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ARTICLE INFO ABSTRACT

Keywords: The effect of salinomycin sodium alone and in combination with functional oils on performance and microbiota
1GS‘ RNA sequencing of broiler infected Eimeria were evaluated. 512 broilers were randomly assigned to 4 treatments (8 replicates, 16
Brml_er_ ) birds/pen): a Control group (any additives); Ionophore group: salinomycin supplementation at 66 ppm (SS66);
g;;;ilom Ionophore +0.075% Functional oil (FO) group (SS66 + FO supplementation at 750 ppm); and Ionophore +0.10%
Microbiome FO group (SS66 + FO supplementation at 1000 ppm). At 14 days of age, birds were gavaged with 1 mL of a saline

solution containing sporulated oocysts of E. tenella, E. acervulina and E. maxima. Performance indices were
measured weekly. At 28 days, intestinal content was collected for microbiota analysis. Broilers of Control group
presented the worst performance indices. Broilers of Ionophore + FO (0.075% and 0.10%) groups exhibited a
higher BW at 28 days of age. The supplementation of Ionophore +0.075% FO resulted in a higher relative
proportion of Firmicutes and a lower proportion of Actinobacteria in the ileum-jejunum. Lactobacillaceae was the
dominant family in the jejunal, and ileal microbiotas of broilers fed diets supplemented with Ionophore, Iono-
phore +0.075% FO and Ionophore +0.10% FO. The supplementation of ionophore yielded higher numbers of
Lactobacillaceae, Enterobactereaceae and Cloritridiaceae in the cecal. Ionophore associated with FO controlled the
Lactobacillaceae, Enterobactereaceae and Cloritridiaceae families present in the cecum. Therefore, the combination
of salinomycin with functional oil showed synergistic effect on performance and modulation of intestinal
microbiota of broilers challenged with Eimeria.

1. Introduction

Maintaining a healthy intestinal environment is a prerequisite for the
efficient performance of broilers (Murugesan et al., 2015). However, the
health and well-being of birds are constantly threatened by a series of
pathogens and parasitic protozoa (Soutter et al., 2020), which represent
an ongoing challenge to the world's poultry industry. Coccidiosis, an
infection caused by protozoa of the genus Eimeria, is one of the most
significant parasitic diseases in the chicken industry and a major

problem worldwide, resulting in huge losses (Madlala et al., 2021).
Studies have observed that chickens challenged with Eimeria spp.
experience an increase in the number of pathogens, particularly
Escherichia coli and Enterococcus spp., a reduction in Lactobacillus, a
probiotic that benefits digestion and gut health; and imbalance in short-
chain fatty acids, which can have a negative impact on nutrient ab-
sorption and gut health (Madlala et al., 2021; Cai et al., 2022).

For many years, the use of prophylactic doses of anticoccidials was
the main choice for the treatment and prevention of this intestinal
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disease (Chapman et al., 2010; Ahmad et al., 2024). However, due to
increasing changes in legislation and pressure on the poultry industry to
reduce the use of antibiotic growth promoters (AGP) and anticoccidials,
a demand for new alternative strategies to improve performance and
disease resistance, including ways to establish a favorable gut micro-
biota (Yadav and Jha, 2019) has emerged.

Among the alternative nutritional strategies, the phytogenic feed
additives comprise one of the scientific areas of great interest, since
these products have beneficial bioactive compounds that can protect
animals against bacteria and parasite infections (Sidiropoulou et al.,
2020). Functional oils, including cashew nutshell liquid (CNSL) and
castor oil, are substances that provide health benefits that extend
beyond their nutritional value. The commercial of CNSL and Castor oil
mixture contains bioactive substances such as cardanol, cardol, ricino-
leic acid, terpenes, and phenols that, synergistically, exhibit potential
antioxidant and antimicrobial activity and interact with the cell mem-
brane of microorganisms limiting their growth (Andrade et al., 2011;
Osmari et al., 2015; Pires et al., 2022).

Under a coccidiosis challenge, positive outcomes on performance
and microbiota modulation were observed with the use of CNSL and
Castor oil mixture, as its supplementation was able to compensate the
negative effect caused by coccidiosis, showing a similar effect to the
ionophore monensin on the performance during the rearing (up to 42 d)
period (Moraes et al., 2019b). In addition, better energy utilization,
higher survival rate of animals and lower intestinal damage caused by
Eimeria were also observed with the same functional oil blend when it
was compared to the control group without any additive (Murakami
et al., 2014). Castor oil mixture also provided increased microbial di-
versity in broilers, higher richness and evenness of microbial taxa,
especially Firmicutes and Bacteroidetes; and decreased Clostridium per-
fringens and Escherichia coli (Pires et al., 2022). Despite the positive re-
sults obtained with the use of CNSL and Castor oil mixture or other
phytogenic feed additives, the process of removing AGP and anti-
coccidials from the poultry production chain is a gradual and often, both
the resistance from producers and the high price of phytogenic additives
products, makes their single use unfeasible. Additionally, in many sit-
uations, avian coccidiosis cannot be treated or controlled using just one
compound but requires a combination of products and protocols to
achieve the necessary efficiency (Pajic et al., 2023).

