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ABSTRACT: Continuous use of anticoccid-  plant extract. The inhibition of oocyst sporula-
ial treatments against FEimeria infections has  tion by the extract was both time and concen-
resulted in the development of drug resistance.  tration dependent, with certain combinations
This study aimed to evaluate the anticoccidial  affording the same levels of sporulation inhi-
efficacy of a methanolic extract derived from  bition as formaldehyde used as positive control
the endemic Canary rue (Ruta pinnata) plant (P < 0.001). Moreover, concentrations >0.1 mg/
of the Canary Islands, Spain, against Eimeria  mL also affected not only the viability of the
ninakohlyakimovae using in vitro assays. Freshly ~ sporozoites but also their cell invasion capacity
unsporulated oocysts were exposed to differ- (P < 0.001). Altogether, these results show that
ent concentrations of R. pinnata extract and  methanolic fruit extracts from R. pinnata have
thereafter evaluated for sporulation inhibition.  important anticoccidial activity against oocysts
Additionally, anticoccidial activity was exam-  and sporozoites of Eimeria. The potential effi-

ined by testing the viability of the E. mina-  cacy of the extracts against other animal/human
kohlyakimovae sporozoites and their ability to  parasites remains to be elucidated, and further
infect bovine colonic epithelial cells after incuba-  studies are needed to better understand its mode

tion with different concentrations of R. pinnata  of action against coccidian parasites.
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metaphylactic anticoccidials. However, extensive
use of drugs has caused the emergence of drug-re-
sistance in Eimeria spp. strains worldwide (Peek and
Landman, 2003). Moreover, no new drugs against
Eimeria have been introduced into the market for
many years, and international legislation increas-
ingly favors the abolition of the use of anticoccid-
ial/coccidiostatic drugs for livestock destined for
human nutrition (Dorne et al., 2013). Among alter-
native methods, the use of natural bioactive plants
having antiparasitic activity has been suggested as
a real possibility for the control of ruminant gas-
trointestinal nematodes (Waller and Thamsborg,
2004; Valderrabano et al., 2010). In this context,
there are also studies showing that different plant
extracts have anticoccidial activity against poultry
Eimeria species (Nweze et al., 2009; Michels et al.,
2011; Burt et al., 2013); however, the information
available in ruminants is limited and mainly refers
to in vitro methods.

Within the wide spectrum of endemic spe-
cies in the Canary archipelago (Bramwell, 1998;
Arechavaleta et al., 2010), the Canary rue (Ruta pin-
nata; family Rutaceae) is well known by local peo-
ple for its medical properties. Some pictures of the
plant can be found in Supplementary Figures 6-8.
Interestingly, ethno-veterinary medicine studies per-
formed in Canada have shown the frequent use of
Ruta species in the traditional treatment of Giardia
and Toxoplasma in pigs, cats, and dogs (Lans
et al., 2007). Based on this information, we aimed
to evaluate the anticoccidial effect of an extract
derived from the endemic Canary rue (R. pinnata)
by using different in vitro assays and experimental
infections with the apicomplexan protozoa Eimeria
ninakohlyakimovae.

MATERIAL AND METHODS

All animal procedures conducted in this study
were approved by the University of Las Palmas de
Gran Canaria Animal Welfare Committee. The
animals were treated according to the guidelines
adopted in the European Communities Council
(Directive 2010/63/EU).

Plant Material and Extracts

Mature fruits of R. pinnata (~1.5 kg) were ran-
domly collected from wild R. pinnata plants dis-
tributed in different geographical areas of Gran
Canaria, Tenerife, and La Palma (The Canary
Islands, Spain: some pictures of the plant are avail-
able on the online version of the paper). After

drying at room temperature in the shade, they were
homogenized and the plant material was extracted
with methanol (Merck) using a Soxhlet extrac-
tion system (1.5-2.0 liters of the solvent per 70 g
of dried fruits). Extraction was stopped when the
solvent distillation did not show any pigmentation,
ca. 24 to 36 h. Then the solvent was evaporated to
dryness employing a rotavapour over a warm water
bath set at 40 °C. The resulting extract was kept
at room temperature in the dark until required for
further use.

