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ARTICLE INFO ABSTRACT
Keywords: The ciliate Balantioides coli is a human enteric parasite that can cause life-threatening infections. It
Balantioides coli is a food- and waterborne parasite, with cysts being the infective stage. Despite its importance as a
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potential pathogen, few reports have investigated its presence in environmental samples, and
some issues need attention including i) The accuracy of B. coli identification. In most cases, the
protozoa is identified only by its morphological traits, which can be identical to those from other
parasitic ciliates of animals. Genetic analysis of cysts recovered from environmental samples is
necessary for species confirmation. In addition, genetic methods used with faecal samples need to
be adequately validated with environmental matrices. ii) The methodology for searching this
parasite in environmental samples. The protocols include an initial phase to isolate the cysts from
the matrix followed by a second phase in which concentration procedures are usually applied.
The methods may be valid but are not standardised and differences between studies could affect
the results obtained. iii) The areas that needs further research. The development of genetic
identification methods and standardised analytical protocols in environmental samples are
required, as well as the assessment of viability and infectivity of B. coli cysts. The development of
axenic culture systems will boost research on this parasite.

1. Introduction

The ciliate Balantioides coli (syn. Balantidium coli) is the largest human parasitic protozoa, and can infect a wide range of hosts, with
swine being the main reservoir. The parasite has a direct life cycle, with a vegetative form, the trophozoite, inhabiting the host in-
testine, and a resting cyst that is released into the environment in faeces. Transmission is via the faecal-oral route through contam-
inated food and water. Only cysts are considered capable of infecting new hosts, although it has been suggested that trophozoites might
also be infective (Pomajbikova et al., 2010).

Infected hosts may be asymptomatic or develop intestinal disorders and even life-threatening colitis (Ponce-Gordo and Garcia-
Rodriguez, 2021). People living in contact with pigs, or in areas with inadequate sanitary infrastructures, are at higher risk of infection
(Ponce-Gordo and Garcia-Rodriguez, 2021; Ponce-Gordo and Jirki-Pomajbikova, 2017). Balantioides coli is currently considered as an
emerging pathogen and is included among the foodborne parasites that should be prioritised for the development of general control
guidelines (Bouwknegt et al., 2018; Food and Agriculture Organization of the United Nations and World Health Organization, 2014).
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However, outbreaks caused by this parasite are rare, as only three have been documented in the last 100 years (Ponce-Gordo and
Garcia-Rodriguez, 2021) and balantidiosis is regarded as a zoonosis of limited public health importance in developed countries.
Probably because of this, there is a lack of research aimed at investigating the potential role of B. coli as water- or foodborne pathogen
(Robertson, 2014), with other diarrhoea-causing protozoa such as such as Cryptosporidium spp. or Giardia duodenalis attracting more
attention from a publich health perspective. Routine monitoring for the identification of B. coli in water samples has been considered
superfluous in developed countries (Ericksen and Dufour, 1986); however, its importance should not be disregarded, as fatal cases in
humans and animals due to this parasite have been reported (Gomez Hinojosa et al., 2019; Viezzer Bianchi et al., 2019).

The development of methods for the detection and determination of the viability of infective stages of pathogens in the envi-
ronment provides important tools for the identification and understanding of transmission routes, for determining the importance of
matrices (soil, water, food) involved in transmission, and for assessing the risk of infection (Smith, 1998). This is especially important
for foodborne parasites, as international commerce has now resulted in a global market in which contaminated food from developing
countries can be traded in developed ones (Cork and Checkley, 2011). In the case of B. coli, data on its presence and viability in the
environment are scarce, and the methodology for detecting and assessing the risk of infection in these samples is not standardised.
These issues are discussed in this review.

2. Diagnosis

Trophozoites and cysts of B. coli are large and easily seen under optical microscopy at 10-40x magnification. Vegetative cells
usually move slowly in a helical fashion; they are ovoid or pear-shaped, up to 150 pm in length, with cilia covering the entire cell
surface. A mouth-like opening, the cytostome, is located in a short depression, or vestibule, situated subapically. Cysts are spherical or
slightly ovoid, about 50 pm in diameter and contain a single cell. In both trophozoites and cysts there is an elongated or bean-shape
macronucleus; a small micronucleus usually overlaps the macronucleus and, in most cases, is not observable. Detailed morphological
descriptions can be found in McDonald (1922) and da Silva Barbosa et al. (2018b).

