in the abundance of Enterobacteriaceae.
It could be assumed that the low abundance of the Enterobacteriaceae family correlates
with the low lesion score observed in this group, as Bortoluzzi et al. revealed that a NE
challenge increased the frequency (p = 0.01) of Enterobacteriaceae family members [71,72].
Organic acids and essential oils have been shown to improve performance and digestive
function in broilers under NE and to reduce the abundance of some harmful families, such
as Enterobacteriaceae; these findings further supporting this hypothesis [72].

5. Conclusions

Taken together, the results obtained herein are promising and suggest that non-specific
immunity might contribute to a certain level of protection when broiler chickens are exposed
to a milder NE challenge, adhering more closely to the exposition of birds to virulent C.
perfringens in field conditions. Although the role of the specific immunity attributed to
the antibodies raised through immunization with the recombinant proteins could not be
precisely determined using this mild experimental NE induction model, additional trials
with increasing severity levels should be repeated to bring to light the coverage offered by
the specific immunity attributed to the tested vaccine candidate proteins. In addition, other
vaccine delivery routes, including maternal immunization of layer hens, oral immunization,
and in ovo vaccination, should be considered to cater for the needs of the poultry industry
while ensuring a low impact on the chicken caecal microbiota is maintained.

6. Patents

The vaccine candidates mentioned in this article are the subject of a US Patent Appli-
cation, 63/486,749, which was filed on 24 February 2023, and is entitled “RECOMBINANT
VACCINE PROTEINS FOR THE PREVENTION OF AVIAN NECROTIC ENTERITIS”.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani13213323/s1, Figure S1: Coomassie blue stained SDS-PAGE
gel showing purification of His-tagged recombinant proteins by Ni-NTA affinity chromatography,
Figure S2: Stacked bar-plots showing the relative abundance of the major bacterial genera in positive
controls, Figure S3: Non-metric multidimensional scaling plot (NMDS) showing the dissimilarity
between cecum samples and controls using Bray–Curtisindexe, Figure S4: Statistically significant
changes (p-value < 0.05) in key bacterial families of interest across experimental groups, Figure S5:
Alpha diversity measures among the samples at day 33, using Observed, Shannon, and Inverse
Simpson indices.

Author Contributions: Conceptualization, S.H., A.T., M.S. and M.-L.G.; methodology, A.T. and
M.-L.G.; supervision, A.T., V.R.P., A.G., S.Q., M.S. and M.-L.G.; validation, A.T. and M.-L.G.; formal
analysis, A.T., M.G., A.G. and T.J.; investigation, S.H., A.T., V.R.P. and M.-L.G.; resources, A.T. and
M.-L.G.; data curation, A.T. and M.-L.G.; writing—original draft preparation, S.H. and M.-L.G.;
writing—review and editing, S.H., A.T., V.R.P., S.Q., M.S., M.G., A.G., T.J. and M.-L.G.; visualization,
S.H.; project administration, M.-L.G.; funding acquisition, M.-L.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by funding from DCL Nutrition and Santé animale, the MAPAQ
Programme Innov’Action Agroalimentaire Cultivons l’avenir 2 (IA117746), Mitacs (IT09545), PhD—
Bourse de dépannage du Centre de recherche en infectiologie porcine et avicole (CRIPA), la bourse
de fin d’études doctorales, Zoetis scholarship for graduate students, and Le Fonds du Centenaire,
Faculté de médecine vétérinaire from the Université de Montréal.

https://www.mdpi.com/article/10.3390/ani13213323/s1
https://www.mdpi.com/article/10.3390/ani13213323/s1


Animals 2023, 13, 3323 23 of 26

Institutional Review Board Statement: The study was carried out accordingly with the recommen-
dations of the guidelines and policies of the Canadian Council on Animal Care and the principles
set forth in the Guide for the Care and Use of Laboratory Animals. The protocols and procedures
were approved by the Animal Welfare Committee of the University of Montreal (protocol number
20-Rech-2070), including euthanasia to minimize animal suffering, which was applied throughout
this study when animals were seriously affected.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available in the SRA database as project ID: PRJNA734442.

