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ABSTRACT Essential oils (EO) and natural bioactive
compounds are well-known antibacterial and anti-inflam-
matory factors; however, little is known about their anti-
coccidial activity and mode of action. EO deriving from
basil (BEO), garlic (GAR), oregano (OEO), thyme
(TEO), and their main bioactive compounds were inves-
tigated for their anticoccidial proprieties and compared to
salinomycin (SAL) and amprolium (AMP) in vitro. The
invasion of Eimeria tenella sporozoites was studied on 2
cell models: Madin−Darby Bovine Kidney (MDBK)
cells and primary chicken epithelial cells (cIEC). Invasion
efficiency was evaluated at 2 and 24 h postinfection (hpi)
with counts of extracellular sporozoites and by detection
of intracellular E. tenella DNA by PCR. Results show
that at both timepoints, the EO were most effective in
preventing the invasion of E. tenella with an average
reduction of invasion at 24 hpi by 36% in cIEC and 55%
in MDBK. The study also examined cytokine gene
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expression in cIEC at 24 hpi and found that AMP, BEO,
OEO, TEO, carvacrol (CAR), and thymol (THY) sig-
nificantly reduced interleukin (IL)8 expression, with
CAR also reducing expression of IL1b and IL6 compared
to the infected control. In addition, this work investigated
the morphology of E. tenella sporozoites treated with
anticoccidial drugs and EO using a scanning electron
microscope. All the treatments induced morphological
anomalies, characterized by a reduction of area, perimeter
and length of sporozoites. SAL had a significant impact
on altering sporozoite shape only at 24 h, whereas CAR
and THY significantly compromised the morphology
already at 2 hpi, compared to the untreated control.
OEO and GAR showed the most significant alterations
among all the treatments. The findings of this study high-
light the potential of EO as an alternative to traditional
anticoccidial drugs in controlling E. tenella invasion and
in modulating primary immune response.
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INTRODUCTION

Avian coccidiosis is one of the most threatening para-
sitic diseases in poultry production and the related eco-
nomic losses go up to 13 billion dollars per year (Blake
et al., 2020). The acute form of the disease is character-
ized by symptoms such as morbidity, severe diarrhea,
and reduced feed consumption, leading to rapid weight
loss and death. The subacute form is less obvious and
thus it is less easy to diagnose and can predispose to sec-
ondary infections of other pathogens, like Clostridium
perfringens (Blake et al., 2021). Among the 5 most prev-
alent species of the genus Eimeria, Eimeria tenella is
one of the most pathogenic and widely studied, particu-
larly through in vitro research (Felici et al., 2021).
Eimeria spp. have a multistage lifecycle, which alter-

nates an exogenous and an endogenous phase. During
the endogenous phase, the invading stage of the para-
site, named sporozoite, enters inside the enterocytes and
starts to develop. Usually, the invasion process is very
fast and happens within 24 h after infection; afterward,
the endogenous development of the parasites starts with
the trophozoite stage (L�opez-Osorio et al., 2020). Inhibi-
tion of invasion is a key strategy to prevent the detri-
mental effects of the disease, as lower amounts of the
parasites in enterocytes usually mean a lower probabil-
ity to develop the disease in clinical or subclinical form
(Williams, 2005).
To constrain coccidiosis, the poultry industry relies on

the use of vaccines and drugs, especially ionophores, like
salinomycin (SAL), or chemicals, like amprolium
(AMP) (Blake et al., 2021). Even though the use of
mainstream anticoccidials is cost-effective and successful

http://orcid.org/0000-0001-7478-4328
http://orcid.org/0009-0005-0093-377X
http://orcid.org/0000-0002-0414-7777
http://orcid.org/0000-0002-0414-7777
http://orcid.org/0000-0002-0414-7777
https://doi.org/10.1016/j.psj.2023.102898
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ester.grilli@unibo.it


2 FELICI ET AL.
in most cases, the presence of drug resistance has raised
many concerns (Muthamilselvan et al., 2016). Further-
more, these molecules could also interfere with cell pro-
liferation and biochemical pathways, thus exhibiting a
certain degree of toxicity in animals (Koutoulis et al.,
2013; Kaushik et al., 2018; Noack et al., 2019). Limita-
tions of anticoccidial drugs and the need to improve the
current methods to control the disease have pushed
research toward the investigation of alternative mole-
cules (Soutter et al., 2021; Arias-Maroto et al., 2022).