The extract was used at different concentra-
tions after dissolving it in DMSO (Sigma-Aldrich).
All working DMSO concentrations were previously
checked to demonstrate that they did not affect
the viability of the E. ninakohlyakimovae stages,
unsporulated oocysts or free-released sporozoites,
used in the in vitro assays.

Estimation of Condensed Tannin, Polyphenol,
Coumarin, and Flavonoid Contents

The extracts were cordially analyzed for con-
densed tannins (CT) by Professor Harley D.
Naumann (Division of Plant Sciences, University of
Missouri) using the acid butanol assay (Hagerman,
2011). In this method, interflavan bonds between
subunits of the flavan-3-ol CT polymers were oxi-
datively cleaved in hot, acidic alcohol to produce
colored anthocyanidins, which were read spectro-
photometrically. CT were purified from the extracts
with Sephadex LH-20 (Sigma-Aldrich, Saint Louis,
MO) using methods adapted from Strumeyer and
Malin (1975) and Naumann et al. (2014) and were
used as internally derived standards in the assay.

The amount of total phenolics in extracts was
determined according to the Folin—Ciocalteu assay
(Julkunen-Tiitto, 1985). Samples (100 pL) were
introduced into test tubes containing 8.4 mL of
water and 0.5 mL of Folin—Ciocalteu’s reagent;
and 1 mL of sodium carbonate (20%) were added.
The tube were mixed and allowed to stand for 1 h
in the darkness at room temperature. The absorb-
ance was measured at 765 nm using a SHIMADZU
1700 UV-vis spectrophotometer. The estimation of
phenolic compounds was carried out in triplicate,
and the results were averaged. A calibration curve
of gallic acid (GA) was prepared, and the results,
determined by the regression equation of the cali-
bration curve, were expressed as GA milligram
equivalents.

Finally, the presence of coumarins and fla-
vonoids in the extracts was estimated based on
TLC on silica gel 60 PF plates (20 % 20 cm,

254 + 366
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1 mm thickness, Merck Co.) by using the follow-
ing mix as solvents: n-hexane-EtOAc (1:1) and
n-hexane-EtOAC (3:2). After TLC, the different
spots were visualized with visible spectrum light
and wavelength light of 254 and 324 nm, with or
without subsequent oleum treatment (sulfuric acid
+ glacial acetic acid + dH, 0, 8/32/160) and further
heating at 120 °C.

Parasite Maintenance and Preparation

The E. ninakohlyakimovae GC strain used in
this investigation was initially isolated from field
infections in 2006 in Gran Canaria island, Spain
(Ruiz et al., 2013), and maintained by continu-
ous passages through male Majorera goat kids
for oocyst production. For harboring oocysts,
goat kids were orally infected at the age of 4 wk
with 2 X 10° sporulated E. ninakohlyakimovae GC
oocysts. Excreted oocysts were obtained from feces
collected after 2 wk post infection (p.i.) according
to the methods of Jackson (1964). Briefly, the feces
were washed with tap water through decreasing
pore size sieves (250, 150, and 80 ym) for the elim-
ination of debris. The resulting oocyst suspension
was mixed (1:1) with a saturated sugar solution
(1.5 g/L density), and transferred to rectangular
plastic bowls and incubated for 2 h at room tem-
perature (RT). Then, floating oocysts were collected
by applying glass plates (25 X 25 cm) to the surface
of the sugar/oocyst suspension. Attached E. nina-
kohlyakimovae oocysts were collected by rinsing
with distilled water, concentrated by centrifugation
(1,100 x g, 10 min), re-suspended in a 4% aqueous
solution of potassium dichromate (w/v; Merck),
and incubated in the presence of oxygen at RT to
induce oocyst sporulation as described elsewhere
(Hermosilla et al., 2002). Resulting sporulated
E. ninakohlyakimovae GC oocysts were stored at
4 °Cin a 2% aqueous solution of potassium dichro-
mate (w/v; Merck) until further use. A total of four
goat kids were employed for the maintenance of the
E. ninakohlyakimovae GC strain.

