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Simple Summary: Coccidiosis is caused by protozoan of the genus Eimeria, and to control coccidiosis
in livestock is crucial for sustainable production. Eimeria-infected animals present symptoms such
as anorexia, diarrhea, and even death in severe cases. Although the first choice for coccidiosis
control is antimicrobial (AM) administration, the emergence of antimicrobial-resistant bacteria and
coccidia has become a serious problem and hence AM administration has already been restricted in
many countries. Given the above, for coccidiosis control, the development/discovery of compounds
in lieu of antimicrobials has been gathering increased attention. Here, we focused on probiotics
and examined whether probiotic Weizmannia coagulans strain SANK70258 (WC) could be a good
alternative to AM to treat Eimeria-infected broilers. It was found that WC (1) reduced the numbers of
intestinal oocysts; (2) improved intestinal coccidial pathology parameters; and (3) helped increase the
body weights of broilers. Furthermore, while intestinal Escherichia coli levels, which are associated
with intestinal inflammation and weight loss, increased with AM administration, they did not with
WC supplementation. Our results suggest that not only is WC a good alternative to AM, but it also
treats coccidiosis harmlessly, with no negative effects such as the promotion of potentially pathogenic
bacterial growth such as E. coli.

Abstract: To determine whether it could also improve the production performance of Eimeria-infected
broilers, Weizmannia coagulans strain SANK70258 (WC) supplementation was compared with coccid-
iostat lasalocid-A sodium (AM) administration. First, to determine the optimum WC dose, newly
hatched broiler chick groups (n = 10) were untreated or consecutively given WC (0.005%, 0.01%,
0.03%, and 0.1%) and AM until slaughter (31 days of age). At day 21, all chicks were infected with
coccidia. From the economical and practical viewpoints, 0.03% WC supplementation was the best
dose. Second, newly hatched broiler chick groups (n = 10) were untreated or given 0.03% WC and
AM. Each group was run in triplicate. At day 21, two chicks/pen with the farthest body weights
as per the group’s mean body weight were spared, and the remaining inoculated with coccidia. At
days 42 and 49, the WC and AM groups had significantly greater body weights and daily weight
gains. Intestinal lesion scores were lower in 29-day-old AM and WC. Oocyst numbers were lower in
29- and 49-day-old AM and WC, but only 29- and 49-day-old AM had higher Escherichia coli levels. To
conclude, although WC and AM induced similar growth performance in coccidium-infected chicks,
unlike AM, the E. coli levels did not increase with WC.
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1. Introduction

Coccidiosis in broilers is caused by parasites of the apicomplexan genus Eimeria [1].
Coccidiosis causes, in birds, low utilization of feed, bloody diarrhea, and lower immune
response to enteric diseases, which leads to low feed conversion ratio, undergrowth, and
high mortality [2,3]. In 2016 alone, the losses that the U.S.A. and Brazil, the world’s
largest broiler producers, incurred due to coccidiosis infection were estimated to be GBP
1175.88 million and GBP 958.62 million, respectively [4].

Although recent studies have alerted and raised concern about the rapid development
of antimicrobial resistance in Eimeria spp. [5], anticoccidial drugs have been the gold
standard for the treatment of coccidiosis in broilers in the past decades [6]. Therefore, the
need for the development and/or discovery of alternative compounds to antimicrobials to
fight coccidiosis has been increasingly voiced by scientific communities.

Probiotics is a generic term used to refer to those microorganisms that have been
shown to confer health properties to the host upon their consumption. Probiotics have
been recently used to mitigate and/or treat the effects of infection with parasites such
as Trichinella spp., Toxoplasma gondii, helminths such as Ascaris spp., and Parascaris spp.
as well as Eimeria spp. [2,3,7–13]. For example, Mohsin et al. demonstrated that when
Eimeria tenella-infected chickens were supplemented with Lactobacillus plantarum, their
cell-mediated and humoral immune responses increased, and the activity of antioxidant
enzymes superoxide dismutase 1 and catalase, peptide transporter 1, and tight junction
proteins zonula occludins and claudin 1 improved [2]. Similarly, Wang et al. gave low
(1 × 107 CFU/g of feed) and high (1 × 108 CFU/g of feed) doses of L. plantarum supple-
mentation, in unison with the coccidiostat Diclazuril, to broilers infected with Eimeria [12].
Unlike the control broilers, whose mortality and oocyst shedding increased, those receiving
L. plantarum supplementation and the coccidiostat had fewer deaths, less oocyst shedding,
a greater growth performance, and improved intestinal barrier and morphology as well as
reduced inflammation parameters [12]. Separately, past work showed that supplementation
to broilers with 5 × 109 CFU of Lactobacillus sporogenes [14,15], also known as Bacillus coagu-
lans [14] or Weizmannia coagulans [16], per kg of feed, resulted in the supplemented birds
having greater body weights and average daily gains [17]. W. coagulans also helped to re-
duce the serum levels of proinflammatory factors and the growth of potentially pathogenic
Parasutterella, while at the same time inducing a greater production of short-chain fatty
acids (SCFA) and the growth of beneficial bacteria Alistipes and Odoribacter [17]. Likewise,
supplementation of 1 × 109 spores of W. coagulans strain SANK70258 (WC) per gram of
a concoction (100 ppm) to White Leghorn cockerels, helped increase the body weights
and feed efficiency of the birds [15]. In an in vitro study, Sasaki et al. co-cultured human
colonic microbiota (Kobe University Human Intestinal Microbiota Model or KUHIMM)
with WC [18]. They found that at a concentration of 4 × 107 of total cells/mL of cultur-
ing medium, the growth of potentially pathogenic Enterobacteriaceae including E. coli was
suppressed while that of SCFA-producing Lachnospiraceae was induced.

In the present study, to determine whether it could also promote the production per-
formance in broilers by suppressing the pathological and microbiological parameters, we
aimed to compare the probiotic W. coagulans strain SANK70258 (WC) with coccidiostat
lasalocid-A sodium (AM). The E. coli levels in the intestines of broilers given WC and AM
were also investigated because in coccidium-infected broilers, indigenous E. coli popu-
lation is predominant [19], which is known to induce inflammation by stimulating the
lipopolysaccharide production [20].
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2. Materials and Methods
2.1. Experiment 1

Experiment 1 was conducted to explore the necessary percentage of WC in a probiotic
product needed to confer health benefits to coccidium-infected broilers. The experimental
design and sampling procedure are summarized in Figure S1.