Plant-derived compounds, like essential oils (EO) and
their bioactive derivatives, have recently gained popu-
larity as antimicrobial and anti-inflammatory com-
pounds, and have increasingly been used to help ensure
the intestinal health of animals (Muthamilselvan et al.,
2016). Several EO have been suggested as alternatives
to anticoccidials and some of them have shown good
antiparasitic properties; among these, garlic, oregano,
and thyme compounds (Muthamilselvan et al., 2016;
Attree et al., 2021; Felici et al., 2021). In particular, EO
derived from Oregano spp. and Allium spp. have been
studied for their potential anticoccidial properties in
chickens infected with Eimeria. These oils have shown
promising results in soothing the clinical signs of coccidi-
osis and in reducing the output of oocysts following
infection, with results comparable to anticoccidial drugs.
Additionally, in certain cases, they have demonstrated
improvements in the scoring of Eimeria-induced lesions
in the gut (Mohiti-Asli and Ghanaatparast-Rashti,
2015; Sidiropoulou et al., 2020; Chang et al., 2021; Gor-
dillo Jaramillo et al., 2021). Their biological properties
have been attributed to bioactive molecules contained in
their composition. Even though EO could be precious
allies, they might have some limitations due to the high
variability in terms of composition, concentration of
molecules, and potential contaminants. Natural identi-
cal compounds (NIC) are botanical bioactive com-
pounds originating from chemical synthesis
characterized by a definite concentration and purity, so
they could be used to by-pass the issues of EO (Rossi
et al., 2020).

However, the efficacy and mode of action of botanical
compounds are not well characterized and for this rea-
son, these supplements are still far to replace anticocci-
dial drugs (Attree et al., 2021). Moreover, the
techniques used to investigate the anticoccidial proprie-
ties of novel molecules are often various and different in
the literature, so results are challenging (Felici et al.,
2021). Improvements to in vitro screening methods
would offer the opportunity to characterize alleged anti-
coccidial molecules before moving to expensive and con-
troversial studies in vivo (Blake et al., 2021; Arias-
Maroto et al., 2022).

Invasion assays on Madin−Darby Bovine Kidney
(MDBK) cells are a commonly used method to perform
in vitro studies on anticoccidial molecules, allowing for
relatively fast data collection on Eimeria spp. invasion
in epithelial cells; however, these assays have limitations
as they are not tissue and species-specific (Felici et al.,
2021; Arias-Maroto et al., 2022).
Chicken intestinal epithelial cells (cIEC) have been
recently developed and have already been used to under-
stand the inflammatory response to microbial infections
(Ghiselli et al., 2021, 2022). This study aimed to screen
natural anticoccidial alternatives deriving form Allium
sativum (garlic), Thymus vulgaris (thyme), Oregano
heracleoticum (oregano), and Ocimum basilicum (basil)
plants on MDBK cells and cIEC. The second model was
also used to understand the inflammatory response after
the challenge with E. tenella and treatments. Much
effort has been done to establish avian enterocytes cul-
tures in vitro but they have never been used to evaluate
invasion efficiency during a coccidia challenge. The use
of species-specific cell models would contribute to the
baseline understanding of the pathogenic mechanisms
and could eventually provide precious information for
future therapies.
Further, the mode of action of these EO against E.

tenella sporozoites, including morphological changes
were assessed by digital imaging analysis after scanning
electron microscopy.
MATERIALS AND METHODS

Chemicals and Reagents

Anticoccidial drugs and all the natural identical com-
pounds were purchased from Sigma-Aldrich (St. Louis,
MO): SAL from S. albus (Cat.# S4526) and AMP
hydrochloride (Cat.# A0542) were resuspended respec-
tively with ethanol and water and used at a final concen-
tration of 5 ppm.
The EO in this study were analyzed all at the same

concentrations (40 ppm) in order to compare their effi-
cacy; the NIC were tested at 20 ppm considering an
average composition of 50% of the NIC inside the EO.
Basil essential oil (BEO) and oregano essential oil

(OEO) were provided by Galen-N (Galen-N Ltd, Sofia,
Bulgaria). Garlic oil (GAR) was purchased from Lluch
Essence (Lluch Essence S.L.U, Barcelona, Spain), and
thyme essential oil (TEO) from Grupo Indukern (Grupo
Indukern, Madrid, Spain); all the stock solutions were
prepared in ethanol and supplemented to cells with a
final concentration of 40 ppm. In all cases, the final con-
centration of ethanol was less than 0.5% (v/v).
Carvacrol (CAR - Cat.# W224511, analytical grade

99%), diallyl-disulfide (DDS - Cat.# SMB00378, ana-
lytical grade ≥ 98%), linalool (LNL - Cat.# L2602, ana-
lytical grade 97%), and thymol (THY - Cat.# T0501,
analytical grade ≥ 98.5%) were all diluted in ethanol to
prepare stock solutions and used at a final concentration
of 20 ppm.
Care and Use of Animals

Specific pathogen-free eggs were purchased from Valo-
Biomedia (Osterholz-Scharmbeck, Germany) and incu-
bated at 37.7°C, 48% relative humidity in a semiauto-
mated incubator. On the 19th day of incubation,
according to the AVMA guidelines and animal welfare,
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chick embryos were sacrificed by decapitation. As
chicken embryos older than 14 d can experience pain,
decapitation was recommended as a humane method of
euthanasia. According to the Italian legislation (D.lgs.
26/2014, the act on the protection of animals used for
scientific and educational purposes, which was passed in
March 2014 and transposed Directive 2010/63/EU into
current Italian legislation), avian embryos are not con-
sidered as “live vertebrate animals,” so the approval of
Animal Ethics Commission was not required.
MDBK Cultivation and Maintenance

MDBK (Cat. #CCL-22—ATCC, Manassas, VA) cells
were maintained in cell culture flasks (Cat.# 83.3911—
Sarstedt AG & Co. KG, N€umbrecht, Germany) in com-
plete medium (Supplementary Material Table 1).