To obtain unsporulated E. ninakohlyakimovae
oocysts for the oocyst sporulation inhibition assay,
a modified technique of Jackson (1964) was used.
Freshly harvested unsporulated oocysts were par-
tially purified by stirring oocysts (ice bath, 20 min) in
a 4% sodium hypochlorite (Panreac) solution, and
centrifuged (10 min, 400 X g). Further purification
was attained by two centrifugation steps (20 min,
400 X g) in Percoll (Amersham) gradients of 1:60
and 1:50, respectively. Clean unsporulated oocysts
were immediately transferred to tissue cell culture

bottles (25 cm?, Nunc) and kept at 4 °C in PBS for
no longer than 3 d after initial collection. For the
sporozoite viability assay and the sporozoite inva-
sion assay, viable E. ninakohlyakimavae sporozoites
were excysted from sporulated oocysts and purified
by a modified excystation protocol according to
Fayer and Hammond (1967). In brief, clean oocysts
purified as described above were suspended in ster-
ile 0.02 M | -cysteine HC1/0.2 M NaHCO, solution,
and incubated in a 100% CO, atmosphere at 37 °C
for 20 h. Subsequently, sporulated oocysts were
suspended in Hank’s balanced salt solution (Sigma-
Aldrich) containing 0.4% (w/v) trypsin (Sigma-
Aldrich) and 8% (v/v) sterile filtered caprine bile
obtained from a local abattoir and were incubated
under microscopic control for up to 4 h at 37 °C
in a 5% CO, atmosphere. Free-released sporozoites
were washed three times (20 min, 400 X g) in tissue
culture 1640 RPMI medium (Sigma-Aldrich) and
thereafter re-suspended in 1640 RPMI medium
(Sigma-Aldrich) until further use.

In Vitro Oocyst Sporulation Inhibition Assay

By using this assay, we aimed to investigate the
capacity of the extract to inhibit the sporulation of
E. ninakohlyakimovae oocysts in vitro. Routinely, 1.5 mL
Eppendorf tubes were filled with a 20-nL solution of
5,000 unsporulated oocysts suspended in sterile PBS,
30 pL distilled H,O, 50 pL of 10% potassium dichro-
mate and 100 pL of different extract (C1 to C5: 3, 1.5,
0.75,0.18, and 0.023 mg/mL). The incubations were per-
formed at RT over three exposure times: 30 min, 4 and
24 h. After the incubation, oocysts were washed in dis-
tilled water four times (1,500 X g, 5 min) and after the last
washing step oocysts were re-suspended again in 1 mL
2% potassium dichromate, transferred into 24-multiwell
tissue culture plates (Nunc) and incubated in the presence
of oxygen at RT. As negative controls, similar concentra-
tions of DMSO (Sigma-Aldrich) to those used to solve
the plant extracts (from 3% to 0.023%) were used, while
serial formaldehyde solutions served as positive controls
(C1 to C5: 4%, 2%, 1%, 0.25%, and 0.03%). The oocyst
sporulation rate was determined after 72 h at RT under
microscopic analysis, and for this purpose a minimum of
100 oocysts were counted and analyzed. The assay was
repeated in a different day and, in both cases, triplicates
of all the concentrations assessed were performed.

Sporozoite Viability Assay

The test was used to evaluate the ability of the
extract to produce irreversible damage to viable
sporozoites thereby Kkilling this parasitic stage. For
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this purpose, 5,000 per well viable E. ninakohlyaki-
movae sporozoites suspended in 100 pL sterile 1640
RPMI medium (Sigma-Aldrich) were transferred
into 96-multiwell plates (Nunc) and mixed with an
equal volume of different extract concentrations
(CI to C8: 10, 5, 2.5, 1.125, 0.625, 0.5, 0.1, and
0.025 mg/mL). The corresponding concentrations
of DMSO (Sigma-Aldrich) were used as negative
controls and heat-inactivated sporozoites (60 °C,
30 min) served as positive controls. After 3 h of
incubation at RT, 100 pL of the supernatant were
carefully removed and thereafter sporozoites were
stained by adding 100 pL of the fluorescent dye
Sytox Orange (Invitrogen) diluted in 1640 RPMI
medium at 2.5 pM final concentration. After 15 min
of incubation at RT, fluorescence was detected in a
fluorescent microscope (Eclipse 80i, Olympus) at
an excitation of 510 to 560 nm and an emission of
575 to 590 nm wavelength. All samples were run
in triplicates. For the evaluation of the viability,
100 sporozoites were microscopically counted and
analyzed for staining properties: Sytox Orange-
unstained sporozoites were considered as ‘viable’,
while stained parasites were classified as ‘dead’.