2.1.1. Preparation of Probiotic

The probiotic W. coagulans SANK70258 manufactured by Mitsubishi Chemical (Tokyo,
Japan) containing 1 × 109 CFU per g was used. Supplementation was given to broiler groups
at 0.005, 0.01, 0.03, and 0.10% (w/w), so that diets contained 5 × 104 CFU, 1 × 105 CFU,
3 × 105 CFU, and 1 × 106 CFU per g of feed.

2.1.2. Animals and Diets

Sixty newly hatched Ross308 broiler chicks (mean body weight: 37 g) were purchased
from a commercial supplier and kept in a closed shed at the KYODOKEN Institute (Kyoto,
Japan). They were equally divided into the following groups (n = 10; five males and five
females) with comparable body weights: treatment-free control (C), 0.005% WC supple-
mentation (WC_0.005), 0.01% WC supplementation (WC_0.01), 0.03% WC supplementation
(WC_0.03), 0.1% WC supplementation (WC_0.1), and sodium lasalocid-A administration at
75 ppm (A). Each chick group was housed in a floored-pen (W: 0.80 × D:1.20 × H: 0.45 m)
with sawdust bedding and equipped with a gas brooder and a heat lamp to maintain an
adequate, stable environment. Feed and drinking water were supplied ad libitum. The diet
of broilers was formulated by the Japan Scientific Feeds Association (Chiba, Japan). The
composition and nutrient content (%) of the diet is shown in Table S1. The diet was given
to broilers from 0 to 31 days of age. All animals used in the present study were identified
with color markers, and individually weighed at 0, 21, and 31 days of age. In addition, the
feed intake in each pen was calculated on the same days.

The animals in the present study were handled in accordance with the guidelines for
animal studies of the KYODOKEN Institute (approval number ET194021).

2.1.3. Coccidial Challenge

For the experimental infection in Experiment 1, clinical Eimeria strains isolated from
broiler farms were used. A suspension containing E. tenella and Eimeria acervulina was
prepared so that it contained 5000 and 100,000 oocysts of the respective strains per mL. One
mL of the suspension was orally given to each bird at 21 days of age.

2.1.4. Dissection and Sampling Procedure

At 31 days of age, all chicks were dissected. The slaughter day (day 31) was decided
as per the life cycle of E. tenella. Broilers were euthanized by exsanguination under deep
sedation with intravenous injections of a sodium pentobarbital saline solution (64.8 mg/mL;
pentobarbital sodium salt, Nacalai tesque, Kyoto, Japan). Upon celiotomy, the intestines of
the broilers were removed, and the intestinal lesion scores were determined as previously
described [21]. The intestines were separated into the small intestines and the ceca, and
their lengths were measured. Next, the small intestinal and cecal digestas were aseptically
collected into sterile tubes, and immediately stored at 4 ◦C.

2.1.5. Coccidial Count in Intestinal Digesta

The numbers of oocysts in the cecal digestas were determined using a McMasters
counting chamber. Small (E. acervulina), middle (E. tenella), or large (other coccidia such as
E. maxima) oocysts in the digestas were counted using a light-microscopy.

2.1.6. Statistical Analysis

Depending on the results of the Bartlett test, either a completely randomized design
one-way analysis of variance or the Kruskal–Wallis test was used to analyze the differences
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between the means of the body weights, oocyst numbers, and the lengths of the small
intestines (n = 10). Either Dunnett’s or Steel’s post hoc comparison was used for multiple
comparisons, as needed. The Kruskal–Wallis test was used to analyze the differences in
the lesion scores of the intestines (n = 10). Again, Steel’s post hoc comparison was used
for multiple comparisons, as needed. In all of the statistical analyses, the values were
the means and standard deviations. In addition, the differences between the means were
considered significant if p < 0.05. All statistical analyses were conducted using R software
version 4.1.2 (R Core Team, Vienna, Austria).

2.2. Experiment 2
2.2.1. Preparation of the Probiotic

Probiotic W. coagulans SANK70258, manufactured by Mitsubishi Chemical and con-
taining 1 × 109 CFU per g, was used. Based on that, the diet of the broiler 0.03% (w/w)
treatment group contained 3 × 105 CFU of the probiotic/g of feed.

2.2.2. Birds and Diets

Ninety newly hatched male Ross308 broiler chicks (mean body weight, 42 g) were
purchased from a commercial supplier. The broiler chicks were equally divided into three
groups (n = 10) with comparable body weights: control, WC supplementation (WC), and
the administration of 75 ppm of the antibacterial agent and coccidiostat lasalocid-A sodium
(AM). The experimental broiler groups were run in triplicate and kept in separate floor-pens
(W: 0.80 × D: 1.20 × H: 0.45 m) in a shed at the KYODOKEN Institute (Kyoto, Japan). The
pens were furnished with sawdust bedding, gas brooders, and heat lamps to maintain
an adequate, stable environment. Feed and drinking water were supplied ad libitum.
The experimental diets were formulated by the Japan Scientific Feeds Association (Chiba,
Japan). The compositions and nutrient contents of the diets are shown in Table S2. The
starter diet was fed to broiler chicks from 0 to 21 days of age, and the grower diet from 21
to 49 days of age. All animals used in the present study were identified by color markers
and individually weighed at 0, 7, 14, 21, 28, 35, 42, and 49 days of age (49 days of age is a
common rearing period in Japan). The feed intake per pen was also measured on the same
days. The broiler chicks were handled and cared for as per the guidelines for animal studies
of the KYODOKEN Institute (approval number EB214027). The experimental design and
sampling procedure are summarized in Figure S2.

2.2.3. Coccidial Challenge

At 21 days of age, eight chicks per pen were selected as per the mean body weight in
each pen and the remaining two were spared from the experiment.

Clinical strains of E. tenella and E. acervulina, isolated from broiler farms (same strains
as those used in the Experiment 1), were used for the experimental infection as follows.
Equal volumes of suspensions containing 5000 and 100,000 oocysts of E. tenella and E. ac-
ervulina, respectively, were mixed to produce a final suspension of 1 mL, which was orally
given at 21 days of age to every chick in the pens (n = 8).