Acknowledgments: The authors would like to thank Steve Bourgault, Alexandre Lebel, Mélodie
Langlais, Nicole Trottier, William P. Thériault, Mohamed Rhouma, Rosie Kakese Mukosa, Amély
Grandmont, Sophie Chagneau, Saoussen Sfaxi, Lou Eap, Sothary Ly, Emmanuelle Mathé, and all
other members of the CRSV laboratory for their constant support and advice.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Diaz Carrasco, J.M.; Redondo, L.M.; Redondo, E.A.; Dominguez, J.E.; Chacana, A.P.; Fernandez Miyakawa, M.E. Use of plant

extracts as an effective manner to control Clostridium perfringens induced necrotic enteritis in poultry. Biomed. Res. Int. 2016,
2016, 3278359. [CrossRef] [PubMed]

2. Scott, K.P.; Gratz, S.W.; Sheridan, P.O.; Flint, H.J.; Duncan, S.H. The influence of diet on the gut microbiota. Pharmacol. Res. 2013,
69, 52–60. [PubMed]

3. Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313–323. [CrossRef] [PubMed]

4. Lacey, J.A.; Keyburn, A.L.; Ford, M.E.; Portela, R.W.; Johanesen, P.A.; Lyras, D.; Moore, R.J. Conjugation-mediated horizontal gene
transfer of Clostridium perfringens plasmids in the chicken gastrointestinal tract results in the formation of new virulent strains.
Appl. Environ. Microbiol. 2017, 83, e01814-17. [CrossRef]

5. Fathima, S.; Hakeem, W.G.A.; Shanmugasundaram, R.; Selvaraj, R.K. Necrotic Enteritis in Broiler Chickens: A Review on the
Pathogen, Pathogenesis, and Prevention. Microorganisms 2022, 10, 1958. [CrossRef]

6. Prescott, J.F.; Parreira, V.R.; Gohari, I.M.; Lepp, D.; Gong, J. The pathogenesis of necrotic enteritis in chickens: What we know and
what we need to know: A review. Avian Pathol. 2016, 45, 288–294. [CrossRef]

7. Mot, D.; Timbermont, L.; Haesebrouck, F.; Ducatelle, R.; Van Immerseel, F. Progress and problems in vaccination against necrotic
enteritis in broiler chickens. Avian Pathol. 2014, 43, 290–300. [CrossRef]

8. Zekarias, B.; Mo, H.; Curtiss, R., III. Recombinant attenuated Salmonella enterica serovar Typhimurium expressing the carboxy-
terminal domain of alpha toxin from Clostridium perfringens induces protective responses against necrotic enteritis in chickens.
Clin. Vaccine Immunol. 2008, 15, 805–816. [CrossRef]

9. Hoang, T.H.; Hong, H.A.; Clark, G.C.; Titball, R.W.; Cutting, S.M. Recombinant Bacillus subtilis expressing the Clostridium
perfringens alpha toxoid is a candidate orally delivered vaccine against necrotic enteritis. Infect. Immun. 2008, 76, 5257–5265.
[CrossRef]

10. Cooper, K.K.; Trinh, H.T.; Songer, J.G. Immunization with recombinant alpha toxin partially protects broiler chicks against
experimental challenge with Clostridium Perfringens. Vet. Microbiol. 2009, 133, 92–97. [CrossRef]

11. Crouch, C.F.; Withanage, G.S.K.; de Haas, V.; Etoré, F.; Francis, M.J. Safety and efficacy of a maternal vaccine for the passive
protection of broiler chicks against necrotic enteritis. Avian Pathol. 2010, 39, 489–497. [CrossRef] [PubMed]

12. Lee, K.W.; Lillehoj, H.S.; Jeong, W.; Jeoung, H.Y.; An, D.J. Avian necrotic enteritis: Experimental models, host immunity,
pathogenesis, risk factors, and vaccine development. Poult. Sci. 2011, 90, 1381–1390. [CrossRef] [PubMed]

13. Heidarpanah, S.; Thibodeau, A.; Parreira, V.R.; Quessy, S.; Segura, M.; Meniaï, I.; Gottschalk, M.; Gaudreau, A.; Juette, T.; Gaucher,
M.L. Immunization of broiler chickens with five newly identified surface-exposed proteins unique to Clostridium perfringens
causing necrotic enteritis. Sci. Rep. 2023, 13, 5254. [CrossRef] [PubMed]