Microscopy-based studies have identified B. coli in humans, several non-human primates, swine, bovines, camels, equids, ele-
phants, rodents and birds (ostriches and rheas) (Ponce-Gordo and Garcia-Rodriguez, 2021; Ponce-Gordo and Jirki-Pomajbikova,
2017). However, diagnosis based on microscopy examination of the cyst morphology alone could be erroneous in some cases, as
morphologically indistinguishable cysts of other ciliate species have been identified in non-human primates and bovids. In samples in
which compatible cysts/trophozoites were found, B. coli has been confirmed by genetic analysis in humans, chimpanzee, bonobo,
gorilla, rhesus macaques, hamadryas baboon, pigs and wild boars, sheep, elephants, guinea pigs, ostriches and rheas (Ponce-Gordo and
Garcia-Rodriguez, 2021). In rhesus macaques, hamadryas baboon, agile mangabey and collared mangabey, an unnamed Buxtonella-
like species has been identified (Pomajbikova et al., 2013; Yan et al., 2018). In cattle and buffalo, there are numerous reports of B. coli
(based on the finding of cysts), but to date, only Buxtonella sulcata have been identified by genetic analysis (Adhikari et al., 2013; Grim
etal., 2015; Pomajbikova et al., 2013). The trophozoites of the latter species can be easily differentiated from those of B. coli due to the
existence of a long vestibule extending the full length of the cell (Grim et al., 2015).

These results indicate that morphological identification of cysts in a faecal sample as of B. coli might be erroneous, at least in some
hosts. The problem is compounded when considering identification of the parasite in an environmental sample, as trophozoites and
resting cysts of other ciliates could be concomitantly present. Despite the increasing number of publications on the morphology and
physiology of ciliate cysts (Bencatova and Tirjakovd, 2017; Gutiérrez et al., 2001; Kaur et al., 2019; Verni and Rosati, 2011), the
available data are comparatively insignificant respect to the estimated number of ciliate species (Chao et al., 2006) and the cyst
morphology of most of them remains unknown (Kaur et al., 2019). The resting cysts of some free-living ciliates might resemble those of
B. coli/Buxtonella sp., and the protocols used in some studies for sample analysis (see section 3) could induce alterations in the cysts
that may led to misdiagnosis. The presence of other parasitic structures (e.g., helminth eggs, protozoan oocysts) would support the
consideration of the observed ciliate cysts as being of parasitic species; however, in the absence of molecular analysis, it would not be
possible at first sight to identify whether faecal contamination and parasitic structures are of human or animal origin (Smith, 1998).
For example, Entamoeba coli cysts from human and non-human primates are morphologically identical to those of Entamoeba muris
from rodents; tetranucleated cysts of Entamoeba histolytica and free-living/parasitic Entamoeba moshkowskii are identical; Giardia
duodenalis and Cryptosporidium parvum are zoonotic; eggs of all Taenia/Echinococcus species are identical; and eggs of Ascaris lum-
bricoides and Trichuris trichiura infecting humans are identical to those of Ascaris suum and Trichuris suis infecting pigs, respectively.
Consequently, all options (B. coli, Buxtonella sp., and even free-living ciliates) would be feasible. Perhaps this could explain the findings
by Amin (1988), who detected cysts identified as B. coli in large numbers (66-528/mL) in sewage sludge in Bahrein, but the prevalence
in the human population was very low (0.01%) and non-human primates and pigs were absent in the region. In several studies on
parasites contaminating soil, water and food, B. coli trophozoites were reported (Ferreira Martins et al., 2017; Karaman et al., 2017;
Morais da Silva et al., 2014; Mukhtar et al., 2016; Shikara et al., 2019) but the images provided in some of the publications do not allow
a clear recognition of the organism, and the identifications might correspond to free-living ciliates.

Unequivocal identifications can be made after morphological analysis of the vegetative forms. In the case of free-living ciliates, they
can be obtained by inducing the excystment of the cysts; however, in the case of parasitic ciliates, excystment and maintenance of
trophozoites in culture is complicated and often unfeasible. Protocols are available for in vitro culture of B. coli (da Silva Barbosa et al.,
2018a; Yan et al., 2021), but they have some drawbacks (equipment requirements, culture conditions, low success rate) and cannot be
used for routine diagnosis of the human ciliate. For a correct human illness source attribution (Pires et al., 2009), molecular tools are
the best option for a correct and accurate diagnosis of B. coli in both faecal and environmental samples.

To date, genetic analyses for the identification of B. coli have only been performed on faecal samples; their applicability to
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environmental samples remains untested. In these samples, no genetic analysis for the identification of B. coli has been performed and
the parasite has been identified based on the general appearance of the trophozoites/cysts without sufficiently detailed morphological
analysis. It is not our intention to question the correctness of the diagnoses made in the reports cited in this review, but believe that,
given the circumstances stated above, it would be more appropriate to refer to the ciliate findings as B. coli-like (e.g., Alemu et al.,
2019) until confirmation by genetic analysis. From a health point of view, it may be advisable to identify compatible cysts as B. coli to
adopt adequate measures (“better safe than sorry”). However, the data could be incorrect and lead to an overestimation of the real
importance of this pathogen in a region or host population, and to misunderstanding of its epidemiology, transmission routes and
critical control points.