2.2.4. Dissection and Sampling Procedure

Three chicks were selected for dissection at 29 days of age, as per the mean body weight
in each pen. The slaughter day (day 29) was decided as per the life cycle of E. tenella and
E. acervulina. Broiler chicks were euthanized by exsanguination under deep sedation with
intravenous injections of a sodium pentobarbital saline solution (64.8 mg/mL; pentobarbital
sodium salt, Nacalai tesque, Kyoto, Japan). Upon celiotomy, the intestines of the broilers
were removed, and the intestinal lesion scores were determined as previously described [21].
The small intestines and the ceca were removed from the intestines, and their lengths were
measured. Next, the small intestinal and cecal digestas were aseptically collected into sterile
tubes, and immediately stored at 4 ◦C. Portions of the duodenal (immediately before the
U-turn point) and ileal (terminal portions of the small intestines) tissues were soaked into
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an RNA-later solution (Sigma-Aldrich, Tokyo, Japan). In addition, separate portions of the
duodena, the ilea, and the ceca were fixed with a 10% (v/v) phosphate-buffered formalin
solution. The intestinal tissues soaked in RNA-later solution were stored at −80 ◦C and
used for a separate study.

Following the dissection of all chicks and to conduct coccidial counts and bacteriologi-
cal studies, the digestas were divided into two portions. The portions used for the coccidial
counts were continuously stored at 4 ◦C, whereas the portions used for the bacteriological
studies were stored at −80 ◦C.

The remaining five chicks in each pen were raised until they reached 49 days of age, at
which three chicks with body weights similar to the mean body weight/pen were dissected
as described above.

2.2.5. Coccidial Count in Intestinal Digesta

The numbers of oocysts per gram (OPG) in the small intestinal and cecal digestas were
determined using a McMasters counting chamber. Small (E. acervulina), middle (E. tenella),
and large (other coccidia such as E. maxima) oocysts in the digestas were counted using
light microscopy.

2.2.6. Bacteriological Analysis

The small intestinal and cecal digestas were used for bacteriological analysis by real-
time PCR, as previously described [22]. The primers and the PCR conditions for the
analysis of total bacteria and E. coli DNA are shown in Table S3. For each aforementioned
reaction, the positive control and the negative water control were assayed together with
the samples. To verify the specificity of the reaction, the melting curves of the amplified
DNA were generated.

2.2.7. Histopathologic Observation

Fixed intestines were embedded in paraffin wax and cut into 4-µm-thick serial paraffin
sections. These paraffin sections were then stained with hematoxylin–eosin to measure the
height of intestinal villi and the depth of the intestinal crypts using light microscopy, as
previously described [23].

2.2.8. Statistical Analysis

Depending on the results from the Bartlett test, either a completely randomized design
one-way analysis of variance or the Kruskal–Wallis test was used to analyze differences
between the parameters of the growth performance (body weight, daily weight gain, and
feed conversion ratio; n = 3), the body weight of dissected chicks, oocyst, and bacterial
numbers, and the length of the intestines (n = 9). Dunnett’s or Steel’s post hoc comparisons
were used for multiple comparisons, as needed. The Kruskal–Wallis test was used to
analyze the differences between the lesion scores of the intestines (n = 9). Again, Steel’s
post hoc comparisons were used for multiple comparisons, as needed. At 29 and 49 days of
age, the correlation coefficients between the parameters of the growth performance (body
weight) and the coccidiosis status (oocyst numbers and lesion scores of the small intestines),
respectively, were further analyzed by the Pearson product–moment correlation coefficient.

In all of the statistical analyses, the values were the means and standard deviations. In
addition, the differences between the means were considered significant if p < 0.05, and
with a tendency to be significant if p < 0.1. All statistical analyses were conducted using R
software version 4.1.2 (R Core Team, Vienna, Austria).

3. Results
3.1. Experiment 1

Experiment 1 (WC supplementation at different levels) was considered as an ex-
ploratory experiment. The results of the effect of WC supplementation on the coccidial
infection of broilers are shown in Table 1. Parameters such as body weights, lesion scores,
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and intestinal lengths changed little between broiler groups (p > 0.05). The higher the
concentration of the WC supplementation, the lower the number of oocysts observed
(p = 0.104). Moreover, between days 0 and 31, the feed conversion ratios (FCR) between
the control (1.86), WC_0.005 (1.81), and WC_0.01 (1.82) groups changed little. Nonetheless,
the FCR for WC_0.03 and WC_0.1 were 1.66 and 1.52, respectively, which were consid-
ered as promising results. However, for economical and practical purposes, only a WC
supplementation at a level of 0.03% was used in Experiment 2.

Table 1. The body weights, feed conversion ratios, lesion scores, oocyst numbers in the cecum, and in
the intestinal lengths of broiler chicks in Experiment 1.

Parameter C WC_0.005 WC_0.01 WC_0.03 WC_0.1 A p Value †

Body weight (g)
Day 0 37 ± 2 37 ± 2 36 ± 1 36 ± 2 37 ± 2 37 ± 2 0.990
Day 21 795 ± 114 812 ± 99 810 ± 105 864 ± 135 870 ± 74 849 ± 81 0.480
Day 31 1657 ± 205 1698 ± 196 1670 ± 176 1697 ± 223 1774 ± 159 1740 ± 171 0.768

Feed conversion ratio
(g/g)

Day 0–21 1.87 1.87 1.86 1.79 1.63 1.90 –
Day 21–31 1.84 1.76 1.79 1.57 1.43 1.65 –
Day 0–31 1.86 1.81 1.82 1.66 1.52 1.76 –

Lesion score
(score 0–4 ‡)

Small intestine 1.5 ± 0.6 1.4 ± 0.6 1.6 ± 0.7 1.1 ± 0.4 1.6 ± 0.6 1.3 ± 0.5 0.298
Cecum 1.5 ± 0.6 1.4 ± 0.6 1.1 ± 0.6 1.3 ± 0.5 1.2 ± 0.4 1.1 ± 1.4 0.720

Oocyst numbers in
the cecum

(×104 oocyst/g)
8.66 ± 1.79 7.69 ± 0.88 6.87 ± 0.78 6.86 ± 1.96 6.64 ± 1.20 9.92 ± 6.34 0.104

Intestinal length (cm)
Small intestine 154.6 ± 10.8 161.5 ± 16.3 175.9 ± 18.3 163.9 ± 20.3 165.3 ± 16.4 164.6 ± 17.3 0.154