14. Collier, C.T.; Hofacre, C.L.; Payne, A.M.; Anderson, D.B.; Kaiser, P.; Mackie, R.I.; Gaskins, H.R. Coccidia-induced mucogenesis
promotes the onset of necrotic enteritis by supporting Clostridium perfringens growth. Vet. Immunol. Immunopathol. 2008,
122, 104–115. [CrossRef]

15. Wu, S.B.; Stanley, D.; Rodgers, N.; Swick, R.A.; Moore, R.J. Two necrotic enteritis predisposing factors, dietary fishmeal and
Eimeria infection, induce large changes in the caecal microbiota of broiler chickens. Vet. Microbiol. 2014, 169, 188–197. [CrossRef]

16. Jia, W.; Slominski, B.A.; Bruce, H.L.; Blank, G.; Crow, G.H.; Jones, O. Effects of diet type and enzyme addition on growth
performance and gut health of broiler chickens during subclinical Clostridium perfringens challenge. Poult. Sci. 2009, 88, 132–140.
[CrossRef]

17. Huang, T.; Gao, B.; Chen, W.-L.; Xiang, R.; Yuan, M.; Xu, Z.; Peng, X. Temporal effects of high fishmeal diet on gut microbiota and
immune response in Clostridium perfringens-challenged chickens. Front. Microbiol. 2018, 9, 2754. [CrossRef]

https://doi.org/10.1155/2016/3278359
https://www.ncbi.nlm.nih.gov/pubmed/27747227
https://www.ncbi.nlm.nih.gov/pubmed/23147033
https://doi.org/10.1038/nri2515
https://www.ncbi.nlm.nih.gov/pubmed/19343057
https://doi.org/10.1128/AEM.01814-17
https://doi.org/10.3390/microorganisms10101958
https://doi.org/10.1080/03079457.2016.1139688
https://doi.org/10.1080/03079457.2014.939942
https://doi.org/10.1128/CVI.00457-07
https://doi.org/10.1128/IAI.00686-08
https://doi.org/10.1016/j.vetmic.2008.06.001
https://doi.org/10.1080/03079457.2010.517513
https://www.ncbi.nlm.nih.gov/pubmed/21154059
https://doi.org/10.3382/ps.2010-01319
https://www.ncbi.nlm.nih.gov/pubmed/21673152
https://doi.org/10.1038/s41598-023-32541-4
https://www.ncbi.nlm.nih.gov/pubmed/37002317
https://doi.org/10.1016/j.vetimm.2007.10.014
https://doi.org/10.1016/j.vetmic.2014.01.007
https://doi.org/10.3382/ps.2008-00204
https://doi.org/10.3389/fmicb.2018.02754


Animals 2023, 13, 3323 24 of 26

18. Stanley, D.; Wu, S.-B.; Rodgers, N.; Swick, R.A.; Moore, R.J. Differential responses of cecal microbiota to fishmeal, Eimeria and
Clostridium perfringens in a necrotic enteritis challenge model in chickens. PLoS ONE 2014, 9, e104739. [CrossRef]

19. Huang, T.; Peng, X.; Gao, B.; Qi-Lin, W.; Xiang, R.; Yuan, M.; Xu, Z. The effect of Clostridium butyricum on gut microbiota, immune
response and intestinal barrier function during the development of necrotic enteritis in chickens. Front. Microbiol. 2019, 10, 2309.
[CrossRef]

20. Wu, Y.; Zhen, W.; Geng, Y.; Wang, Z.; Guo, Y. Pretreatment with probiotic Enterococcus faecium NCIMB 11181 ameliorates necrotic
enteritis-induced intestinal barrier injury in broiler chickens. Sci. Rep. 2019, 9, 10256. [CrossRef]

21. Bortoluzzi, C.; Vieira, B.S.; Hofacre, C.; Applegate, T.J. Effect of different challenge models to induce necrotic enteritis on the
growth performance and intestinal microbiota of broiler chickens. Poult. Sci. 2019, 98, 2800–2812. [CrossRef] [PubMed]