For the invasion assays, MDBK cells were seeded
(1£104 cells/well) on 96-well plates (Cat.# 351172 -
Corning Incorporated, Corning, NY) and grown for 48 h
at 37°C and 5% CO2 until complete confluency.
Isolation of cIEC and Growth

Chicken intestinal epithelial cells were isolated and
maintained as described by Ghiselli et al. with some
modifications (Ghiselli et al., 2021). Briefly, the intesti-
nal tract of 19-day-old specific-pathogen-free chicken
embryos was recovered and cleaned from excessive tis-
sues. The intestinal tissues were digested for 50 min at
37°C with a collagenase and hyaluronidase-based diges-
tive medium (Supplementary Material Table 2). Intesti-
nal aggregates were then recovered and placed in 96-well
plates coated with 0.8 mg/mL Matrigel (Cat. #356234
—Corning Incorporated). Cells were cultured for the
first 48 h with an isolation medium (Complete recipes
and catalog numbers in Supplementary Material Table
2), containing as supplementing factors valproic acid (1
mM), Y27632 (10 mM), and CHIR990021 (3 mM). After-
ward, the medium was changed to a medium containing
as a supplement 50% L-WRN (AddexBio S0011002)
conditioned medium and valproic acid (1 mM) (Vandus-
sen et al., 2019). The cells were infected 5 d after seeding,
when complete confluency was reached.
Invasion Assay with E. tenella

Eimeria tenella sporulated oocysts were stored in
potassium dichromate 2.5% (Cat.# P5271, Sigma-
Aldrich). Before each invasion assay, the oocysts were
washed with water 2 times by centrifugation (10 min,
1,500£ g). To allow sterilization, the oocysts were resus-
pended in sodium hypochlorite for 20 min, washed, and
then lysed with glass beads 1 mm for 2 min with Tyssue
Lyser (Cat.# 85600—Qiagen, Hilden, Germany) to
release sporocysts. These were counted and resuspended
in excystation medium (Supplementary Material Table
3) at a concentration of 1 £ 106 sporocysts/mL. Excys-
tation occurred for 90 min at 41°C. The released
sporozoites were purified with Pluristrainer 5 mm (Cat.
#43-50005-13—PluriSelect Life Science, Leipzig, Ger-
many) and washed by centrifugation (10 min, 500 £ g).
The sporozoites were counted and inoculated onto the
cells at a concentration of 2 £ 104 sporozoites/well in
the absence (ET+) or presence of the described treat-
ments.
The invasion occurred for 2 and 24 h, and afterward,

the supernatant was collected and pooled 2 by 2 wells.
The cells were washed 2 times with phosphate-buffered
saline (PBS, Cat.# 806552—Sigma-Aldrich) and lysed
with NucleoSpin Tri-prep lysis buffer (Cat.# 740966—
Macherey-Nagel Inc., Bethlehem, PA) for nucleic acid
extraction.
The extracellular sporozoites were counted using a

Burker chamber as described previously (Felici et al.,
2020). The data of the treatments are represented as a
percentage relative to the 24 h postinfection (hpi)
infected control.
qPCR and RT-PCR

Nucleic acid extraction was performed from cIEC
samples harvested at 24 hpi. The Nucleospin Tri-prep
extraction kit was used according to the manufacturer’s
protocol. DNA and RNA yield and quality were assessed
spectrophotometrically by detecting absorbance at 260
and 280 nm with Varioskan LUX multimode microplate
reader (Cat.# VL0000D0—Thermo Fisher Scientific,
Waltham, MA). Samples with abnormal 260/280 absor-
bance values were excluded from the analysis.
The DNA was used to quantify copies of E. tenella

DNA according to the number of copies of the internal
transcribed spacer 1 (ITS-1) gene (Kawahara et al.,
2008). With the serial dilution of the cloned sequence, a
standard curve was built to allow absolute quantifica-
tion of the E. tenella DNA in the samples.
The RNA was used to perform inflammatory cyto-

kines gene expression analysis for interleukin (IL) 1b,
IL6, IL8, and IL10. The total RNA was reverse tran-
scribed with iScript cDNA Synthesis Kit (Cat. #
1708890—Bio-Rad Laboratories, Hercules, CA) accord-
ing to the manufacturer’s instructions. Last, real-time
PCR reactions were performed in duplicate using CFX
Connect Real-Time PCR System and iTaq Universal
SYBR Green Supermix (Cat. # 1725120—Bio-Rad Lab-
oratories) as previously described (Felici et al., 2020).
Gene expression was reported as folds of change using
the 2^DDCt method (Livak and Schmittgen, 2001) using
as housekeeping genes the 60S acidic ribosomal protein
P0 (RPLP0) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). All the primers are listed in Table 1
and were purchased from Sigma-Aldrich.
Scanning Electron Microscopy (SEM) and
Morphological Analysis

For the morphological assay, 5 £ 104 freshly excysted
sporozoites were incubated with the anticoccidial drugs



Table 1. List of all primers used for standard quantification and cytokine gene expression.