Cecum 16.3 ± 2.2 16.4 ± 3.1 16.4 ± 2.5 16.0 ± 2.4 17.0 ± 1.8 17.9 ± 1.8 0.504

Except for the feed conversion ratios, all parameters are shown as the means ± standard deviations (n = 10). Feed
conversion ratios are shown as single values because broiler chicks of a same group were allocated together into
pens. C, non-treatment control; WC_0.005, supplementation with 5 × 104 CFU of Weizmannia coagulans strain
SANK70258/g; WC_0.01, 1 × 105 CFU/g; WC_0.03, 3 × 105 CFU/g; WC_0.1, 1 × 106 CFU/g of feed; A, 75 ppm
of sodium lasalocid-A in feed. Days indicate the ages of broiler chicks. † Probability value of one-way analysis of
variance or the Kruskal–Wallis test. ‡ The criteria for the lesion scores were as described by Johnson and Reid [21].

3.2. Experiment 2
3.2.1. Effect of WC Supplementation on Production Performance of Coccidiosis Broilers

From day 28 (broiler’s age) onward and compared with those of the control, the body
weights of the WC and AM tended to be non-statistically higher, but became significantly
greater between days 42 (p = 0.042) and 49 (p = 0.009) (Figure 1a). The average daily weight
gains of AM and WC between days 21 and 49 (post-coccidial infection) were significantly
higher (p = 0.026) when compared with those of the control (Figure 1b). In addition,
between days 42 and 49, the AM and WC tended to have non-statistically lower FCR than
the control (p > 0.05) (Figure 1c).
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SANK70258/g; AM, 75 ppm of sodium lasalocid-A in feed. Asterisks indicate the significant differ-
ence between groups (p < 0.05). 
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The body weights of all chicks slaughtered on day 29 (three per pen, nine per group) 
were compared. While no significant differences were observed between the AM and the 
control, the WC had greater body weights than the control (p = 0.054). At day 29 and when 
compared with the control, the lesion scores were found to be lower (p = 0.001) in the small 
intestinal samples of AM and WC (Table 2), but by day 49, no significant differences were 
observed (Table 3) between the samples (p = 0.489). At day 29 and when compared with 
the control, the number of oocysts was significantly lower and tended to be lower in the 
small intestinal digestas of AM and WC, respectively (p < 0.001). At day 49, the number of 
oocysts in the small intestinal digestas was significantly lower in the AM and WC than in 
the control (p = 0.002). With respect to the number of oocysts in the cecal digestas, while 
no differences in the counts were observed between groups at day 29 (p = 0.554), the num-
bers of oocysts in the cecal digesta of 49-day-old broilers were found to be significantly 
lower in the AM and WC, when compared with the control (p = 0.033). 
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intestinal lengths of broiler chicks slaughtered at 29 days of age. 
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Figure 1. The production performance parameters of broilers, pre- (0 to 21 days of age) and post- (21 to
49 days of age) coccidial infection, in Experiment 2. (a) Mean body weights throughout the experiment.
(b) Daily weight gains post-coccidial infection. (c) Feed conversion ratios throughout the experiment.
Bars represent the means of data per pens and error bars represent the standard deviations (n = 3).
WC, supplementation with 3 × 105 CFU of Weizmannia coagulans strain SANK70258/g; AM, 75 ppm
of sodium lasalocid-A in feed. Asterisks indicate the significant difference between groups (p < 0.05).

3.2.2. Effect of WC Supplementation on Intestinal Lesion Scores and Number of Oocysts of
Coccidiosis Broilers

The body weights of all chicks slaughtered on day 29 (three per pen, nine per group)
were compared. While no significant differences were observed between the AM and the
control, the WC had greater body weights than the control (p = 0.054). At day 29 and when
compared with the control, the lesion scores were found to be lower (p = 0.001) in the small
intestinal samples of AM and WC (Table 2), but by day 49, no significant differences were
observed (Table 3) between the samples (p = 0.489). At day 29 and when compared with
the control, the number of oocysts was significantly lower and tended to be lower in the
small intestinal digestas of AM and WC, respectively (p < 0.001). At day 49, the number of
oocysts in the small intestinal digestas was significantly lower in the AM and WC than in
the control (p = 0.002). With respect to the number of oocysts in the cecal digestas, while no
differences in the counts were observed between groups at day 29 (p = 0.554), the numbers
of oocysts in the cecal digesta of 49-day-old broilers were found to be significantly lower in
the AM and WC, when compared with the control (p = 0.033).

Table 2. The body weights, lesion scores, oocyst numbers, total bacterial counts, E. coli levels, and
intestinal lengths of broiler chicks slaughtered at 29 days of age.

Parameter Control WC AM p Value ‡

Body weight (g) 1502 ± 87 1596 ± 92 * 1579 ± 69 0.054

Lesion score (score 0–4 §)
Small intestine 1.67 ± 0.71 0.89 ± 0.33 * 0.67 ± 0.50 * 0.001

Cecum 0.89 ± 0.60 0.67 ± 0.50 0.67 ± 0.50 0.603

Oocyst numbers
(oocyst/g)

Small intestinal contents 8511 ± 1609 6478 ± 1944 † 5644 ± 716 * <0.001
Cecum contents 2889 ± 909 2533 ± 781 2478 ± 342 0.554

Total bacterial counts
(log cell/g) 10.5 ± 0.1 10.3 ± 0.1 * 10.3 ± 0.2 * <0.001

E. coli levels
Counts (log cell/g) 6.65 ± 0.42 6.85 ± 0.49 7.56 ± 0.38 * <0.001

Ratio (%) 0.02 ± 0.02 0.07 ± 0.09 0.27 ± 0.18 * <0.001
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Table 2. Cont.

Parameter Control WC AM p Value ‡

Intestinal length (cm)
Small intestine 152 ± 16 155 ± 15 154 ± 19 0.924

Cecum 12.0 ± 1.5 12.2 ± 1.4 12.9 ± 2.2 0.503
All parameters are shown as the means ± standard deviations (n = 9). Control, non-treatment control; WC,
supplementation with 3 × 105 CFU/g of W. coagulans strain SANK70258; AM, 75 ppm of sodium lasalocid-A
in feed. The asterisks indicate significant differences between the control and WC or AM (p < 0.05). A dagger
indicates a differential trend between the control and WC or AM (p < 0.1). ‡ Probability value of the one-way
analysis of variance or the Kruskal–Wallis test. § The criteria for the lesion scores were as described by Johnson
and Reid [21].