22. Yang, Q.; Liu, J.; Wang, X.; Robinson, K.; Whitmore, M.A.; Stewart, S.; Zhao, J.; Zhang, G. Identification of an intestinal microbiota
signature associated with the severity of necrotic enteritis. Front. Microbiol. 2021, 12, 703693. [CrossRef] [PubMed]

23. Latorre, J.D.; Adhikari, B.; Park, S.H.; Teague, K.D.; Graham, L.E.; Mahaffey, B.D.; Baxter, M.F.; Hernandez-Velasco, X.; Kwon,
Y.M.; Ricke, S.C.; et al. Evaluation of the epithelial barrier function and ileal microbiome in an established necrotic enteritis
challenge model in broiler chickens. Front. Vet. Sci. 2018, 5, 199. [CrossRef]

24. Gyles, C.L. Relevance in pathogenesis research. Vet. Microbiol. 2011, 153, 2–12. [CrossRef] [PubMed]
25. Rood, J.I.; Keyburn, A.L.; Moore, R.J. NetB and necrotic enteritis: The hole movable story. Avian Pathol. 2016, 45, 295–301.

[CrossRef] [PubMed]
26. Cheung, J.K.; Keyburn, A.L.; Keyburn, A.L.; Keyburn, A.L.; Carter, G.P.; Lanckriet, A.; Van Immerseel, F.; Moore, R.J.; Rood, J.I.;

Rood, J.I. The VirSR two-component signal transduction system regulates NetB toxin production in Clostridium perfringens. Infect.
Immun. 2010, 78, 3064–3072. [CrossRef]

27. Ohtani, K.; Shimizu, T. Regulation of toxin gene expression in Clostridium Perfringens. Res. Microbiol. 2015, 166, 280–289. [CrossRef]
28. Lepp, D.; Zhou, Y.; Zhou, Y.; Ojha, S.; Gohari, I.M.; Carere, J.; Yang, C.; Prescott, J.F.; Gong, J. Clostridium perfringens produces an

adhesive pilus required for the pathogenesis of necrotic enteritis in poultry. J. Bacteriol. 2021, 203, 1110–1128. [CrossRef]
29. Kilkenny, C.; Browne, W.J.; Cuthill, I.C.; Emerson, M.; Altman, D.G. The ARRIVE guidelines animal research: Reporting in vivo

experiments. PLoS Biol. 2010, 8, e1000412. [CrossRef]
30. Kulkarni, R.R.; Parreira, V.R.; Sharif, S.; Prescott, J.F. Immunization of broiler chickens against Clostridium perfringens-induced

necrotic enteritis. Clin. Vaccine Immunol. 2007, 14, 1070–1077. [CrossRef]
31. Turcotte, C.; Thibodeau, A.; Quessy, S.; Topp, E.; Beauchamp, G.; Fravalo, P.; Archambault, M.; Gaucher, M.L. Impacts of

short-term antibiotic withdrawal and long-term judicious antibiotic use on resistance gene abundance and cecal microbiota
composition on commercial broiler chicken farms in Québec. Front. Vet. Sci. 2020, 7, 1067. [CrossRef] [PubMed]

32. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J. Introducing mothur: Open-source, platform-independent, community-supported software for describing and
comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef]

33. Larivière-Gauthier, G.; Thibodeau, A.; Letellier, A.; Yergeau, E.; Fravalo, P. Reduction of Salmonella shedding by sows during
gestation in relation to its fecal microbiome. Front. Microbiol. 2017, 8, 2219. [CrossRef] [PubMed]

34. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. PeerJ 2016,
4, e2584. [CrossRef]

35. Braley, C.; Gaucher, M.L.; Fravalo, P.; Shedleur-Bourguignon, F.; Longpré, J.; Thibodeau, A. Slight Temperature Deviation during
a 56-Day Storage Period Does Not Affect the Microbiota of Fresh Vacuum-Packed Pork Loins. Foods 2023, 12, 1695. [CrossRef]
[PubMed]

36. McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, e61217. [CrossRef]

37. Oksanen, J. Vegan: Community Ecology Package. Available online: http://CRAN.R-project.org/package=vegan (accessed on 30
March 2023).