Therefore, the present study evaluated the single effect of salino-
mycin sodium and the impact of its combination with functional oils
(CNSL - Castor oil blend) on the performance and microbiota of broiler
chickens challenged with mixed Eimeria species.

2. Material and methods
2.1. Ethics statement

The work described here was conducted under protocol number
36475 approved by the Ethics Committee on Animal Use from the
Universidade Federal do Rio Grande do Sul, Brazil, following the legis-
lation for the protection of animals used for scientific purposes.

2.2. Treatments, bird husbandry and experimental design

A total of 512, one-day-old male broiler chicks (Cobb 500) were
obtained from a commercial hatchery and housed in a controlled-
temperature room, composed of 32 pens with 16 birds per pen. Each
group was housed ina 1 m? pen equipped with two nipple drinkers and
one tubular feeder. The nutritional program consisted of four phases
(Table 1): pre-starter (1 to 7 d), starter (8 to 21 d), grower (22 to 35 d)
and finisher (36 to 42 d), formulated to provide the nutritional re-
quirements recommended by the Brazilian Tables of Poultry and Swine
(Rostagno et al., 2017).

The experimental design was completely randomized with four
treatments groups: Control group (basal diet without additives);
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Table 1
Dietary compositions and nutrient levels of broilers (as-fed basis).
Pre-starter Starter Grower Finisher
(1-7 days) (8-21 days) (22-35 (36-42 days)
days)

Ingredient (%)
Maize 44.53 46.37 48.94 58.80
Soybean meal 45.85 43.29 40.07 31.87
Soybean oil 5.022 6.122 7.117 6.045
1-Lysine 0.127 0.133 0.141 0.172
DL-Methionine 0.368 0.349 0.325 0.264
L-Threonine 0.072 0.067 0.062 0.047
NaCl 0.526 0.511 0.486 0.460
Limestone 0.915 0.825 0.780 0.653
Phosphate 2.188 1.927 1.678 1.290
Bicholine 0.050 0.050 0.050 0.050
Vit Premix’ 0.034 0.034 0.034 0.034
Min Premix” 0.100 0.100 0.100 0.100
Inert/Tonophore/

Functional oil 0.205 0.205 0.205 0.205
Calculated nutrition levels, %
EM, kcal/kg 2975 3050 3150 3200
CP 24.71 23.68 22.41 19.44
Ca 1.011 0.90 0.82 0.66
Available P 0.48 0.43 0.38 0.30
Dig Lys 1.364 1.30 1.23 1.06
Dig Met 0.680 0.65 0.61 0.52
Dig Met+Cis 1.009 0.96 0.91 0.79
Dig Thr 0.900 0.86 0.81 0.70
Dig Trp 0.287 0.27 0.25 0.21
(Na + K)-Cl, mEq/

kg® 228.39 216.91 202.51 166.96

! Vitamin premix containing the following per kilogram of diet: vitamin A,
10,000 IU; vitamin D3 (cholecalciferol), 3500 IU; vitamin E (DL-a-tocopheryl
acetate), 60 mg; vitamin K (menadione), 3 mg; thiamine, 3 mg; riboflavin, 6 mg;
pyridoxine, 5 mg; vitamin B12 (cyanocobalamin), 0.01 mg; niacin, 45 mg;
pantothenic acid (D-calcium pantothenate), 11 mg; folic acid, 1 mg; biotin, 0.15
mg; choline chloride, 500 mg; ethoxyquin (antioxidant), 150 mg.

2 Mineral premix containing the following per kilogram of diet: Fe, 60 mg; Mn,
100 mg; Zn, 60 mg; Cu, 10 mg; I, 1 mg; Co,0.2 mg; Se, 0.15 mg.3Dietary elec-
trolyte balance.

Ionophore group (sodium salinomycin supplementation at 66 ppm -
§S66); Ionophore +0.075% FO group (SS66 + FO supplementation at
750 ppm); Ionophore +0.10% FO group (SS66 + FO supplementation at
1000 ppm). All treatments groups were challenged with coccidiosis.

The commercial blend of functional oils (Essential, Oligo Basics
Agroind. Ltda, Cascavel, Brazil) contained a mixture of cashew nut shell
liquid (Anacardium occidentale) and castor oil (Ricinus communis L.),
containing as active components 4% of cardol, 20% of cardanol and 9%
of ricinoleic acid. Both feed additives, the oil blend and sodium salino-
mycin (Coxistac 12% — Phibro Animal Health Corporation, Brazil), were
included by replacing an inert ingredient (kaolin) in the basal diet for all
phases varying the dosage of each treatment group.