Table 3. The body weights, lesion scores, oocyst numbers, total bacterial counts, E. coli levels, and
intestinal lengths of the broiler chicks slaughtered at 49 days of age.

Parameters Control WC AM p Value ‡

Body weight (g) 3316 ± 291 3538 ± 228 3574 ± 261 0.096

Lesion score (score 0–4 §)
Small intestine 1.22 ± 0.44 0.89 ± 0.60 1.00 ± 0.71 0.489

Cecum 0.33 ± 0.50 0.33 ± 0.50 0.11 ± 0.33 0.494

Oocyst numbers
(oocyst/g)

Small intestinal contents 5867 ± 660 5100 ± 684 * 4700 ± 522 * 0.002
Cecum contents 1922 ± 156 1567 ± 387 * 1578 ± 323 * 0.033

Total bacterial counts
(log cell/g) 10.6 ± 0.2 10.5 ± 0.1 10.2 ± 0.3 * <0.001

E. coli levels
Counts (log cell/g) 6.16 ± 0.48 5.90 ± 0.52 6.40 ± 0.44 * 0.106

Ratio (%) 0.01 ± 0.00 0.00 ± 0.00 0.03 ± 0.02 * 0.004

Intestinal length (cm)
Small intestine 155 ± 10 165 ± 8 158 ± 14 0.139

Cecum 15.4 ± 1.7 15.8 ± 2.0 16.6 ± 1.9 0.460

The asterisks indicate significant differences between the control and WC or AM (p < 0.05). ‡ Probability value of
one-way analysis of variance or the Kruskal–Wallis test. § The criteria for the lesion scores were as described by
Johnson and Reid [21]. Further information can be found in Table 2.

For the 29-days-old broilers, the correlations between the numbers of OPG, lesion
scores, and body weights were significantly negative (r = −0.421, p = 0.029, and r = −0.430,
p = 0.025, respectively), whereas the correlation between the lesion scores and the number
of OPG was significantly positive (r = 0.762, p < 0.001). For the 49-day-old broilers, the
correlations between these parameters were non-significant. (Figure 2).
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3.2.3. Effect of WC Supplementation on Total Bacteria and Escherichia coli Counts in Digesta
Samples of Coccidiosis Broilers

At 29 days of age and when compared with the control, the total bacterial counts were
lower in both the WC and AM (p < 0.001), but only lower in AM at 49 days of age (p < 0.001).
Of these bacteria, the E. coli levels were considered crucial due to their potential detrimental
activity on the growth performance. At 29 and 49 days of age and when compared with the
control, the percentages of E. coli were significantly higher in AM, but those of WC and the
control remained unchanged (p < 0.001 and p = 0.004, respectively) (Tables 2 and 3).

3.2.4. The Effect of WC Supplementation on the Intestinal Morphology of
Coccidiosis Broilers

No significant differences were found between the lengths of neither the small in-
testines nor the ceca of the broilers (p > 0.05) (Tables 2 and 3).

4. Discussion

As the standard procedure, antimicrobials such as coccidiostats have been used to
treat coccidiosis in poultry [5]. However, increased drug resistance in Eimeria spp. has
prompted researchers to find alternative compounds to traditional treatments. Probiotics
have emerged as serious and viable alternatives to drugs for the treatment of coccidiosis in
broilers [2,12]. In the present work, we wanted to evaluate whether WC exerted an effect
on coccidiosis as effective as that of coccidiostat AM.

In the present study, parameters such as body weight, weight gain, number of OPG,
and lesion scores were used to evaluate the therapeutic effect of WC supplementation.
The number of OPG was significantly lower or tended to be lower in AM and WC than
in the control. Moreover, as lesion scores and the number of OPG decreased, the body
weights of the broilers increased (Figure 2). These negative correlations seemed to indicate
that lower intestinal numbers of OPG likely contributed to greater body gains. While
lower numbers of OPG were somewhat expected upon the administration of AM, given
the documented efficacy of lasalocid-A sodium to treat coccidiosis in livestock [24,25],
the count-lowering effect of WC on oocysts was a head-turning outcome. L. plantarum
supplementation was reported to help decrease the number of OPG in the feces of coccidia-
infected chicken [2], but to the best of our knowledge, our work is the first to report the
effectiveness of W. coagulans supplementation to help decrease the number of OPG in
broilers. In the present study, while the underlying mechanism by which WC supplemen-
tation suppressed the numbers of OPG in the digestas of broilers remained unclear, two
hypotheses were plausible. First, bacteriocin produced by WC helped decrease the numbers
of OPG. Past studies have reported that bacteriocin produced by beneficial bacteria had
an anticoccidial effect [26,27]. Furthermore, Hyronimus et al. reported that WC produced
a bacteriocin-like inhibitory substance [28], which may have a similar inhibitory effect
as those previously reported by Hessenberger et al. [26] and Pogány Simonová et al. [27].
Second, the production of Eimeria-specific antibodies was induced by WC supplemen-
tation. Lee et al. supplemented coccidium-infected broilers with probiotics Pediococcus
acidilactici and Saccharomyces boulardii [29]. These authors observed that the blood sera
of probiotic-supplemented broilers had high levels of Eimeria-specific antibodies [29]. In
addition, Zhang et al. and Zhen et al. found that WC supplementation increased the level
of immunoglobulin (Ig) A in the feces of healthy [17] and Salmonella Enteritidis-infected
broilers [30], respectively. IgA is an important immune factor in animals, contributing to
the immune defense in vivo [17]. We believe that in the present work, the IgA production
was induced by WC supplementation, which may have functioned as an adjuvant that
enhanced the immune response during coccidiosis. An enhanced immune response likely
helped WC and AM gain more weight than the control, as nutrient absorption and utiliza-
tion shifted from immune cell production back to growth performance [2], which agrees
with the results reported by Zhang et al. [17].
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In the present study, it was found that WC supplementation significantly lowered
the small intestinal lesion scores of broilers at 29 days of age, but by 49 days of age, no
differences were observed between the broiler groups. It is possible that by 49 days of
age, the acquired immunity in all broilers including the control was prompted into action,
which helped the birds recover from coccidial symptoms. Therefore, we believe that WC
supplementation may be more effective if given during the early stage of coccidial infection,
when inflammation is a major symptom. Past studies have shown that W. coagulans
contributes to reduce intestinal inflammation by modulating the intestinal cytokine profiles
of mice [31,32]. In broilers, W. coagulans supplementation exerts an anti-inflammatory effect
by inducing the downregulation of the expression of proinflammatory cytokine IFNγ [33].
Cytokine IFNγ has been singled out as being one of the factors that increase the gut
lesion scores in broilers infected with necrotic enteritis-causing Clostridium perfringens [33].
Similarly, Yu et al. demonstrated that W. coagulans supplementation exerted an anti-
inflammatory effect on lipopolysaccharide-induced systemic inflammation by decreasing
the levels of pro-inflammatory factors TNF-α, IL-1β, IL-6, and IFN-β, while increasing
that of the anti-inflammatory factor IL-10 in serum and jejunal mucosae of broilers [20].
Separately, Chaudhari et al. challenged broilers with several strains of Eimeria spp. and
afterward, supplemented them with probiotic bacilli [34]. They found that, compared
with the control, probiotic-supplemented broilers had lower intestinal lesions, which
was correlated with the increase in the expression of anti-inflammatory molecules IL-
10 and TGF-β [34]. These reports seem to suggest that by inducing the production of
anti-inflammatory molecules, Bacillus supplementation modulated the innate immune
response, which protected the intestine of the pathogen-infected host from damage by its
own immune system. Thus, we believe that, in the present study, WC played a similar
immunomodulatory role. It is recommended that the profiles of intestinal cytokines and
their immunomodulation functions be further investigated.