38. Mallick, H.; Mallick, H.; Rahnavard, A.; McIver, L.J.; McIver, L.J.; Ma, S.; Ma, S.; Zhang, Y.; Zhang, Y.; Nguyen, L.H. Multivariable
association discovery in population-scale meta-omics studies. PLoS Comput. Biol. 2021, 17, e1009442. [CrossRef]

39. Timbermont, L.; Haesebrouck, F.; Ducatelle, R.; Van Immerseel, F. Necrotic enteritis in broilers: An updated review on the
pathogenesis. Avian Pathol. 2011, 40, 341–347. [CrossRef]

40. Tsiouris, V. Poultry management: A useful tool for the control of necrotic enteritis in poultry. Avian Pathol. 2016, 45, 323–325.
[CrossRef]

41. Lacey, J.A.; Stanley, D.; Keyburn, A.L.; Ford, M.E.; Chen, H.; Johanesen, P.A.; Lyras, D.; Moore, R.J. Clostridium perfringens-
mediated necrotic enteritis is not influenced by the pre-existing microbiota but is promoted by large changes in the post-challenge
microbiota. Vet. Microbiol. 2018, 227, 119–126. [CrossRef]

42. Abd El-Hack, M.E.; El-Saadony, M.T.; Elbestawy, A.R.; Nahed, A.; Saad, A.M.; Salem, H.M.; El-Tahan, A.M.; Khafaga, A.F.; Taha,
A.E.; AbuQamar, S.F.; et al. Necrotic enteritis in broiler chickens: Disease characteristics and prevention using organic antibiotic
alternatives–a comprehensive review. Poult. Sci. 2022, 101, 101590. [CrossRef]

43. M’Sadeq, S.A.; Wu, S.-B.; Swick, R.A.; Choct, M. Towards the control of necrotic enteritis in broiler chickens with in-feed antibiotics
phasing-out worldwide. Anim. Nutr. 2015, 1, 1–11. [CrossRef]

https://doi.org/10.1371/journal.pone.0104739
https://doi.org/10.3389/fmicb.2019.02309
https://doi.org/10.1038/s41598-019-46578-x
https://doi.org/10.3382/ps/pez084
https://www.ncbi.nlm.nih.gov/pubmed/30877749
https://doi.org/10.3389/fmicb.2021.703693
https://www.ncbi.nlm.nih.gov/pubmed/34489892
https://doi.org/10.3389/fvets.2018.00199
https://doi.org/10.1016/j.vetmic.2011.04.020
https://www.ncbi.nlm.nih.gov/pubmed/21592684
https://doi.org/10.1080/03079457.2016.1158781
https://www.ncbi.nlm.nih.gov/pubmed/27009522
https://doi.org/10.1128/IAI.00123-10
https://doi.org/10.1016/j.resmic.2014.09.010
https://doi.org/10.1128/JB.00578-20
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1128/CVI.00162-07
https://doi.org/10.3389/fvets.2020.547181
https://www.ncbi.nlm.nih.gov/pubmed/33409294
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.3389/fmicb.2017.02219
https://www.ncbi.nlm.nih.gov/pubmed/29209285
https://doi.org/10.7717/peerj.2584
https://doi.org/10.3390/foods12081695
https://www.ncbi.nlm.nih.gov/pubmed/37107490
https://doi.org/10.1371/journal.pone.0061217
http://CRAN.R-project.org/package=vegan
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1080/03079457.2011.590967
https://doi.org/10.1080/03079457.2016.1154502
https://doi.org/10.1016/j.vetmic.2018.10.022
https://doi.org/10.1016/j.psj.2021.101590
https://doi.org/10.1016/j.aninu.2015.02.004


Animals 2023, 13, 3323 25 of 26

44. Fernandes, P.J.; Guo, Q.; Waag, D.M.; Donnenberg, M.S. The type IV pilin of Burkholderia mallei is highly immunogenic but fails
to protect against lethal aerosol challenge in a murine model. Infect. Immun. 2007, 75, 3027–3032. [CrossRef]