2.3. Intestinal challenge

At 14 days of age, all chickens were inoculated by oral gavage with 1
mL of a saline solution containing sporulated oocysts of E. tenella (1 x
10* oocysts), E. acervulina (20 x 10* oocysts), and E. maxima (8 x 10*
oocysts). The oocyst inoculum was acquired from the Laboratério Biovet
(Laboratério BIO-VET LTDA, Sao Paulo, SP, Brazil) and consisted of field
strains, but had been previously multiplied in the laboratory with the
intention to simulate a coccidiosis infection similar to the one occuring
in commercial breeding. The Eimeria inoculum dosage was chosen based
on previous studies (Moraes et al., 2019a; Moraes et al., 2019b; Vieira
et al.,, 2020), and was successful in causing a drop in performance
without causing high mortality.



T.B. Stefanello et al.
2.4. Performance

Feed intake and BW gain for each replicate were measured weekly.
2.5. Oocyst counts in litter

At 28 days of age, representative litter samples (a mixed sample of
five handfuls taken in five sections per pen) were collectedand pooled.
The mean number of oocysts per gram (OPG) of litter was determined
according to Long and Rowell (1975).

2.6. Sample collection, DNA extraction, PCR amplification, and
sequencing

At 28 days of age, three broilers, with an average weight close to the
average of the replicate, were selected from four pens for each treatment
(totaling 12 samples per treatment) and euthanized for individual
collection of intestinal contents. A 10 cm portion of each segment:
jejunum (descending duodenal loop to the Meckel's diverticulum), ileum
(diverticulum to ileocecal insertion), and caecum were removed with
the intestinal contents inside and immediately stored at —20 °C until
further analysis.

Total microbial genomic DNA samples were extracted using the E.Z.
N.A. Stool DNA Kit (Omega Bio-Tek, Norcross, Georgia, USA) according
to the manufacturer's instructions. The genomic DNA was quantified
using a Qubit® 3.0 Fluorometer (Life Technologies, Carlsbad, CA), and
stored at —20 °C. After DNA extraction, the samples were sent to Imu-
nova Anadlises Bioldgicas (Curitiba-PR, Brazil) for PCR amplification.

The V4 region of bacterial 16S rRNA gene was amplified using the
universal primers 515F and 806R (Caporaso et al., 2010). Amplification
was carried out according to the following program: initial denaturation
at 94 °C for 3 min, followed by 18 cycles of 45 s at 94 °C, 30 s at 50 °C
and 60 s at 68 °C and a final cycle at 72 °C for 10 min. Sequencing was
performed by Illumina MiSeq (Illumina, San Diego, CA, USA). which
generates paired end reads of 460 bp.

Raw sequencing reads of this study were deposited in the National
Biotechnology Information Center (NCBI) under the accession number
PRJINA854667.

2.7. Bioinformatic and statistical analysis

Sequencing reads were analyzed using the QIIME (Quantitative In-
sights Into Microbial Ecology) platform. Sequences were classified into
bacterial genera through the recognition of operational taxonomic units
(OTU) based on the homology of the sequences when compared to the
SILVA 128 ribosomal sequence database (Yilmaz et al., 2014).

For diversity analysis, after the samples were rarefied, alpha di-
versity metrics (Shannon entropy, Simpson index, ACE, Chaol, Fisher
and total number of observed OTUs), beta diversity metrics (weighted
and unweighted UniFrac (Lozupone et al., 2011) and Bray-curtis
dissimilarity (Clarke et al., 2006) were used. The statistical compari-
son between the groups in the alpha diversity analysis was performed
using the nonparametric Wilcoxon test, accepting as statistically sig-
nificant results values lower than 0.05 (P < 0.05). Statistical analyzes for
beta diversity were performed using perMANOVA of the Adonis func-
tion, present in the vegan library, using 10,000 permutations (Anderson
and Walsh, 2013). For beta diversity comparison between two groups,
the values obtained by the per MANOVA analysis were corrected by
Bonferroni. All figures and statistical analyzes were performed in R
version 3.6 (https://www.R-project.org/). The calculation of phyloge-
netic diversity was performed by the spicy library, while the alpha and
beta diversity were calculated using the phyloseq, vegan and micro-
biome libraries. Rarefaction curves, phylogenetic tree and correlation
analyzes are performed using the Microbiome Analyst tool (Dhariwal
et al., 2017).

All performance data were subjected to one-way analysis of variance
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(ANOVA) using XLSTAT statistical software (Addinsoft, Paris, France).
When significant differences were present, a Tukey's test was performed
to separate means and significance accepted at P < 0.05. The oocyst
count data were performed using the nonparametric Kruskal-Wallis test.