As it has been previously reported that not only the information on the numbers of
individual bacterial communities but also the information on the ratio between them are
crucial when analyzing the gut microbiota [35], in the present study, the total bacterial
counts and E. coli levels in relation to the total bacterial counts were also calculated. When
compared with those of the control, at 29 days of age, the total bacterial counts were lower
in the intestinal digestas of both the WC and AM (Table 3), whereas at 49 days of age,
the total bacterial count was lower only in AM, even though lasalocid-A sodium had
already been withdrawn at 42 days of age. Furthermore, at 29 and 49 days of age and when
compared with the other broiler groups, the number of E. coli increased only in AM. It is
well-known that antimicrobials exert detrimental effects on the health, the bacterial count,
and diversity of the gut microbiota of broilers and can even cause the development of drug
resistance in pathogens, if misused or overused [34]. Indeed, the dysbiosis of the microbiota
caused by antimicrobials can be long-lasting, even after discontinuation of the antimicrobial
treatment [36]. For example, monensin, an ionophore therapeutic drug similar to lasalocid-
A sodium, has been reported to increase the Escherichia/Shigella abundance [37], which
is consistent with our results, showing an increase of E. coli in AM. Since an increased
number of E. coli induces the production of inflammation-causing lipopolysaccharides
in broilers [20], it can be inferred that the use of lasalocid-A sodium to treat broilers is
not always beneficial. As our results indicate that WC supplementation can modulate
the intestinal microbiota in coccidium-infected broilers, we plan to use next-generation
sequencing to further analyze the microbiota compositions of broilers in future work.

Upon the measurement of the intestinal lengths, it was observed that those of the
WC tended to be longer than those of the control and AM, which could be attributed to
the therapeutic effects of WC, which in turn led to greater body weights (Figure 1b) and
perhaps better nutrient absorption [38].
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5. Conclusions

The present study had some limitations. For example, the number of experimental an-
imals and replicability were limited. In addition, the mechanism by which WC suppressed
the numbers of OPG in the digestas remained unclear. These limitations need further
exploration. Nonetheless, we demonstrated the suitability of WC as a probiotic to treat
the adverse effects of coccidiosis in broilers. Both WC supplementation and lasalocid-A
sodium administration induced similar body weights and average daily weight gains.
In addition, WC supplementation decreased the lesion scores and OPG numbers in a
greater manner than the control and only better ranked by AM. Finally, unlike lasalocid-
A sodium, WC supplementation did not seem to adversely alter the microbiota of the
coccidiosis-infected broilers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vetsci9080406/s1, Table S1: The feed composition and nutrient
content of the diet in Experiment 1; Table S2: The feed composition and nutrient content of the
experimental diets in Experiment 2; Table S3: Primers and PCR cycle conditions used in Experiment
2 [39,40]; Figure S1: The experimental design and sampling procedure in Experiment 1; Figure S2:
The experimental design and sampling procedure in Experiment 2.
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limiting the fecundity of Trichinella spiralis female adults. Helminthologia 2018, 55, 102–111. [CrossRef]

9. Myhill, L.J.; Stolzenbach, S.; Mejer, H.; Krych, L.; Jakobsen, S.R.; Kot, W.; Skovgaard, K.; Canibe, N.; Nejsum, P.; Nielsen, D.S.; et al.
Parasite-probiotic interactions in the gut: Bacillus sp. and Enterococcus faecium regulate type-2 inflammatory responses and modify
the gut microbiota of pigs during helminth infection. Front. Immunol. 2021, 12, 793260. [CrossRef]

10. Park, I.; Lee, Y.; Goo, D.; Zimmerman, N.P.; Smith, A.H.; Rehberger, T.; Lillehoj, H.S. The effects of dietary Bacillus subtilis
supplementation, as an alternative to antibiotics, on growth performance, intestinal immunity, and epithelial barrier integrity in
broiler chickens infected with Eimeria maxima. Poult. Sci. 2020, 99, 725–733. [CrossRef]

11. Urban, J.F., Jr.; Nielsen, M.K.; Gazzola, D.; Xie, Y.; Beshah, E.; Hu, Y.; Li, H.; Rus, F.; Flanagan, K.; Draper, A.; et al. An inactivated
bacterium (paraprobiotic) expressing Bacillus thuringiensis Cry5B as a therapeutic for Ascaris and Parascaris spp. infections in large
animals. One Health 2021, 12, 100241. [CrossRef]