45. Li, Y.; Lux, R.; Pelling, A.E.; Gimzewski, J.K.; Shi, W. Analysis of type IV pilus and its associated motility in Myxococcus xanthus
using an antibody reactive with native pilin and pili. Microbiology 2005, 151, 353–360. [CrossRef] [PubMed]

46. Lepp, D.; Ojha, S.; Gohari, I.M.; Chakravarty, B.; Prescott, J.F.; Gong, J. Immunization with subunits of a novel pilus produced
by virulent Clostridium perfringens strains confers partial protection against necrotic enteritis in chickens. Vet. Microbiol. 2019,
230, 7–13. [CrossRef] [PubMed]

47. Giltner, C.L.; Nguyen, Y.; Burrows, L.L. Type IV pilin proteins: Versatile molecular modules. Microbiol. Mol. Biol. Rev. 2012,
76, 740–772. [CrossRef] [PubMed]

48. Ohkuri, T.; Nagatomo, S.; Oda, K.; So, T.; Imoto, T.; Ueda, T. A protein’s conformational stability is an immunologically dominant
factor: Evidence that free-energy barriers for protein unfolding limit the immunogenicity of foreign proteins. J. Immunol. 2010,
185, 4199–4205. [CrossRef]

49. Craig, L.; Taylor, R.K.; Pique, M.E.; Adair, B.D.; Arvai, A.S.; Singh, M.; Lloyd, S.J.; Shin, D.S.; Getzoff, E.D.; Yeager, M. Type IV
pilin structure and assembly: X-ray and EM analyses of Vibrio cholerae toxin-coregulated pilus and Pseudomonas aeruginosa PAK
pilin. Mol. Cell 2003, 11, 1139–1150. [CrossRef]

50. Fernandes da Costa, S.P.; Mot, D.; Geeraerts, S.; Bokori-Brown, M.; Van Immerseel, F.; Titball, R.W. Variable protection against
experimental broiler necrotic enteritis after immunization with the C-terminal fragment of Clostridium perfringens alpha-toxin and
a non-toxic NetB variant. Avian Pathol. 2016, 45, 381–388. [CrossRef]

51. Mot, D.; Timbermont, L.; Delezie, E.; Haesebrouck, F.; Ducatelle, R.; Van Immerseel, F. Day-of-hatch vaccination is not protective
against necrotic enteritis in broiler chickens. Avian Pathol. 2013, 42, 179–184. [CrossRef]

52. Fernandes da Costa, S.P.; Mot, D.; Bokori-Brown, M.; Savva, C.G.; Basak, A.K.; Van Immerseel, F.; Titball, R.W. Protection against
avian necrotic enteritis after immunisation with NetB genetic or formaldehyde toxoids. Vaccine 2013, 31, 4003–4008. [CrossRef]
[PubMed]

53. Keyburn, A.L.; Portela, R.W.; Sproat, K.; Ford, M.E.; Bannam, T.L.; Yan, X.; Rood, J.I.; Moore, R.J. Vaccination with recombinant
NetB toxin partially protects broiler chickens from necrotic enteritis. Vet. Res. 2013, 44, 54. [CrossRef] [PubMed]

54. Hunter, J.G.L.; Wilde, S.; Tafoya, A.M.; Horsman, J.; Yousif, M.; Diamos, A.G.; Roland, K.L.; Mason, H.S. Evaluation of a toxoid
fusion protein vaccine produced in plants to protect poultry against necrotic enteritis. PeerJ 2019, 7, e6600. [CrossRef] [PubMed]

55. Shojadoost, B.; Vince, A.R.; Prescott, J.F. The successful experimental induction of necrotic enteritis in chickens by Clostridium
perfringens: A critical review. Vet. Res. 2012, 43, 74. [CrossRef] [PubMed]

56. Prescott, J.F.; Smyth, J.A.; Shojadoost, B.; Vince, A.R. Experimental reproduction of necrotic enteritis in chickens: A review. Avian
Pathol. 2016, 45, 317–322. [CrossRef]