Gene Primer sequence (50!30) Product length (bp) Accession N.

Cytokines IL1b F: TGCCTGCAGAAGAAGCCTCG 137 NM_204524.1
R: CTCCGCAGCAGTTTGGTCAT

IL6 F: GCAGGACGAGATGTGCAAGA 84 NM_204628.1
R: ACCTTGGGCAGGTTGAGGTT

IL8 F: AGCTGCTCTGTCGCAAGGTA 124 NM_205498.1
R: GCTTGGCGTCAGCTTCACATC

IL10 F: GTCACCGCTTCTTCACCTGC 84 NM_001004414.2
R: TCCCGTTCTCATCCATCTTCTCG

Housekeeping RPLP0 F: TTGGGCATCACCACAAAGATT 83 NM_204987
R: CCCACTTTGTCTCCGGTCTTAA

GAPDH F: ACTGTCAAGGCTGAGAACGG 86 NM_204305
R: CATTTGATGTTGCTGGGGTC

E. tenella DNA marker ITS1 F: TGGAGGGGATTATGAGAGGA 147 AF026388.1
R: CAAGCAGCATGTAACGGAGA
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and bioactive compounds for either 2 or 24 h in complete
medium. At the end of incubation, the sporozoites were
fixed in glutaraldehyde 2.5% (Cat.# 1.04239—Sigma-
Aldrich) and stored at 4°C until further processing.

Before observation on scanning electron microscope,
the samples were washed twice with PBS and twice with
distilled water. Then, all the specimens were then
mounted on aluminum stubs with double-stick carbon
tape, sputter-coated with 5 nm gold using an Emitech
K500 coater (Labtech International Ltd., Heathfield,
UK), and observed with a Hitachi SEM 510 (Cat.#
9099478—Hitachi Ltd., Tokyo, Japan) at 25kV. Images
were obtained with DISS5 (Point electronic GmbH,
Halle, Germany) SEM acquisition System.

For each sample, 10 random fields were captured at
800£ magnification and the parameters of area, perime-
ter, major, and minor length were measured with ImageJ
software (https://imagej.net/ij).
Statistical Analysis

GraphPad Prism 9.4.1 was used to perform statistical
analysis. For the invasion assays, data obtained by dif-
ferent experiments were normalized on the mean value
of ET+ at 24 hpi of each trial. For the inflammatory
cytokines’ expression assay, data obtained by different
experiments were normalized on the mean value of ET+
of the same trial. Descriptive analysis of data was done,
and normal distribution was assessed with the Shapiro
−Wilk test (P > 0.05). Normally distributed data were
analyzed with a parametric one-way ANOVA test,
whereas not-normally distributed data were analyzed
with Kruskal−Wallis tests. To determine significant dif-
ferences among treatments post hoc multiple
Table 2. Invasion efficiencies of the infected controls at 2 and 24 h ob

MDBK

Treatment 2 hpi (%) 24 hpi

Control (ET+) 44.67 § 1.61a 74.98 §
Invasion assays were performed on MDBK and cIEC. Data are represented

with SEM (n = 12). Data were normally distributed and were analyzed with on
sent significant differences (P ≤ 0.05).
comparison analyses were done: the mean of each treat-
ment was compared with the mean of every other treat-
ment with Tukey’s test for normally distributed data
and with Dunn’s test for non-normally distributed data.
Differences were considered significant when the P-value
was ≤ 0.05 and are represented as letters. Also, for a
more targeted analysis of the effect of the single sub-
stance, the mean of each treatment was compared with
the mean of the ET+ with Dunnett’s test for normally-
distributed data and with Dunn’s test for non-normally
distributed data. Differences were considered significant
when P-value was ≤ 0.05 and are represented with aster-
isks.
RESULTS

Invasion Assay

Table 2 shows ET+ group invasion efficiencies in
MDBK and cIEC cells at 2 and 24 hpi. E. tenella sporo-
zoites successfully invaded both cell models. In MDBK
cells, 44.67% of the inoculum invaded at 2 hpi, increas-
ing to 74.98% at 24 hpi. In contrast, 71.78% of the inocu-
lum invaded cIEC already at 2 hpi, whereas the highest
invasion efficiency was observed in cIEC, with 93.66% of
the inoculum successfully invading the cell monolayer at
24 hpi.
Table 3 lists the invasion efficiencies of all the treat-

ments at 2 and 24 hpi obtained by counts of extracellular
sporozoites normalized on the respective infected control
at 24 hpi.
In MDBK cells, all treatments showed lower invasion

efficiency compared to ET+. GAR and DDS had the
lowest values with 10.27% and 10.88% of efficiency,
tained by counts of extracellular sporozoites.

CIEC

(%) 2 hpi (%) 24 hpi (%)

1.18b 71.78 § 1.52b 93.66§ 2.06c

as a percentage of the total starting inoculum. Data are reported as mean
e-way ANOVA with Tukey’s multiple comparison. Different letters repre-
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Table 3. Invasion efficiencies of all the treatments at 2 and 24 h obtained by counts of extracellular sporozoites.