Sporozoite Cell Invasion Assay

This assay was conducted to evaluate the abil-
ity of the extract to inhibit the capacity of E. nina-
kohlyakimovae sporozoites to invade host cells
grown as monolayer cultures. For host cell culture
system, immortalized bovine colonic epithelial cells
(BCEC) were seeded (100,000 cells per well) onto
12-multiwell plates (Nunc) and incubated with 1640
RMPI medium supplemented with 5% penicillin/
streptomycin and 3% fetal calf serum (FCS) up to a
minimum of 70 to 80% confluence. DMSO (Sigma-
Aldrich) was used as negative control and as positive
controls different concentrations of sulfadoxine/
trimethoprim (Veterin-Diftrin 24 Intervet) (C1 to
C5:10/2, 0.1/0.02, 107%/2 x 1074, 1072 x 1077 and
107°/2 x 1071° pg/mL) were employed. Sporozoites
(5 x 10°) were incubated in Eppendorf tubes with
different concentrations of the extract (C1 to C5:
5,2.5,1,0.1, and 0.01 mg/mL), positive and nega-
tive controls. The incubations were performed dur-
ing 3 h at 37 °C in 5% CO, atmosphere. After the
incubation, sporozoites were washed three times
with 1640 RMPI medium (2,000 X g, 5 min) and
after the last washing step the sporozoite pellet was
re-suspended in 1640 RMPI (100 pL). Sporozoites
receiving different treatments were added to con-
fluent BCEC and incubated overnight at 37 °C in
5% CO, atmosphere. The sporozoites suspension

was then discarded and the medium replaced with
1640 RMPI containing 5% penicillin/streptomycin
and 3% FCS. Photographs were taken of a total
of 15 randomly selected spaced power vision fields
per well using an optical microscope (Leica DFC
290) and an adapted camera. The invasion rate was
quantified by counting the total number of non-in-
fected BCEC and the number of BCEC carrying
intracellular sporozoites.

Cytotoxicity Assays

The in vitro cytotoxicity of the plant extracts
was performed on two different cell cultures:
BCEC and VERO cells (African green monkey
kidney cells). BCEC were cultured according to
the methodology described in the inhibition cell
invasion assay. VERO cells were obtained from the
European Collection of Cells Cultures (ECAACC
84113001) and cultivated in RPMI 1640 culture
medium (Gibco) supplemented with 2 nM L-glu-
tamine, 500 U/mL penicillin, 50 pg/mL streptomy-
cin, and 10% FCS (Ruiz et al., 2010). Both cell types
were cultured in 24-well plates (Nunc) and, when
confluent, 150 pL of the following plant extract
concentrations were added: 3.125, 0.625, 0.125,
and 0.0125 mg/mL. Serial dilutions of DMSO (3%,
1.5%, 0.75%, and 0.325%) were used as negative
control. After an overnight incubation, 250 pL of
a 2.5 pM Sytox Orange solution were added. The
mix was incubated during 10 min at RT and then
washed thrice with RPMI 1% penicillin/strepto-
mycin. Finally, the fluorescence intensity was ana-
lyzed by a fluorometric reader (Ascent Fluoroskan,
Labsystems) using an excitation wavelength of
530 nm and detecting at 590 nm. The results were
always confirmed by microscopical observations.