57. Keyburn, A.L.; Boyce, J.D.; Vaz, P.K.; Bannam, T.L.; Ford, M.E.; Parker, D.; Di Rubbo, A.; Rood, J.I.; Moore, R.J. NetB, a new toxin
that is associated with avian necrotic enteritis caused by Clostridium perfringens. PLoS Pathog. 2008, 4, e26. [CrossRef]

58. Dierick, E.; Ducatelle, R.; Van Immerseel, F.; Goossens, E. Research Note: The administration schedule of coccidia is a major
determinant in broiler necrotic enteritis models. Poult. Sci. 2021, 100, 100806. [CrossRef]

59. Proctor, A.; Phillips, G.J. Differential effects of bacitracin methylene disalicylate (BMD) on the distal colon and cecal microbiota of
young broiler chickens. Front. Vet. Sci. 2019, 6, 114. [CrossRef]

60. Carrasco, J.M.D.; Redondo, E.A.; Viso, N.D.P.; Redondo, L.M.; Farber, M.D.; Miyakawa, M.E.F. Tannins and bacitracin differentially
modulate gut microbiota of broiler chickens. Biomed. Res. Int. 2018, 2018, 1879168. [CrossRef]

61. Shang, Y.; Kumar, S.; Oakley, B.B.; Kim, W.K. Chicken gut microbiota: Importance and detection technology. Front. Vet. Sci. 2018,
5, 254. [CrossRef]

62. Rychlik, I. Composition and Function of Chicken Gut Microbiota. Animals 2020, 10, 103. [CrossRef] [PubMed]
63. Hao, Y.; Ji, Z.; Shen, Z.; Xue, Y.; Zhang, B.; Yu, D.; Liu, T.; Luo, D.; Xing, G.; Tang, J.; et al. Increase dietary fiber intake ameliorates

cecal morphology and drives cecal species-specific of short-chain fatty acids in white Pekin ducks. Front. Microbiol. 2022,
13, 853797. [CrossRef] [PubMed]

64. Antonissen, G.; Eeckhaut, V.; Van Driessche, K.; Onrust, L.; Haesebrouck, F.; Ducatelle, R.; Moore, R.J.; Van Immerseel, F. Microbial
shifts associated with necrotic enteritis. Avian Pathol. 2016, 45, 308–312. [CrossRef] [PubMed]

65. Elce, A.; Amato, F.; Zarrilli, F.; Calignano, A.; Troncone, R.; Castaldo, G.; Berni Canani, R. Butyrate modulating effects on
pro-inflammatory pathways in human intestinal epithelial cells. Benef. Microbes 2017, 8, 841–847. [CrossRef]

66. Huynh, U.T.D.; Zastrow, M.L. Metallobiology of Lactobacillaceae in the gut microbiome. J. Inorg. Biochem. 2022, 238, 112023.
[CrossRef]

67. Li, S.; Yan, C.; Liu, T.; Xu, C.; Wen, K.; Liu, L.; Zhao, M.; Jun, Z.; Geng, T.; Gong, D. Research Note: Increase of bad bacteria and
decrease of good bacteria in the gut of layers with vs. without hepatic steatosis. Poult. Sci. 2020, 99, 5074–5078. [CrossRef]

68. Memon, F.U.; Yang, Y.; Zhang, G.; Leghari, I.H.; Lv, F.; Wang, Y.; Laghari, F.; Khushk, F.A.; Si, H. Chicken Gut Microbiota
Responses to Dietary Bacillus subtilis Probiotic in the Presence and Absence of Eimeria Infection. Microorganisms 2022, 10, 1548.
[CrossRef]

69. Xu, S.; Lin, Y.; Zeng, D.; Zhou, M.; Zeng, Y.; Wang, H.; Zhou, Y.; Zhu, H.; Pan, K.; Jing, B. Bacillus licheniformis normalize the ileum
microbiota of chickens infected with necrotic enteritis. Sci. Rep. 2018, 8, 1744. [CrossRef]