MDBK CIEC

Treatment 2 hpi (%) 24 hpi (%) 2 hpi (%) 24 hpi (%)

ET+ 59.66 § 2.20 a 100.00 § 1.34 a 76.76 § 1.38 a 100.00 § 0.82 a

AMP 5 ppm 37.93 § 4.34 bc* 63.13 § 4.18 ab* 65.11 § 1.73 ab 78.24 § 1.58 ab

SAL 5 ppm 40.58 § 1.78 b* 54.11 § 2.06 bc* 46.93 § 7.09 bc* 72.98 § 1.01 ac

CAR 20 ppm 24.59 § 3.30 bd* 56.83 § 4.43 bc* 59.24 § 1.83 ac 69.60 § 2.19 bc*

DDS 20 ppm 10.88 § 3.42 d* 48.81 § 4.18 bc* 44.73 § 3.24 bc* 62.35 § 1.64 c*

LNL 20 ppm 26.53 § 3.85 bd* 63.40 § 2.78 ac* 57.86 § 4.56 ac 72.71 § 1.55 ac

THY 20 ppm 25.11 § 3.61 bd* 68.19 § 2.02 ac* 63.39 § 1.91 ac 73.40 § 1.64 ac

BEO 40 ppm 25.23 § 6.21 bd* 38.90 § 2.25 bc* 37.10 § 6.31 bc* 63.64 § 3.01 bc*

GAR 40 ppm 10.27 § 3.26 cd* 33.22 § 4.45 b* 29.73 § 3.36 c* 52.83 § 3.29 c*

OEO 40 ppm 18.48 § 4.58 cd* 42.10 § 4.70 bc* 47.42 § 5.46 bc* 68.06 § 2.07 bc*

TEO 40 ppm 30.70 § 3.58 bd* 63.43 § 3.03 bc* 56.76 § 4.24 ac 71.01 § 1.06 ac*

AMP, amprolium; BEO, basil essential oil; CAR, carvacrol; DDS, diallyl-disulfide; ET+, Challenged control; GAR, garlic oil; LNL, linalool; OEO,
oregano essential oil; SAL, salinomycin; TEO, thyme essential oil; THY, thymol.

Invasion assays were performed on MDBK and cIEC. Data are represented as a percentage on the respective challenged control at 24 hpi. Data are
reported as mean with SEM (n = 6). Data were not normally distributed and were analyzed with Kruskal−Wallis test with Dunn’s multiple comparisons.
Different letters represent significant differences within the same column (same timepoint and same cell model) (P ≤ 0.05). The asterisks indicate signifi-
cant differences with the ET+ group (P ≤ 0.05).
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respectively. The invasion efficiencies of CAR, LNL, and
THY were comparable, with values of 24.59%, 26.53%,
and 25.11%, respectively. BEO, OEO, and TEO also
had similar invasion efficiencies, ranging from 18.48% to
30.70%. SAL and AMP prevented coccidia invasion
compared to ET+ (P = 0.002 and P = 0.0003, respec-
tively), but less efficiently than the other compounds,
with recorded values of about 40%. At 24 hpi, a rise in
invasion efficiency was observed in all groups. The most
effective treatments were GAR, BEO, and OEO, for
which a 33.22%, 38.90%, and 42.70% of invasion effi-
ciency was recorded, corresponding to a reduction of
about 60% compared to ET+ (P < 0.0001). TEO was
less effective than the other oils with an invasion effi-
ciency of 63.43% (P = 0.0034 compared to ET+).
Among NIC, only CAR and DDS reduced invasion sig-
nificantly with a 56.63% and 48.81% (P = 0.0026 and P
< 0.0001, respectively), whereas for LNL and THY, a
significant difference from ET+ was not detected.
Regarding the anticoccidials, AMP and SAL confirmed
their inhibiting effect compared to ET+ at 24 hpi
(P = 0.032 and P = 0.0003, respectively).

In cIEC, the overall efficiencies of invasion were
slightly higher for all the treatments compared to
MDBK cells. Again at 2 hpi, the lowest value of inva-
sion was recorded for GAR (29.73%, P < 0.0001). How-
ever, the other EO hindered invasion less markedly:
BEO and OEO reduced invasion to 42% on average (P
< 0.001), while TEO only to 56.76%, being not different
from ET+. Concerning NIC, only DDS significantly
inhibited invasion compared to ET+ (44.73%,
P = 0.0002), whereas CAR, LNL, and THY only caused
a numerical reduction to about 60%. Among the anti-
coccidials, only SAL significantly reduced invasion to
46.93% (P = 0.0014), whereas the reduction seen in
AMP was not significant (65.11%). At 24 hpi, the inva-
sion efficiencies rose in all groups on cIEC too. GAR
confirmed its inhibitory action and was the most effec-
tive treatment, reducing invasion to 52.83% (P <
0.0001). The other groups showed efficiencies higher
than 60%. Among oils, BEO e OEO inhibited invasion
significantly (P < 0.0001 and P = 0.0011, respectively),
whereas TEO inhibition was less important than the
other compounds (P = 0.0251). Furthermore, all NIC
reduced invasion similarly, with only CAR and DDS
significantly lower than ET+ (P = 0.0064 and P <
0.0001, respectively). Last, both AMP and SAL showed
a not-significant numerical reduction in invasion effi-
ciency compared to ET+.
The data of invasion efficiencies obtained with the