12. Wang, Y.; Lv, X.; Li, X.; Zhao, J.; Zhang, K.; Hao, X.; Liu, K.; Liu, H. Protective effect of Lactobacillus plantarum P8 on growth
performance, intestinal health, and microbiota in Eimeria-infected broilers. Front. Microbiol. 2021, 12, 705758. [CrossRef]

13. Yan, X.; Han, W.; Jin, X.; Sun, Y.; Gao, J.; Yu, X.; Guo, J. Study on the effect of koumiss on the intestinal microbiota of mice infected
with Toxoplasma gondii. Sci. Rep. 2022, 12, 1271. [CrossRef]

14. Cao, J.; Yu, Z.; Liu, W.; Zhao, J.; Zhang, H.; Zhai, Q.; Chen, W. Probiotic characteristics of Bacillus coagulans and associated
implications for human health and diseases. J. Funct. Foods 2020, 64, 103643. [CrossRef]

15. Matsuzawa, T.; Iwado, S.; Kitano, N.; Suzuki, Y. The biological effects of the spore bearing lactic acid bacteria, Lactobacillus
sporogenes, in chickens. Jpn. Poult. Sci. 1972, 9, 153–158. [CrossRef]

16. EFSA FEEDAP Panel (EFSA Panel on Additives and Products or Substances Used in Animal Feed); Azimonti, G.; Bampidis, V.;
Bastos, M.L.; Christensen, H.; Dusemund, B.; Fašmon Durjava, M.; Kouba, M.; López-Alonso, M.; López Puente, S.; et al. Safety
and efficacy of a feed additive consisting of lactic acid produced by Weizmannia coagulans (synonym Bacillus coagulans) DSM 32789
for all animal species except for fish (Jungbunzlauer SA). EFSA J. 2022, 20, e07268. [CrossRef]

17. Zhang, B.; Zhang, H.; Yu, Y.; Zhang, R.; Wu, Y.; Yue, M.; Yang, C. Effects of Bacillus coagulans on growth performance, antioxidant
capacity, immunity function, and gut health in broilers. Poult. Sci. 2021, 100, 101168. [CrossRef]

18. Sasaki, K.; Sasaki, D.; Inoue, J.; Hoshi, N.; Maeda, T.; Yamada, R.; Kondo, A. Bacillus coagulans SANK 70258 suppresses
Enterobacteriaceae in the microbiota of ulcerative colitis in vitro and enhances butyrogenesis in healthy microbiota. Appl. Microbiol.
Biotechnol. 2020, 104, 3859–3867. [CrossRef]

19. Faber, T.A.; Dilger, R.N.; Hopkins, A.C.; Price, N.P.; Fahey, G.C., Jr. The effects of a galactoglucomannan oligosaccharide-
arabinoxylan (GGMO-AX) complex in broiler chicks challenged with Eimeria acervulina. Poult. Sci. 2012, 91, 1089–1096. [CrossRef]

20. Yu, Y.; Li, Q.; Zeng, X.; Xu, Y.; Jin, K.; Liu, J.; Cao, G. Effects of probiotics on the growth performance, antioxidant functions,
immune responses, and caecal microbiota of broilers challenged by lipopolysaccharide. Front. Vet. Sci. 2022, 9, 846649. [CrossRef]

21. Johnson, J.; Reid, W.M. Anticoccidial drugs: Lesion scoring techniques in battery and floor-pen experiments with chickens. Exp.
Parasitol. 1970, 28, 30–36. [CrossRef]

22. Tsukahara, T.; Inoue, R.; Nakayama, K.; Inatomi, T. Inclusion of Bacillus amyloliquefaciens strain TOA5001 in the diet of broilers
suppresses the symptoms of coccidiosis by modulating intestinal microbiota. Anim. Sci. J. 2018, 89, 679–687. [CrossRef] [PubMed]

23. Tsukahara, T.; Inoue, R.; Yamada, K.; Yajima, T. A mouse model study for the villous atrophy of the early weaning piglets. J. Vet.
Med. Sci. 2010, 72, 241–244. [CrossRef] [PubMed]

24. Sinks, G.D.; Quigley, J.D., 3rd. Reinemeyer, C.R. Effects of lasalocid on coccidial infection and growth in young dairy calves. J.
Am. Vet. Med. Assoc. 1992, 200, 1947–1951.

25. Stromberg, B.E.; Schlotthauer, J.C.; Armstrong, B.D.; Brandt, W.E.; Liss, C. Efficacy of lasalocid sodium against coccidiosis (Eimeria
zuernii and Eimeria bovis) in calves. Am. J. Vet. Res. 1982, 43, 583–585.

26. Hessenberger, S.; Schatzmayr, G.; Teichmann, K. In vitro inhibition of Eimeria tenella sporozoite invasion into host cells by
probiotics. Vet. Parasitol. 2016, 229, 93–98. [CrossRef]

27. Pogány Simonová, M.; Chrastinová, L’.; Lauková, A. Autochtonous strain Enterococcus faecium EF2019(CCM7420), its bacteriocin
and their beneficial effects in broiler rabbits—A review. Animals 2020, 10, 1188. [CrossRef]

28. Hyronimus, B.; Le Marrec, C.; Urdaci, M.C. Coagulin, a bacteriocin-like inhibitory substance produced by Bacillus coagulans I4. J.
Appl. Microbiol. 1998, 85, 42–50. [CrossRef]

29. Lee, S.; Lillehoj, H.S.; Park, D.W.; Hong, Y.H.; Lin, J.J. Effects of Pediococcus- and Saccharomyces-based probiotic (MitoMax®) on
coccidiosis in broiler chickens. Comp. Immunol. Microbiol. Infect. Dis. 2007, 30, 261–268. [CrossRef]