https://doi.org/10.1128/IAI.00150-07
https://doi.org/10.1099/mic.0.27614-0
https://www.ncbi.nlm.nih.gov/pubmed/15699186
https://doi.org/10.1016/j.vetmic.2019.01.005
https://www.ncbi.nlm.nih.gov/pubmed/30827407
https://doi.org/10.1128/MMBR.00035-12
https://www.ncbi.nlm.nih.gov/pubmed/23204365
https://doi.org/10.4049/jimmunol.0902249
https://doi.org/10.1016/S1097-2765(03)00170-9
https://doi.org/10.1080/03079457.2015.1129663
https://doi.org/10.1080/03079457.2013.778955
https://doi.org/10.1016/j.vaccine.2013.05.063
https://www.ncbi.nlm.nih.gov/pubmed/23727000
https://doi.org/10.1186/1297-9716-44-54
https://www.ncbi.nlm.nih.gov/pubmed/23865568
https://doi.org/10.7717/peerj.6600
https://www.ncbi.nlm.nih.gov/pubmed/30944775
https://doi.org/10.1186/1297-9716-43-74
https://www.ncbi.nlm.nih.gov/pubmed/23101966
https://doi.org/10.1080/03079457.2016.1141345
https://doi.org/10.1371/journal.ppat.0040026
https://doi.org/10.1016/j.psj.2020.10.060
https://doi.org/10.3389/fvets.2019.00114
https://doi.org/10.1155/2018/1879168
https://doi.org/10.3389/fvets.2018.00254
https://doi.org/10.3390/ani10010103
https://www.ncbi.nlm.nih.gov/pubmed/31936291
https://doi.org/10.3389/fmicb.2022.853797
https://www.ncbi.nlm.nih.gov/pubmed/35464956
https://doi.org/10.1080/03079457.2016.1152625
https://www.ncbi.nlm.nih.gov/pubmed/26950294
https://doi.org/10.3920/BM2016.0197
https://doi.org/10.1016/j.jinorgbio.2022.112023
https://doi.org/10.1016/j.psj.2020.07.007
https://doi.org/10.3390/microorganisms10081548
https://doi.org/10.1038/s41598-018-20059-z


Animals 2023, 13, 3323 26 of 26

70. Brenner, D.J.; Farmer, J.J., III. Bergey’s Manual of Systematics of Archaea and Bacteria; Enterobacteriaceae; John Wiley & Sons Inc.:
Hoboken, NJ, USA, 2015; pp. 1–24.

71. Bortoluzzi, C.; Vieira, B.S.; Lumpkins, B.; Mathis, G.F.; King, W.D.; Graugnard, D.E.; Dawson, K.A.; Applegate, T.J. Can
dietary zinc diminish the impact of necrotic enteritis on growth performance of broiler chickens by modulating the intestinal
immune-system and microbiota? Poult. Sci. 2019, 98, 3181–3193. [CrossRef]

72. Abdelli, N.; Pérez, J.F.; Vilarrasa, E.; Cabeza Luna, I.; Melo-Durán, D.; D’Angelo, M.; Solà-Oriol, D. Targeted-release organic acids
and essential oils improve performance and digestive function in broilers under a necrotic enteritis challenge. Animals 2020,
10, 259. [CrossRef]

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/10.3382/ps/pez045
https://doi.org/10.3390/ani10020259

	Introduction 
	Materials and Methods 
	Expression and Purification of Vaccine Candidate Proteins and Preparation of Whole-Cell Lysate from Virulent C. perfringens MLG_7820 
	Bacterial Strains, Media, Culture Conditions, and Inoculum Preparation 
	Birds Housing, Feeding, Experimental NE Disease Model, and Cecal Content Collection 
	Vaccination of Broiler Chickens 
	DNA Extraction from Cecal Samples 
	16S rRNA Gene Amplification, Amplicon Sequencing, and Bioinformatics Analysis 
	Measurement of Serum Antibody Levels by ELISA 
	Statistical Analysis 

	Results 
	Expression and Purification of Vaccine Candidate Proteins and Preparation of Whole-Cell Lysate of Virulent C. perfringens MLG_7820 
	Bacterial Strains, Media, Culture Conditions, and Inoculum Preparation 
	NE Lesion Scoring and Average Body Weight Gain of Broiler Chickens 
	Measurement of Serum Antibody Levels by ELISA 
	16S rRNA Gene Amplicon Metagenomic Sequencing 
	Alpha and Beta Diversities 

	Discussion 
	Conclusions 
	Patents 
	References