3. Results
3.1. Performance

No performance differences were seen before the challenge (d 1 to
14). However, in the week following the challenge (d 15 to 21) the
Control group, which was challenged with coccidiosis and fed a non-
supplemented diet, had the worst performance in terms of BW, BW
gain and FI, although these variables were not different from the Iono-
phore group. Also, the challenged broilers fed diets supplemented with
Ionophore +0.075% FO exhibited a higher BW, BW gain and FI (P <
0.05) than other groups (Table 2).

In the second week post-challenge (d 21 to 28), broilers supple-
mented with Ionophore +0.075% FO and Ionophore +0.10% FO yielded
significantly higher BW, BW gain and FI than the Control group. How-
ever, FI was not different between the Control and the Ionophore group.
Similarly to the previous week, the Control broilers performed worse
than all the other treatments, not recovering from the intestinal chal-
lenge with coccidiosis.

From d 29 to 35 and d 35-42, broilers fed diets supplemented with
Ionophore +0.075% FO and Ionophore +0.10% FO were heavier (P <
0.05) than broilers from the other treatments. The Control group could
not compensate the loss of performance caused by the challenge, which
resulted in a lower final BW. Also, broilers in the Ionophore group were
lighter than broilers fed with Ionophore + FO.

During the 42 d period, a significant difference in BW gain was
observed among treatment groups. The treaments fed with Ionophore
+0.075% FO and Ionophore +0.10% FO exhibited a higher BW gain
compared to the Control and Ionophore groups. The group treated with
ionophore alone displayed a reduction of 6% and 5% in BW gain in
comparison to the treatments supplemented with Ionophore +0.075%
FO and Ionophore +0.10% FO, respectively.

3.2. Oocyst litter count

The oocyst counts in the litter of broilers that received diets sup-
plemented with Ionophore alone, Ionophore +0.075% FO and Iono-
phore +0.10% FO were found to be lower than those of the broilers in
the Control group (P < 0.1; Fig. 1).

3.3. Operational taxonomic

A total of 412,688 frequencies were obtained from 35 samples (3
birds per treatment and 3 individual intestinal segments) with an
average of 11,791 per sample. Sample 15,609 (Control - jejunum)
showed low sequencing depths and was disregarded from subsequent
analyses.

3.4. Alpha diversity analysis

The alpha diversity index indicates the richness and uniformity of a
sample. Statistically significant microbiota modulations (P < 0.05) were
observed between the Control and the Ionophore groups using the
Simpson Index (Fig. 2). Furthermore, a trend (P = 0.093) was observed
between the Ionophore and Ionophore +0.075% FO groups. No signif-
icant differences were found for the other applied alpha diversity tests
considering the pool of intestinal segments. Conversely, independently
of the statistical significance, Shannon's, ACE, Chaol and Fisher's
graphics showed a larger distribution and diversity in Ionophore
+0.075% FO group, while showing a lower, but more uniform «o-di-
versity species for the microbiota of the Ionophore +0.10% FO group.
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Table 2
Growth performance of broilers chickens fed four different treatments*.
Control Ionophore Ionophore + Ionophore + SEM P-value
0.075% FO 0.10% FO
1-7d
BW1d 43 43 43 43 0.09 0.901
BW 132 134 139 137 1.96 0.651
FI 100 96 105 100 1.55 0.301
BWG 89 91 9% 94 1.95 0.641
FCR 1.132 1.069 1.097 1.068 0.02 0.438
7-14d
BW 354 362 373 353 5.31 0.551
FI 289 285 295 284 3.98 0.790
BWG 221 228 234 217 3.84 0.434
FCR 1.312 1.252 1.264 1.314 0.01 0.258
14-21d
BW 620° 650" 6957 647° 9.76 0.047
FI 469° 473> 5312 497° 7.58 0.007
BWG 267c 287%¢ 322° 293° 6.27 0.011
FCR 1.776 1.661 1.653 1.705 0.03 0.474
22-28d
BW 1095¢ 1196° 1273° 1270° 17.41 <0.0001
FI 754b 835a 861a 880a 17.36 0.045
BWG 475¢ 546b 578ab 624a 13.94 0.000
FCR 1.610 1.530 1.509 1.429 0.04 0.505
29-35d
BW 1895¢ 1993 2092° 2106° 22.27 0.000
FI 1222 1124 1186 1238 30.12 0.569
BWG 791 787 840 836 15.23 0.475
FCR 1.608 1.429 1.414 1.490 0.05 0.599
35-42d
BW 2794° 2825° 29787 29847 28.27 0.017
FI 1447 1373 1446 1447 14.95 0.204
BWG 899 846 886 878 14.88 0.654
FCR 1.614 1.632 1.641 1.659 0.02 0.905
1-42d
FI 4282 4186 4424 4446 49.642 0.206
BWG 2742° 2786° 29557 2941° 29.255 0.010
FCR 1.546 1.489 1.478 1.498 0.013 0.261

Each value represents the mean of eight replicates. *Control group (no additives in coccidiosis-challenged birds); Ionophore group (sodium salinomycin -SS66- in
coccidiosis-challenged birds); Ionophore +0.075% FO group (SS66 + FO at 750 ppm in coccidiosis-challenged birds); Ionophore +0.10% FO group (SS66 -+ FO at 1000
ppm in coccidiosis-challenged birds).

a,b Different letters in same row indicate significant differences between the respective means (P < 0.05; Tukey test).