30. Zhen, W.; Shao, Y.; Gong, X.; Wu, Y.; Geng, Y.; Wang, Z.; Guo, Y. Effect of dietary Bacillus coagulans supplementation on growth
performance and immune responses of broiler chickens challenged by Salmonella enteritidis. Poult. Sci. 2018, 97, 2654–2666.
[CrossRef]

http://doi.org/10.1016/j.psj.2022.101746
http://www.ncbi.nlm.nih.gov/pubmed/35219136
http://doi.org/10.3390/pathogens11030296
http://www.ncbi.nlm.nih.gov/pubmed/35335620
http://doi.org/10.2478/helm-2018-0010
http://doi.org/10.3389/fimmu.2021.793260
http://doi.org/10.1016/j.psj.2019.12.002
http://doi.org/10.1016/j.onehlt.2021.100241
http://doi.org/10.3389/fmicb.2021.705758
http://doi.org/10.1038/s41598-022-05454-x
http://doi.org/10.1016/j.jff.2019.103643
http://doi.org/10.2141/jpsa.9.153
http://doi.org/10.2903/j.efsa.2022.7268
http://doi.org/10.1016/j.psj.2021.101168
http://doi.org/10.1007/s00253-020-10506-1
http://doi.org/10.3382/ps.2011-01993
http://doi.org/10.3389/fvets.2022.846649
http://doi.org/10.1016/0014-4894(70)90063-9
http://doi.org/10.1111/asj.12980
http://www.ncbi.nlm.nih.gov/pubmed/29282825
http://doi.org/10.1292/jvms.09-0406
http://www.ncbi.nlm.nih.gov/pubmed/19942808
http://doi.org/10.1016/j.vetpar.2016.10.001
http://doi.org/10.3390/ani10071188
http://doi.org/10.1046/j.1365-2672.1998.00466.x
http://doi.org/10.1016/j.cimid.2007.02.002
http://doi.org/10.3382/ps/pey119


Vet. Sci. 2022, 9, 406 13 of 13

31. Fu, L.; Peng, J.; Zhao, S.; Zhang, Y.; Su, X.; Wang, Y. Lactic acid bacteria-specific induction of CD4+Foxp3+T cells ameliorates
shrimp tropomyosin-induced allergic response in mice via suppression of mTOR signaling. Sci. Rep. 2017, 7, 1987. [CrossRef]

32. Shinde, T.; Perera, A.P.; Vemuri, R.; Gondalia, S.V.; Karpe, A.V.; Beale, D.J.; Shastri, S.; Southam, B.; Eri, R.; Stanley, R. Synbiotic
supplementation containing whole plant sugar cane fibre and probiotic spores potentiates protective synergistic effects in mouse
model of IBD. Nutrients 2019, 11, 818. [CrossRef]

33. Wu, Y.; Shao, Y.; Song, B.; Zhen, W.; Wang, Z.; Guo, Y.; Shahid, M.S.; Nie, W. Effects of Bacillus coagulans supplementation on
the growth performance and gut health of broiler chickens with Clostridium perfringens-induced necrotic enteritis. J. Anim. Sci.
Biotechnol. 2018, 9, 9. [CrossRef]

34. Chaudhari, A.A.; Lee, Y.; Lillehoj, H.S. Beneficial effects of dietary supplementation of Bacillus strains on growth performance
and gut health in chickens with mixed coccidiosis infection. Vet. Parasitol. 2020, 277, 109009. [CrossRef]

35. Doris, V.; Gunter, K.; Kevin, D.; Sara, V.S.; Mireia, V.C.; Joao, S.; Jun, W.; Raul, Y.T.; Lindsey, D.C.; Youssef, D.; et al. Quantitative
microbiome profiling links gut community variation to microbial load. Nature 2017, 551, 507–511. [CrossRef]

36. Gu, S.L.; Gong, Y.; Zhang, J.; Chen, Y.; Wu, Z.; Xu, Q.; Fang, Y.; Wang, J.; Tang, L.L. Effect of the short-term use of fluoroquinolone
and β-lactam antibiotics on mouse gut microbiota. Infect. Drug Resist. 2020, 13, 4547–4558. [CrossRef]

37. Danzeisen, J.L.; Kim, H.B.; Isaacson, R.E.; Tu, Z.J.; Johnson, T.J. Modulations of the chicken cecal microbiome and metagenome in
response to anticoccidial and growth promoter treatment. PLoS ONE 2011, 6, e27949. [CrossRef]

38. Moradi, S.; Moradi, A.; Atabaigi Elmi, V.; Reza Abdollahi, M. Interactive effect of corn particle size and insoluble fiber source on
performance, nutrient utilization and intestine morphology in broilers fed pelleted diets. J. Anim. Physiol. Anim. Nutr. 2021, 105,
1113–1126. [CrossRef]

39. Lee, D.H.; Zo, Y.G.; Kim, S.J. Nonradioactive method to study genetic profiles of natural bacterial communities by PCR–sin-
gle-strand-conformation polymorphism. Appl. Environ. Microbiol. 1996, 62, 3112–3120. [CrossRef]

40. Huijsdens, X.W.; Linskens, R.K.; Mak, M.; Meuwissen, S.G.; Vandenbroucke-Grauls, C.M.; Savelkoul, P.H. Quantification of
bacteria adherent to gastrointestinal mucosa by real-time PCR. J. Clin. Microbiol. 2002, 40, 4423–4427. [CrossRef]

http://doi.org/10.1038/s41598-017-02260-8
http://doi.org/10.3390/nu11040818
http://doi.org/10.1186/s40104-017-0220-2
http://doi.org/10.1016/j.vetpar.2019.109009
http://doi.org/10.1038/nature24460
http://doi.org/10.2147/IDR.S281274
http://doi.org/10.1371/journal.pone.0027949
http://doi.org/10.1111/jpn.13532
http://doi.org/10.1128/aem.62.9.3112-3120.1996
http://doi.org/10.1128/JCM.40.12.4423-4427.2002

	Introduction 
	Materials and Methods 
	Experiment 1 
	Preparation of Probiotic 
	Animals and Diets 
	Coccidial Challenge 
	Dissection and Sampling Procedure 
	Coccidial Count in Intestinal Digesta 
	Statistical Analysis 

	Experiment 2 
	Preparation of the Probiotic 
	Birds and Diets 
	Coccidial Challenge 
	Dissection and Sampling Procedure 
	Coccidial Count in Intestinal Digesta 
	Bacteriological Analysis 
	Histopathologic Observation 
	Statistical Analysis 


	Results 
	Experiment 1 
	Experiment 2 
	Effect of WC Supplementation on Production Performance of Coccidiosis Broilers 
	Effect of WC Supplementation on Intestinal Lesion Scores and Number of Oocysts of Coccidiosis Broilers 
	Effect of WC Supplementation on Total Bacteria and Escherichia coli Counts in Digesta Samples of Coccidiosis Broilers 
	The Effect of WC Supplementation on the Intestinal Morphology of Coccidiosis Broilers 


	Discussion 
	Conclusions 
	References