Statistical Analysis

Data from the three in vitro studies and cytotox-
icity test were grouped and analyzed independently
for significant differences by using the nonparamet-
ric Chi-square test. Effects of the different plant
extract concentrations on parasites were compared
to the corresponding DMSO controls. Effective
dose that produced 50% reduction (ED50) of the
oocyst sporulation rate, sporozoite viability or cell
invasion rate was calculated by plotting a linear
regression between the Napierin logarithm (In) of
the effect (y) assessed and log transformed con-
centrations (x). The formula used was In y = a +
bx, where a and b are the slope of the line and the
y-intercept, respectively. Differences were regarded
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as significant at a level of P < 0.05. For all statisti-
cal data analysis, the Sigmastat 3.1 (Windows) was
here used.

RESULTS

Estimation of Condensed Tannin, Polyphenol,
Coumarin, and Flavonoid Contents

The different extracts assessed had mean values
for polyphenol content of about 2 mg/mL, while no
condensed tannin could be demonstrated in any of
the samples evaluated. TLC showed a wide range
of coumarins, specifically and strongly stained
of blue color at 324 nm, mainly after oleumm and
heat treatment (Figure 1C and D) (Jaraiz Garcia-
Pallasar, 1972). By contrast, the only one single
signal for flavonoid was visualized as a weak yel-
lowish spot at visible spectrum light (Figure 1A, see
arrow). Typical black color of the flavonoid could
be also demonstrated at 254 nm, although relatively
masked by the intensity of the signal of nearby
compounds, e.g., coumarins (Figure 1B) (Mabry
etal., 1970).

Figure 1. TLC of methanolic extracts of R. pinnata mature fruits
visualized using spectrum visible light (A) and UV light at 254 (B) nm
and 324 nm (C) wavelengths. Forth line (D) represents visualization at
324 nm after after oleum and heat treatment and the arrow marks the
presence of weak yellowish spot at visible spectrum light (A), which
probably corresponds to a flavonoid.

In Vitro Assays

The capacity of the extract to inhibit E. nina-
kohlyakimovae-oocyst sporulation was both con-
centration and time dependent. As shown in
Figure 2A, after 30 min of incubation only the
highest concentration (3 mg/mL) of the extract
produced a reduction in the sporulation compared
to the negative control. After 4 h of incubation,
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Figure 2. Oocyst sporulation inhibition assay. Percentage of sporu-
lation after incubation for 30 min (A), 4 h (B) and 24 h (C) with differ-
ent concentrations of methanolic extracts of R. pinnata mature fruits
(MeOH Rp) (C1 to C5: 3, 1.5, 0.75, 0, 0.18 and 0.023 mg/mL). DMSO
at the same dilutions than for MeOH Rp (from 3% to 0.023%) was
used as negative control. Serial formaldehyde solutions served as posi-
tive controls (C1 to C5: 4%, 2%, 1%, 0.25%, and 0.03%). Statistical sig-
nificance for MetOH Rp vs. DMSO: P < 0.001 (***) and P <0.01 (**).
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both the 1.5 and 3 mg/mL concentrations resulted
in a significant reduction of the sporulation rate
(P <0.01 and P < 0.001, respectively) (Figure 2B).
Finally, exposure of oocysts to the extract for 24 h
induced a significant inhibition of sporulation (P <
0.001) at concentrations of 0.75 mg/mL and greater
(Figure 2C). Interestingly, the level of inhibition of
the sporulation produced by the 3 mg/mL concen-
tration at this incubation time was similar to that
observed with the positive control (formaldehyde at
a 4% dilution).

The anticoccidial effect of the extract on the via-
bility of E. ninakohlyakimovae sporozoites was dose
dependent as illustrated in Figure 3. Concentrations
of 5 and 10 mg/mL of the extract produced almost
100% mortality in the sporozoites (P < 0.001), a
similar result to the one obtained by the heat-in-
activation treatment. Lower concentrations still
produced significant killing of E. ninakohlyakimo-
vae sporozoites (2.5, 1.125, 0.625, and 0.5 mg/mL;
P <0.001) (0.1 mg/mL; P <0.01), with 0.84 mg/mL
being the effective dose 50. Only the lowest concen-
tration (0.025 mg/mL) used here did not resulted in
increased sporozoite mortality (Figure 3).