Faiths Phylogenetic diversity
Shannon Alpha diversity

T T = - 1

Control Ionophore Phytoganic Control Ionophore Phytogenic

Fig. 1. Number of Eimeria spp. OPG in litter at d 28. Each value represents the mean x 10° / g per gram of litter of eight replicates. Control group (no additives in
coccidiosis-challenged birds); Ionophore group (sodium salinomycin -SS66- in coccidiosis-challenged birds); Ionophore +0.075% FO group (SS66 + FO at 750 ppm in
coccidiosis-challenged birds); Tonophore +0.10% FO group (S$66 + FO at 1000 ppm in coccidiosis-challenged birds). *® Different letters indicate significant dif-
ferences between the respective means (P < 0.1; Kruskal-Wallis test).
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Fig. 2. Alpha diversity, estimated by the parameters Shannon entropy (A), Simpson index (B), ACE (C), Chaol (D), Fisher (E) and total number of observed OTUs (F).
Statistical tests were performed using the Wilcoxon test. Differences that presented a p value lower than 0.05 were considered statistically significant. Control group
(no additives in coccidiosis-challenged birds); Ionophore group (sodium salinomycin -SS66- in coccidiosis-challenged birds); Ionophore +0.075% FO group (SS66 +
FO at 750 ppm in coccidiosis-challenged birds); Ionophore +0.10% FO group (SS66 + FO at 1000 ppm in coccidiosis-challenged birds).

In addition, the graphic of the total number of observed OTUs
showed a higher distribution of the number of different species in the
Ionophore +0.075% FO group, which can be translated into a greater
richness of an ecosystem.

3.5. Beta diversity analysis
Analysis of similarity (PERMANOVA) were performed on the

weighted and unweighted Unifrac distances and Bray-Curtis metric
obtained from the beta diversity workflow in QIIME2 (Figs. 3, 4). The

Relative abundance data (Phylum)
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PERMANOVA test based on treatment groups resulted in a p-value of
0.791 and a test statistic of 0.621 for weighted, a p-value of 0.561 and
test statistic of 0.966 for unweighted Unifrac analysis and of p-value
0.194 and a test statistic of 1.248 for Bray-Curtis. These results indicate
that no significant differences in dissimilarity were found based on
treatment groups, and that the treatments had a similar microbial
composition, also indicating that grouping based on treatment was weak
(i.e., the differences could be explained by randomness). Despite the
lack of homogeneity in the dispersion, the PcoA graphics showed that
the microbial populations of the broilers challenged with coccidiosis
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Fig. 3. Beta diversity, estimated by Weighted Unifrac dissimilarity (A) (p-value = 0.791) and the Unweighted Unifrac dissimilarity (B) (p-value = 0.561). Colored
ellipses were automatically added using the Rggforce library. Control group (no additives in coccidiosis-challenged birds); Ionophore group (sodium salinomycin
-§566- in coccidiosis-challenged birds); Ionophore +0.075% FO group (SS66 + FO at 750 ppm in coccidiosis-challenged birds); Ionophore +0.10% FO group (SS66 +

FO at 1000 ppm in coccidiosis-challenged birds).
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Fig. 4. Beta diversity, estimated by Bray-Curtis dissimilarity (p-value = 0.194). Colored ellipses were automatically added using the Rggforce library. Control group
(no additives in coccidiosis-challenged birds); Ionophore group (sodium salinomycin -SS66- in coccidiosis-challenged birds); Ionophore +0.075% FO group (SS66 +
FO at 750 ppm in coccidiosis-challenged birds); Ionophore +0.10% FO group (SS66 + FO at 1000 ppm in coccidiosis-challenged birds).

that received the additives exhibited a closer microbial composition.

In the weighted Unifrac PcoA analysis, the treatment groups were
well separated with 38.9% and 26.1% variation by the principal com-
ponents PcoAl and PcoA2, respectively, whereas for the unweighted
Unifrac were well separated with 13.8% and 5.9% variation by the
principal components PcoAl and PcoA2, respectively. In PcoA based on
Bray-Curtis diversity metric, the treatment groups were well separated
with 32.3% and 15.1% variation by the principal components PcoAl
and PcoA2, respectively.