counts of extracellular sporozoites were then confirmed
using standard qPCR as a quantification method detect-
ing intracellular E. tenella DNA in cIEC at 24 hpi. Data
were normalized on the number of copies quantified in
ET+. As represented in Figure 1, the pattern of inhibi-
tion found by extracellular sporozoites counts was con-
firmed. Comparing the mean of each group with the
mean of ET+, it was possible to spot a significant
decrease of E. tenella ITS-1 copies inside cells in BEO
(P = 0.0343), GAR (P = 0.0329), and TEO
(P = 0.0028) groups, with relative copy numbers rang-
ing from 61.81% (BEO) and 47.94% (TEO). Regarding
NIC, not-significant numerical decreases of intracellular
Eimeria DNA were recorded ranging from 30% to
17.62%. Similarly, anticoccidial drugs were statistically
not different from ET+. SAL showed a numerical reduc-
tion of 32.72%, whereas AMP had the highest value of
relative copy numbers (86.86%).
Inflammatory Cytokines Gene Expression

Figure 2 shows the inflammatory cytokine gene
expression of cIEC at 24 hpi. All the tested pro-inflam-
matory cytokines were significantly upregulated by E.
tenella invasion: IL1b and IL6 increased 6-fold compared
to the unchallenged control (P < 0.0001). IL8 had the
highest increase (25-fold, P < 0.0001), whereas IL10
increased only numerically (almost 2-fold).



Figure 1. E. tenella DNA quantification inside cIEC at 24 hpi. Data are represented as a percentage on the respective challenged control at 24
hpi. The color of the bars defines the category of each compound: red for anticoccidials, green for NIC and yellow for EO. Data are reported as mean
with SEM (n = 6). Data were not normally distributed and were analyzed with Kruskal−Wallis test with Dunn’s multiple comparisons. The aster-
isks indicate significant differences compared to ET+ group (P ≤ 0.05). Abbreviations: AMP, amprolium; BEO, basil essential oil; CAR, carvacrol;
DDS, diallyl-disulfide; ET+, Challenged control; GAR, garlic oil; LNL, linalool; OEO, oregano essential oil; SAL, salinomycin; TEO, thyme essential
oil; THY, thymol.
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Interestingly, SAL increased the expression of IL8 (P
< 0.0001), whereas AMP and most of the botanical com-
pounds were able to reduced it.

CAR significantly reduced the expression of IL1b
(P = 0.0086), IL6 (P = 0.0337), and IL8 (P = 0.0013)
by 50% compared to the ET+ values. BEO, OEO,
THY, and TEO also significantly decreased the mRNA
levels of IL8 compared to ET+, with reductions of about
5- (P < 0.0001), 3- (P < 0.0001), 2- (P = 0.0003), and
1.7-fold (P = 0.0172), respectively.

BEO almost halved the expression of IL1b and IL6,
whereas OEO reduced them by one quarter compared to
the ET+ expression. All NIC reduced the expression of
IL1b by over a third and THY also decreased the expres-
sion of IL6 by 0.30-fold compared to ET+.

OEO and TEO decreased IL10 expression the most,
but GAR was similar to ET+. Among NIC, none altered
IL10 expression significantly compared to ET+. DDS
increased IL10 expression by almost 2-fold, but it was
still similar to ET+.
Morphological Analysis

Sporozoites were observed through a scanning elec-
tron microscope to study the impact of anticoccidial
drugs, NIC, and EO on the area, perimeter, and major
length of sporozoites. Untreated E. tenella sporozoites
appeared as comma-shaped cells with an area of 21.97
mm2, a perimeter of 23.75 mm, and a length of 9.60 mm
on average. It was observed that the untreated sporo-
zoites underwent normal aging effects during the 24 h of
observation, which led to a decrease in their dimensions
by 12%, 10%, and 12% in area, perimeter, and length
respectively. This resulted in an average area of 19.33
mm2, perimeter of 21.18 mm, and length of 8.43 mm after
24 h. Almost all the treatments reduced the size of E.
tenella sporozoites, making them appear as oval objects
(Figure 3).
Figure 4 reports the measurement of area, perimeter

and major length after 2 and 24 h of treatment with the
various compounds. AMP significantly reduced sporo-
zoite’s area, perimeter, and length down to 19.82 mm2