The effect of the extract on the ability of
E. ninakohlyakimovae sporozoites to invade BCEC
is displayed in Figure 4. The mean infection rate
in negative DMSO controls cell cultures was 15%,
ranging from 8.5% to 23%. Greater concentrations
of methanolic extracts (3, 2.5, and 1 mg/mL) signifi-
cantly reduced the infection rate of E. ninakohlyaki-
movae sporozoites in BCEC, with mean values of
~2% (P < 0.001). Samples incubated with 0.1 mg/
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Figure 3. Sporozoite viability assay. Percentage of sporozoite mor-
tality after treatment for 3 h with methanolic extracts of R. pinnata
mature fruits (MeOH Rp) at different concentrations (C1 to C8: 10, 5,
2.5, 1.125, 0.625, 0.5, 0.1, and 0.025 mg/mL). The corresponding con-
centrations of DMSO were used as negative controls. The viability of
the sporozoites was determined using the fluorescent dye Sytox Orang.
Statistical significance for MetOH Rp vs. DMSO: P <0.001 (***) and
P <0.01 (**).

mL resulted in an infection rate similar to the mean
observed in positive controls, but still significantly
lower than the corresponding DMSO counterpart
(P <0.01). Only the lowest concentration (0.01 mg/
mL) did not produce any effect on the inhibition of
host cell sporozoite invasion.

Cytotoxicity Assessment

The results of the cytotoxicity assays showed
that the extract used in the study did not produce
relevant cell death. Only at the highest concen-
tration of the extract (3 mg/mL) the fluorescence
intensity recorded was greater than that observed
in the respective negative DMSO culture, both in
BCE (P < 0.001) (Figure 5A) and VERO (P < 0.05)
(Figure 5B) cells. At the following extract concen-
trations, the fluorescence intensity values were simi-
lar to the corresponding negative controls.

DISCUSSION

In the present study, the anticoccidial activity of
the endemic Canarian plant R. pinnata on E. nina-
kohlyakimovae oocysts and sporozoites was tested
in vitro. The results demonstrate that a methanolic
extract of the mature fruit from R. pinnata has
marked anticoccidial properties as demonstrated
by their capacity to both inhibit the sporulation
of E. ninakohlyakimovae oocysts and reduce the
sporozoites viability/capacity to invade epithelial
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Figure 4. Sporozoite cell invasion assay. Invasion rate on BCEC
after treatment for 3 h with methanolic extracts of R. pinnata mature
fruits (MeOH Rp) at different concentrations (C1 to C5: 5, 2.5, 1, 0.1,
and 0.01 mg/mL). DMSO was used as negative control and as pos-
itive controls different concentrations of sulfadoxine/trimethoprim
(Veterin-Diftrin 24 Intervet) (C1 to C5: 10/2, 0.1/0.02, 107%/2 x 1074,
10762 x 1077, and 107/2 X 107'° pg/mL) were employed. The invasion
rate of treated sporozoites was tested on bovine colonic epithelial cells
(BCEC:s). Statistical significance for MetOH Rp vs. DMSO: P < 0.001
(***)and P <0.01 (**).
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Figure 5. Cytotoxicity analysis. The cytotoxicity effect of metha-
nolic extracts of R. pinnata mature fruits (MeOH Rp) at different con-
centrations (C1 to C4: 3.125, 0.625, 0.125, and 0.0125 mg/mL) after
24 h of incubation in BCECs (A) and VERO (B) cells was evaluated.
DMSO was used as negative control. Fluorescence intensities are dis-
played in arbitrary units (AU).

cells in vitro. To the best of our knowledge, this
is the first study in which the anticoccidial activ-
ity of Rutaceae has been investigated in a caprine
Eimeria sp.