3.6. Relative abundance
To elucidate the effect of feed additives associated with Eimeria
infection on the composition of the intestinal microbiota (jejunum,

ileum, and cecum), the bacteria at the phylum and family levels to
characterize the dynamics of microbial taxonomic distribution were

Relative abundance data (Family)

Jejunum

Relative abunchince (%)
v & o

! Ionoghars Phytogenic

analyzed.

All sequences were classified into nine phyla, although four phyla
were more common (> 1%): Firmicutes, Actinobacteria, Bacteroidetes, and
Proteobacteria (Fig. 5).

Jejunum And Ileum: Broilers fed diets supplemented with Ionophore
+0.075% FO showed a higher proportion of Firmicutes and lower
abundance of Actinobacteria, compared to the other groups. Actino-
bacteria was more abundant in the jejunum and ileum of the Control
group. Proteobacteria was more abundant in the jejunum of the Control
group.

Lactobacillaceae was the dominant family in the jejunal, and ileal
microbiotas of the broilers fed diets supplemented with Ionophore,
Ionophore +0.075% FO and Ionophore +0.10% FO (Fig. 6). Control
group birds showed a lower proportion of Lactobacillaceae and a higher
abundance of Corynebacteriaceae.

Cecum: Broilers fed diets supplemented with Ionophore showed a

11 BaE
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i B

~

Contrdl  Ionophom Payogai

Fig. 5. Bar graph of the relative abundances of the gut microbiota at the phylum level. The relative abundances of the gut bacteria presented here were calculated by

averaging the data obtained from the replicates within each group. Minor bacterial genera and unassigned values were included as “others”

. Control group (no

additives in coccidiosis-challenged birds); Ionophore group (sodium salinomycin -SS66- in coccidiosis-challenged birds); Ionophore +0.075% FO group (SS66 + FO at
750 ppm in coccidiosis-challenged birds); Ionophore +0.10% FO group (SS66 + FO at 1000 ppm in coccidiosis-challenged birds).
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Fig. 6. Bar graph of the relative abundances of the gut microbiota at the family level. The relative abundances of the gut bacteria presented here were calculated by
averaging the data obtained from the replicates within each group. Minor bacterial genera and unassigned values were included as “others”. Control group (no
additives in coccidiosis-challenged birds); Ionophore group (sodium salinomycin -SS66- in coccidiosis-challenged birds); Ionophore +0.075% FO group (SS66 + FO at
750 ppm in coccidiosis-challenged birds); Ionophore +0.10% FO group (SS66 + FO at 1000 ppm in coccidiosis-challenged birds).

higher relative abundance of Firmicutes, while the Bacteroidetes were
more abundant for the Ionophore +0.075% FO group. In addition,
broilers challenged and supplemented with additives showed a cecal
microbiota with a higher percentage of Proteobacteria when compared to
the Control group, except the ionophore +0.075% FO group.

Ruminococcaceae was the dominant family in the cecal microbiotas of
all groups, followed by Lachnospiraceae. Ionophore group birds exhibi-
ted a greater abundance of Lactobacillaceae compared to the other
groups (14% vs. 2%, 6% and 1% for Control, Ionophore +0.075% FO,
and Ionophore +0.10% FO groups, respectively).

The main results regarding family, genus and species can be observed
in the table on supplementary material (S1). The main observations
within the families were an increase in Lactobacillaceae and Rumino-
coccaceae in all intestinal portions with Ionophore and Ionophore
+0.075% FO treatments, and reduction with Ionophore +0.10% FO.
Reduction of Enterobacteriaceae and Erysipelotrichaceae in all intestinal
portions with Ionophore, Ionophore +0.075% FO and Ionophore
+0.10% FO treatments. The Ionophore +0.075% FO treatment showed
the best results in terms of Lactobacillaceae and Ruminococcaceae abun-
dance and lower abundance of Enterobacteriaceae and Erysipelo-
trichaceae. Observin the genus, the Ionophore +0.075% FO treatment
showed the greatest increase in Lactobacillus in all parts of the intestine.
The Ionophore +0.10% FO treatment showed an increase in gut health-
related genera in the cecum, such as Ruminococcus, Bacteroides, Blautia,
and Faccalibacterium. The Control treatment had the highest abundance
of Corynebacterium in all parts of the intestine.