(P < 0.0001), 22.04 mm (P < 0.0001), and 8.96 mm
(P = 0.0031), respectively in 2 h time, but at 24 h, it was
not different to the untreated control. After 2 h of incu-
bation with SAL, there was no reduction in the dimen-
sions of the sporozoites. However, after 24 h, a marked
decrease was observed in the area, perimeter, and length
of the sporozoites, reaching 15.33 mm2, 16.30 mm, and
6.23 mm respectively (P < 0.0001).
Regarding NIC, CAR and THY were particularly

effective, causing major reductions in all parameters at 2
h, but most effectively after 24 h of incubation. At 2 h,
DSS significantly decreased the overall dimension of
sporozoites (P < 0.001); however, this decrease was less
pronounced at 24 h, with DDS having higher values
compared to other treatments.
Among EO, BEO was not as effective in reducing

the dimensions of sporozoites compared to the



Figure 2. Cytokine gene expression of cIEC after 24 h of invasion. Data are represented as expression relative to the challenged control. The
color of the bars defines the category of each compound: red for anticoccidials, green for NIC and yellow for EO. Data are reported as mean with
SEM (n = 6). Different letters indicate significant differences among treatments (one-way ANOVA with Tukey’s multiple comparisons for normally
distributed data and Kruskal−Wallis with Dunn’s multiple comparisons for non-normal data), asterisks represent significant differences compared
to ET+ (one-way ANOVA with Dunnett’s multiple comparisons for normally distributed data and Kruskal−Wallis with Dunn’s multiple compari-
sons for non-normal data; P ≤ 0.05). Abbreviations: AMP, amprolium; BEO, basil essential oil; CAR, carvacrol; DDS, diallyl-disulfide; ET+, Chal-
lenged control; GAR, garlic oil; LNL, linalool; OEO, oregano essential oil; SAL, salinomycin; TEO, thyme essential oil; THY, thymol.
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control. Only a small reduction in area was observed
after 24 h of treatment. On the other hand, all other
oils, including GAR and OEO, were effective in alter-
ing the dimensions of the sporozoites. GAR signifi-
cantly reduced the area, perimeter and major length
of sporozoites after 2 h but especially after 24, with
an overall decrease of almost 40% (P < 0.0001). TEO
also reduced all parameters, but to a lesser extent
than GAR and OEO (P < 0.0001).
Figure 3. E. tenella sporozoites captured by scanning electron microsc
(B) Abnormal sporozoites corresponding to thymol 20 ppm (2 h of treatme
treatment).
DISCUSSION

Invasion assays traditionally use nonintestinal models
like MDBK cells to examine the inhibitory properties of
anticoccidials (Felici et al., 2021). The current study
assessed the ability of 2 traditional anticoccidials, some
EO, and their main active ingredients to prevent cocci-
dial infections in vitro using cIEC for the first time. This
approach allowed the measurement of E. tenella
ope at 2,000£. (A) Control without treatments after 2 h of incubation.
nt). (C) Abnormal sporozoite corresponding to thymol 20 ppm (24 h of



Figure 4. Shape measurements of E. tenella sporozoites. The color of the bars defines the category of each compound: red for anticoccidials,
green for NIC and yellow for EO. Data are reported as mean with SEM (n = 6). Different letters indicate significant differences among treatments
(Kruskal−Wallis with Dunn’s multiple comparisons). The asterisks represent significant differences compared to ET+ (Kruskal−Wallis with Dunn’s
multiple comparisons, P ≤ 0.05). Abbreviations: AMP, amprolium; BEO, basil essential oil; CAR, carvacrol; DDS, diallyl-disulfide; GAR, garlic oil;
LNL, linalool; OEO, oregano essential oil; SAL, salinomycin; TEO, thyme essential oil; THY, thymol.
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invasion in the species-specific cellular target and the
identification of the initial inflammatory response 24 h
after invasion in vitro. cIEC responded to E. tenella by
significantly increasing expression of IL1b and IL6 and
IL8, consistently to previous in vivo findings (Zhang
et al., 2012). Additionally, a numerical increase in the
expression of IL10 was observed in E. tenella-positive
samples, suggesting a potential immune evasion strategy
by Eimeria spp. (Arendt et al., 2019).

To further investigate the effects of EO and NIC on E.
tenella sporozoites, a novel method to study the anticoc-
cidial power via ultrastructural analysis was used in this
study. The treatments that inhibited invasion also
caused clear morphological aberrations, characterized
by a decrease in area, perimeter and major length of
sporozoites. Similar findings have already been reported
with 18 ppm of curcumin or with heat (55°C for 60 min),
that like the botanicals tested hereby, disrupt cell mem-
branes and alter permeability, leading to morphological
changes followed by a decrease in infectivity (Khalafalla
et al., 2010; Tyagi et al., 2015; Schneiders et al., 2020).

For this study, MDBK cells and cIEC were used to
perform invasion assays with timepoints set at 2 and 24
h. cIEC were found to be more susceptible to Eimeria
internalization than MDBK, and 2 h of incubation are
enough to let in more than 70% of the total invading
sporozoites, whereas MDBK cells only allow the 45%.
This could be due to a major affinity of E. tenella to
chicken enterocytes, which represent the natural host.
Lately, research has provided growing evidence that
invasion involves both parasite and host cells structures,
especially the cytoskeleton proteins (Liu et al., 2022).
For instance, it was recently found that host vimentin
has an inhibitory action on E. tenella invasion process
(Liu et al., 2022). Ben-Ze’ev reported that MDBK cells
express high amounts of this protein that is not present
in enterocytes, like the ones used in this work (Ben-
Ze’ev, 1984; Ghiselli et al., 2021). This difference could
explain the results found in our study. However, the
detailed mechanisms of Eimeria interaction with target
cells are still obscure and need further elucidations.