Alternatively to chemotherapeutic treatments,
disinfectants applied to the environment to inhibit
exogenous sporogony, which is an essential step for
further Eimeria spp. infections, could be used to con-
trol ruminant coccidiosis as it has been suggested for
poultry (Williams, 1997). Freshly Eimeria oocysts
shed by infected animals are always unsporulated and
undergo an exogenous asexual replication (sporog-
ony) in the presence of oxygen and adequate temper-
ature only after 48 h, which turns them into infectious

stages containing four sporocysts with two viable
sporozoites each. Only fully sporulated oocysts will be
able to propagate the disease when orally ingested by
other susceptible animals of the farm (Mundt et al.,
2003; Daugschies and Najdrowski, 2005). Although
the inhibition of oocyst sporulation by the extract
after relatively short incubation periods was rather
moderate, and only significant at longer incubation
times (24 h), some concentrations of the extracts
were actually able to induce similar inhibition rates
to those observed for positive controls (4% formalde-
hyde). The effect of concentration and contact time
on efficacy against unsporulated E. tenella oocysts
has been even reported for commercial chemical dis-
infectants, including Ammonium hydroxide, Phenol,
Zixvirox, and Eco Bio (Samaha et al., 2013). Oocysts
are considered the resistant stage of coccidian par-
asites, and thereby able to tolerate adverse physical
and chemical agents and, accordingly, McDonnell
and Russell (1999) classified the oocysts as the most
resistant etiological agents to disinfectants, after the
prions. For this reason, moderate to high concentra-
tions and relatively abrasive chemicals are needed for
the inhibition of the oocyst sporulation. As in the
present study, some other plant extracts, such as the
water extracts from pine bark (Pinus radiatus), have
been tested for their ability to inhibit sporogony in dif-
ferent Eimeria species (Molan et al., 2009). However,
whether this anticoccidial activity may derive in a
practical disinfection tool in field conditions deserves
further and more detailed research.

The scientific relevance of the anticoccidial prop-
erties of R pinnata also relies on its activity against
the first infective stage of all Eimeria in vivo, namely
the sporozoite stages. R. pinnata extracts could not
only affect the sporozoite viability but also its ability
to actively invade host cells, where they must develop
into first generation schizonts, macroschizonts of up
to 300 um in some species (e.g., E. ninakohlyakimovae)
able to produce severe damage in vivo at the mucosa of
the small intestine (Dai et al., 2006; Ruiz et al., 2013).
Some reports on inhibitory effects of plant extracts
against avian Eimeria sporozoites have demonstrated
that carvacol, curcumin, or Echinacea purpurea
extracts inhibit the invasion of Madin-Darby bovine
kidney cells by E. tenella sporozoites after a 2-h expos-
ure period (Burt et al., 2013). Khalafalla et al. (2011)
also demonstrated that, after 3, 6, 18, and 24 h incu-
bation periods, curcumin had considerable effects on
sporozoites morphology and viability, reducing the
capacity of E. tenella sporozoites to invade cells.