4. Discussion

Previous studies have demonstrated that the inclusion of CNSL and
castor oil in poultry diets improves growth performance, metabolizable
energy, and gut morphometry (Bess et al., 2012; Murakami et al., 2014).
Additionally, under an intestinal challenge with coccidiosis, the func-
tional oils have been shown to enhance energy utilization, increase
survival rates, and reduce the intestinal lesions caused by Eimeria in
supplemented broilers (Murakami et al., 2014) In our laboratory, we
observed encouraging positive outcomes on performance and micro-
biota in broilers challenged with coccidiosis when fed a diet supple-
mented with a blend of CNSL and castor oil. When compared to the
widely used ionophore anticoccidial, sodium monensin (100 ppm), the
functional oil blend (1500 ppm) had a similar effect on rearing perfor-
mance during the period up to 42 days of age and was able to offset the
negative effects caused by coccidiosis (Moraes et al., 2019b).

Furthermore, the CNSL and castor oil blend was found to be an effective
option for modulating the intestinal microbiota, displaying antimicro-
bial action against gram-positive bacteria, particularly Clostridium per-
fringens and Staphylococcus aureus, in a coccidiosis challenge. The pursuit
of alternative options to synthetic anticoccidial drugs is a crucial area of
research for scientist, producers, and the poultry industry (Qaid et al.,
2021), particularly in light of evolving legislation and growing pressure
to reduce the use of AGP and anticoccidials. However, it should be
acknowledged that the transition away from these compounds in the
poultry industry is a gradual process and, in many cases, the most
practical approach to facilitating these changes is through a transitional
phase in which AGP and/or anticoccidials are combined with an alter-
native additive. Furthermore, in a previous study it was found that the
addition of 1.0 kg/t of CNSL potentiated the beneficial effect of salino-
mycin on the performance of broiler during coccidiosis challenge
yielding satisfactory results in substituting virginiamycin (Moraes et al.,
2023).

Our laboratory has been focused on evaluating a phytogenic solution
with anticoccidial properties that could potentially be used in poultry
diets, specifically the blend of CNSL and Castor oil. Cashew nut shell
liquid contains cardanol and cardol, which possess antioxidant proper-
ties and act as natural ionophores, disrupting the lipid layers of gram
positive bacterial cell wall (Sosa et al., 2020; Paramashivappa et al.,
2001). These compounds belong to the phenols group and possess high
antibacterial activity due to their high solubility in biological mem-
branes, making them notorious bactericides (Nazzaro et al., 2013).
Conversely, castor oil, which is rich in ricinoleic acid, can interact with
the microbial membrane and inhibit microbial growth by dissolving
chitin, a component of cell membranes.

4.1. Performance and oocysts

In the present study, at the end of d 42, the broilers in the Control
group did not have sufficient time to recover from the negative effects of
coccidiosis, as evidenced by their low final BW. Additionally, the group
of broilers supplemented with only an ionophore also exhibited a low
final BW, statistically similar to the group without additive. However,
when an ionophore was combined with functional oils at both dosages
(0.075% and 0.10%), a significant increase in final weight at the end of
42 days of age was observed. These results suggest a synergistic effect
between the ionophore sodium salinomycin and the functional oils on
growth performance under the conditions of this study.

Although Moraes et al. (2019a) reported that the use of functional
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oils decreased the excretion of oocysts, similar to the effect of the
ionophore monensin, in this study, no synergistic effect was observed in
terms of oocyst excretion. All treatments with ionophores resulted in
lower oocyst excretion compared to the control group, but there was no
significant difference between the treatments with ionophores. It is
important to highlight that in this study we observed that CNSL acted as
an immune system modulator, directing the host's immune response
against the pathogen. Unlike monensin, which acted by causing parasite
death.

Other studies have also investigated the synergistic effects of
combining natural additives and anticoccidial drugs. For example, Malik
et al. (2016) found that the combination of berberine and the synthetic
anticoccidial amprolium resulted in a synergistic increase in effective-
ness against coccidian oocysts as evidenced by a reduction in the num-
ber of oocysts shed in the feces and an improvement in weight gain and
feed conversion. This synergistic effect may be explained by the different
mechanisms of action of these two compounds. In this study, it was
observed that prior to the challenge, the inclusion of an ionophore alone
or in combination with functional oil did not have a significant impact
on performance. However, following the intestinal challenge, it is hy-
pothesized that the inclusion of these additives from the first day of age
helped to prepare the broilers for the subsequent intestinal stress.