This study compared 2 commonly used anticoccidial
drugs with natural compounds. Salinomycin, an iono-
phore drug, and amprolium, a thiamine uptake blocker,
exhibit distinct modes of action (James, 1980; Felici
et al., 2021). Salinomycin was more efficient in prevent-
ing invasion and caused more evident morphological
abnormalities on sporozoites after 24 h than amprolium.
However, ionophores can have toxic effects on host cells,
including the inhibition of Wnt-driven proliferation
pathway, which is essential for enterocyte expansion
and survival. Impairment of this pathway could hinder
the ability of the intestine to recover from damage dur-
ing coccidial infections (Dewangan et al., 2017).

Salinomycin treatment resulted in a pro-inflammatory
effect on cIEC in vitro, increasing the expression of cyto-
kines similarly to other findings on broilers in vivo
(Munir et al., 2009). While an enhanced immune
response may aid in combating Eimeria spp., excessive
cytokine production could be detrimental to animal
health. The underlying mechanisms require further
investigation to develop effective treatment strategies
that prevent invasion without triggering excessive
immune responses.
Essential oils, especially garlic oil, demonstrated a sig-

nificant inhibition of invasion and caused morphological
alterations in sporozoites. These results are in agreement
with other similar studies: Sidiropoulou et al. already
observed a significant reduction of invasion 24 hpi of
garlic oil-treated sporozoites in MDBK cells (Sidiropou-
lou et al., 2020). Garlic oil is rich in reactive sulfur spe-
cies, such as allicin. These are able to oxidize thiols in
protein residues, leading to changes in structures and
the subsequent loss of functions (Borlinghaus et al.,
2014). This could explain the reduction in parasite
invading ability and the observed shape aberrations.
Alnassan et al. recorded inhibition of replication of E.
tenella in MDBK by allicin at very low dosages, showing
that this compound is very effective as anticoccidial
(Alnassan et al., 2015). However, allicin is a very unsta-
ble molecule and it is rapidly decomposed mainly to dia-
llyl-disulfide losing the thiosulfinate group in aqueous
solutions (Singh and Singh, 2008). In this study, diallyl-
disulfide was tested and showed a less marked anticocci-
dial effect, meaning that garlic oil is more effective and
suggesting that the thiosulfinate group might be a key
effector for the anticoccidial ability is important in dis-
rupting the function of coccidia (Borlinghaus et al.,
2014).
Thymol, and its isomer carvacrol, are monoterpenes

found mainly in thyme EO and oregano EO. They are
pore-forming compounds with reported antimicrobial,
anti-inflammatory and antioxidant properties (Gho-
lami-Ahangaran et al., 2022). Previous in vitro studies
have also identified them as potential anticoccidials.
Burt et al. found that carvacrol 20 ppm reduced the
number of E. tenella sporozoites in MDBK after 2 h of
treatment (Burt et al., 2013). A recent study by Sidiro-
poulou et al. found that a pretreatment of 1 h with
thyme EO or oregano EO 100 ppm can inhibit invasion
by over 80% (Sidiropoulou et al., 2022). In this work,
oregano EO reduced invasion significantly by over 30%
at 40 ppm and also remarkably reduced Eimeria dimen-
sions after 2 h of treatment, highlighting its rapid
action.
Additionally, thymol and carvacrol showed remark-

able anticoccidial effects, but, these effects were more
pronounced with EO compared to the pure compounds,
suggesting that even if thymol and carvacrol alone can
drive the anticoccidial activity, a mixture of them could
boost their effects. This hypothesis is supported by a
precedent study that found that thymol, carvacrol, and
saponins act synergistically on Eimeria spp. sporozoites,
increasing their anticoccidial power (Felici et al., 2020).
Also, a reduction of mRNA levels of pro-inflammatory

cytokines, especially IL8, was observed in this study sug-
gesting that all of them could mitigate the immune
response after invasion.
Basil EO and its bioactive compound linalool resulted

to be effective in reducing invasion and altering
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sporozoites’ morphology. Previously, Jitvitiyanon et al.
observed a reduction of invading ability by almost half
at 40 ppm with Ocimum basilicum EO in MDBK cells
(Jitviriyanon et al., 2016). Linalool is a monoterpene
produced by many plants that is gaining importance as
pore-forming and antioxidant agent, and at the time of
the study it had never been evaluated in vitro against E.
tenella (Rosa et al., 2003; Kamatou and Viljoen, 2008).
Concerning the effects on inflammation, linalool and
basil EO reduced IL8 by over 80% but had less effects on
the other markers.

In summary, this study evaluated the effectiveness of
anticoccidial drugs, EO and NIC against E. tenella using
in vitro invasion assays on chicken enterocytes and
ultrastructural analysis, finding that plant-derived com-
pounds can be valuable allies in counteracting coccidio-
sis and mitigating the inflammatory response following
infection. Given the growing demand for new anticocci-
dial molecules, there is a pressing need for in vitro stud-
ies on invasion and immune response. These findings
contribute to understand the effects and mode of action
of potential alternatives to anticoccidial drugs, laying
the groundwork for further testing of new natural anti-
coccidials.
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