The specific anticoccidial effect of R. pinnata
methanolic extracts against sporozoites of E. nina-
kohlyakimovae is still unknown, and could not be
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clarified by the present study. Such effect should not
necessarily be the same than the one responsible for
the oocyst sporulation inhibition. Nonetheless, it
seemsevident that, by using the same concentrations,
free sporozoites are more susceptible than oocysts
when exposed to the extract. One plausible explan-
ation for this phenomenon could be the oocyst wall,
which represents a protective physical barrier for
the internal sporozoites and allows E. bovis oocysts
to resist up to 4.5 years in a humid environment at
4 °C (Hermosilla et al., personal communication).
This could also be the explanation for the observed
failure of sainfoin (Onobrychis viciifolia) phenolic
extracts to inhibit sporulation of ovine Eimeria
oocysts in vitro (Saratsi et al., 2012), in spite of the
significant anticoccidial effect of sainfoin reported
by the same authors when used as forage against
Eimeria infections in lambs in vivo. By contrast, the
extracts of R. pinnata used here were able to reduce
the sporulation rate of E. ninakholyakimovae.
Although the exact mechanisms involved in
the response of E. ninakohlyakimovae to R. pinnata
extracts are yet unresolved, it could be assumed that
the bioactive properties of this plant arise fromits high
content of plant secondary metabolites, as previously
demonstrated for other plants. Natural flavonoid
extracts have been shown to reduce Eimeria oocyst
output, oxidative stress, and promote greater mean
daily weight gains in infected lambs (Pérez-Fonseca
et al., 2016) and high concentrations of CT also pos-
sess anticoccidial activities in small ruminants (Burke
et al., 2013; Kommuru et al., 2014). However, these
two bioactive compounds could not be the respon-
sible of the anticocidial activity observed here, as no
CT and limited flavonoids were present in the R. pin-
nata extract assessed. By contrast, we found relatively
high concentration of polyphenols, a group of phy-
tochemical compounds whose anticcoccidial prop-
erties have been also demonstrated in poultry. For
instance, tea-based diets, which are rich in polyphe-
nols, were effective against E. maxima (Jang et al.,
2007) and proanthocyanidin, a naturally occurring
polyphenolic antioxidant widely distributed in grape
seed and other sources, reduced E. tenella infection as
shown by gut pathology, body weight, and mortality
(Wang et al., 2008). Apart from polyphenols, we con-
sistently found different coumarins as components of
the R. pinnate extracts but, surprisingly, no references
in literature could be found showing the anticoccid-
ial effects of these compounds. However, coumarins
have been shown to have antiparasitic activity against
other protozoa, such as Trypanosoma (Guifiez et al.,
2013), Leishmania (Napolitano et al., 2004), and
even the Apicomplexa Plasmodium (Moon et al.,

2011). All the assumption concerning bioactive com-
pound should nevertheless be taken with caution, as
the antiparasitic activity of any plant extract might
not dependent necessarily on the majoritarian com-
pounds present in the extract (Mann et al., 1994; Li
etal., 2017).

The assessment of the cytotoxicity of the
extracts is commonly addressed when evaluating
the antiparasitic activity of plant extracts, both in
vitro and in vivo (Augustine et al., 1997; Khalafalla
et al., 2011; Burt et al., 2013). Results concerning
cytotoxicity obtained here revealed that the plant
extracts did not induce relevant cell death on either
BCEC or VERO cultures, which would be a guar-
anty for a safe use of R. pinnata as an anticoccidial.
Although there are no data on the lack of toxic-
ity in vivo of R. pinnata, a study on temporal and
spatial variation in the diet composition of the
endemic large lizard (Gallotia galloti) in Tenerife
island, Spain, showed that R. pinnata fruits con-
stitute the main ingredient of the diet, showing no
cytotoxic effects to this animal (Rodriguez et al.,
2008). Poikilothermic reptiles obviously differ
from homeothermic ruminants in physiology and
metabolic requirements, but it might be a hint for
rather noncytotoxic properties of R. pinnata fruits.
Besides, mostly in La Palma islands, where the nat-
ural population of R. pinnata is larger, these plants
are also given to cattle when showing some gas-
trointestinal parasites (personal communication).
Irrespectively of cytotoxicity, other side effects of
the plant should be considered due to its antipro-
tozoal activities, particularly possible impact on
beneficial/symbiotic protozoan populations within
the digestive tract (e.g., rumen) (Prins, 1978; Bhatta
et al., 2013).

Caprine coccidiosis in goat kids is still an
important disease worldwide and there is strong
evidence that control of the disease can not exclu-
sively rely on chemical prophylactic or metaphylac-
tic treatments but also on alternative solutions such
as “green” drug discovery (phytotherapy), hygiene
improvement, and/or development of immuno-
prophylactic strategies (Ruiz et al., 2014). This was
the first attempt showing the in vitro anticoccidial
effects of R. pinnata against E. ninakohlyakimovae.
Further research is needed to understand the mode
of action and composition of bioactive metabolites
of this Rutaceae and their effect against this and
other ruminant Eimeria species or even other ani-
mal/human parasites. Studies on intensive in vitro
culture systems of R. pinnata plant cultivation are
indispensable to solve the problem of R. pinna-
ta-derived material availability in large quantities.
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