4.2. Microbioma

Firmicutes, Actinobacteria, Bacteroidetes and Proteobacteria were the
most abundant phyla in all treatments. Some recent in vivo experiments
have suggested that phytogenic products, such as functional oils, modify
the composition of intestinal microbiota, increasing the relative abun-
dance of Firmicutes in the gut (Salaheen et al., 2017; Li et al., 2018). In
the jejunal and ileal environments, broilers of the Ionophore +0.075%
FO group showed a higher proportion of Firmicutes and less abundance
of Actinobacteria, compared with other treatments. The Firmicutes
phylum is a diverse group of bacteria that possess a variety of metabolic
activities, including the decomposition of polysaccharides and the pro-
duction of butyrate (Ducatelle et al., 2018). In the current study, it was
found that the treatment group had an increased relative abundance of
Lactobacillaceae and a decreased relative abundance of Corynebacter-
iaceae in the segments of the small intestine. On the other hand, the
challenged birds that did not receive additives had a reduced percentage
of Lactobacillaceae in the jejunum and ileum when compared to the other
groups. Strains of Lactobacillus influence the immune system by
prompting immune cells to release inflammatory signaling molecules,
like tumor necrosis factor-alpha, interferon-gamma, and interleukin-12,
thereby activating an immune response-modulating effect when chal-
lenged by Eimeria species. The growth of these Lactobacillus strains
contributes positively to weight gain, reduces tissue damage scores, and
enhances mucosal barrier function (Walsh et al., 2021). The Lactoba-
cillaceae family, which belongs to the Firmicutes phylum and the Bacilli
class, is abundant in the small intestine of broilers, and is considered an
indicator of intestinal health. These bacteria produce lactic acid as a
product of carbohydrate metabolism (Bhogoju et al., 2018) and can
create an inhibitory environment for the growth of many bacteria (pH-
sensitive bacteria) by disrupting the bacterial outer membrane, thus
potentiating the antimicrobial activity of host lysozyme (Alakomi et al.,
2000).

In the present study, the cecal environment was found to be more
complex and diverse compared to the small intestine. The small intestine
is characterized by a higher concentration of Lactobacillaceae, while the
cecum is known to contain a higher proportion of carbohydrate-
fermenting bacteria such as Lachnospiraceae and Ruminococcaceae,
which is in agreement with previous studies (Glendinning et al., 2019).

In the study conducted by Martynova-Van Kley et al. (2012), it was
observed that the challenge of Eimeria spp. stimulated the proliferation
of Lactobacillus spp. in the cecum. While Lactobacillus spp. is generally
considered a beneficial group for chicken performance, its elevated
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abundance in the cecum may suggest an alteration in the normal
microbiota of this region. The use of antimicrobials, such as salinomy-
cin, can impede the maturation of the intestinal microbiota, and increase
the population of opportunistic bacteria in the cecum (Gao et al., 2017).
In this study, it was observed that in the cecal environment, in the group
that received only the ionophore, there was an increase in the relative
abundance of Lactobacillaceae, Enterobactereaceae and Cloritridiaceae, in
addition to a reduction in Ruminococcaceae and Lachnospiraceae, when
compared to the other treatments.

The relative abundance of Ruminococcaceae and Lachnospiraceae is
associated with the production of short-chain fatty acids, which is
reduced during intestinal challenges. Previous research has shown that
the use of certain antibiotics, such as tylosin and enramycin, can in-
crease the abundance of Ruminococcaceae, while salinomycin and
monensin can reduce it. The present study found that the addition of a
fiunctional oil in combination with an ionophore resulted in an increase
in the Lachnospiraceae fand Ruminocococeae when compared to the the
treatment with ionophore alone. Furthermore, a previous study (Pires
et al., 2022) that used the same functional oil in combination with with
ionophores (semduramicin and nicarbazin), found that after the removal
of ionophores at 42 days, there was an increase in the abundance of
Ruminococcaceae, Lachnospiraceae and Rikenellaceae.

In previous studies, it has been demonstrated that the blend of CNSL
and castor oil has an impact on gram-positive bacteria and modulates
the intestinal microbiota by reducing the abundance of pathogenic
bacteria (Moraes et al., 2019a, 2019b; Vieira et al., 2020; Pires et al.,
2022). The synergistic effect observed between the blend of functional
oils and the ionophore in our study can be attributed to the mechanism
of action of these additives. Specifically, the antimicrobial properties of
salinomycin and functional oils are related to their ability to permeate
through the bacterial cell membrane. As reported by Abbas et al. (2012),
the liquid components of CNSL, cardol and anacardic acid, have a
similar action to that of monovalent ionophores (such as salinomycin,
monensin and others) by causing damage to the bacterial cell mem-
brane. Additionally, ricinoleic acid, a component of castor oil, exhibits
antimicrobial properties by denaturing and coagulating proteins in the
bacterial cell wall.

This study demonstrated the efficacy of utilizing ionophores and
functional oils in broilers challenged with coccidiosis. The combination
of salinomycin sodium and CNSL - Castor oil blend exhibited a syner-
gistic effect on modulation of the microbiota in broilers challenged with
sporulated oocysts of Eimeria. The positive effect of this combination
may be attributed to the complementary mechanism of action against
intestinal challenges, leading to improved intestinal health and control
of opportunistic bacterial growth. Therefore, due to the cost-
effectiveness and observed results, it is recommended to include the
CNSL and Castor oil blend at the level 0.075% in broiler chicken diets.
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