Very few data are available on the genetics of B. coli, and only the small subunit rRNA and the internal transcribed spacers (ITS)
region have been sequenced (Ponce-Gordo et al., 2011, 2008). Two different ITS sequence variants have been identified, with the
possibility of being simultaneously co-expressed by each individual cell (Ponce-Gordo et al., 2011); this is a problem when sequencing
from PCR products rather than cloning, as mixed sequences are likely to occur. Sequence polymorphisms have also been detected in
Buxtonella isolates (Grim et al., 2015; Pomajbikova et al., 2013), but the differences between B. coli and Buxtonella from monkeys and
bovids are clear (Grim et al., 2015; Pomajbikova et al., 2013) and this marker can be used for barcoding of B. coli. There are minor
variations in the ITS region between B. coli isolates of different host origin, mainly consisting of single or a few base differences
scattered in the sequences, some of which are probably the consequence of PCR errors made visible by the cloning analysis (Garcia-
Rodriguez et al., 2020).

3. Parasite detection in environmental samples

There are discrepancies about how long B. coli trophozoites can survive outside the host; the available data do not come from
controlled studies, but from observations of presence/absence of trophozoites in faecal material at different times, ranging from a few
hours to several days at room temperature (Little, 1931; Rees, 1927). Bareja et al. (2015) maintained B. coli in culture in distilled water
for up to 7 months; these results contradict the findings from previous in vitro and in vivo studies, which indicated that at least a
carbohydrate source was necessary for parasite survival and growth (Ponce-Gordo and Garcia-Rodriguez, 2021).

Data from in vitro cultures indicated that low pH values caused trophozoites to die (da Silva Barbosa et al., 2015; Yan et al., 2021),
so they would be unable to survive the low pH of the stomach (Chalmers, 2014; Schuster and Visvesvara, 2004). Although
Pomajbikova et al. (2010) suggested that trophozoites might be infective, it is generally accepted that cysts are the infective stage of
the parasite. In the following sections, we will refer to the detection of cysts in different environmental (soil, water and food) matrices.
Trophozoites, if present, would not survive most of the protocols used for sample processing and would disappear from the processed
sample.

The protocols used for the diagnosis of parasites in environmental samples have an initial phase to extract parasitic structures from
the matrix and reduce the sample volume to be processed, and a second phase in which concentration procedures are performed using
similar or even the same methodologies as those applied to faecal samples. The initial phase is critical for the success of the analysis, as
the number of parasitic structures in the soil/water/food under study may be very low, and part of them may not be recovered and
therefore lost for the rest of the process. This is especially important in soil samples, as parasitic structures would tend to adhere to soil
particles (Collender et al., 2015). However, there is significant lack of uniformity between the studies, and differences in the sample
volume/quantity analysed in each study could have affected the results. In the soil samples, between 2 and 500 g of soil, from the
surface to 50 cm depth, were taken for analysis (Table 1). For water samples, the volume considered was usually between 1 and 2 L,
although it varied from 250 mL to 20 L (Table 2). In the analysis of vegetables and fruits, the amount of sample varied from 25 g to the
whole vegetable piece (Table 3). In addition, as pointed out by Traub and Cuttell (2015), differences in the initial washing step

Table 1
Methodology used in the detection of B. coli in soil matrices.
Authors Country  Sample type Sample Methodology B. coli positive
quantity samples
Charitha et al. India soils rich in organic matter 200 g Sieve filtration to remove coarse particles. Mechanical shaking  1.18%
(2015) were excluded; up to 3-5 in 25-30 mL of 1% Tween 80 for 2 min. Sieve filtration and
cm depth centrifugation at 1500 rpm, 5 min. Sediment washed twice in

distilled water by centrifugation at 1500 rpm, 5 min. Sediment
resuspended for NaNO3 flotation.

Etewa et al. Egypt clay, sandy and silt soils,at 500 g Sieve filtration (data on dilution liquid not provided); filtrated ~ 8%
(2016) 50 cm depth was used for observation in unstained wet mounts, zinc
sulphate flotation, Baermann technique and charcoal
coprocultures.
Shikara et al. Iraq clay in lake shore, at 1 cm  200-250 g Sieve filtration and stored in 2.5% formalin at 4 °C. Filtrated 14%
(2019) depth was used for formaline-ether concentration (centrifugation at

2000 rpm, 5 min).
Sediment observation in unstained/iodine-stained wet mounts.

Ferreira Brazil not indicated Not given Spontaneous sedimentation (data on dilution liquid not parasite found
Martins provided) for 24 h. Sediment observation in unstained/iodine- ~ but no data
et al. stained wet mounts. provided
(2017)
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(extraction solution with/without detergent and duration of agitation) can also affect the sensitivity of the analysis.

At the concentration phase, there are two sources of variation between studies: the different methods used in each case and, for a
given protocol, the apparently minor differences in the methodology used (e.g., pore size of filters, dilution solutions, centrifugation
speeds and times). These differences have been shown to affect parasite recovery in faecal samples (Ballweber et al., 2014; Manser
et al., 2016). Comparisons between methods have been performed on faecal samples to determine which one produces fewer false-
negative results (Soares et al., 2020), but there are very few studies on their actual detection limits (i.e. number of cysts/oocysts/
eggs per amount or volume of original sample); and there are no studies on environmental samples. Since the minimum number of
infective (0o)cysts/eggs required for infection to occur is not known for most parasites, but it is generally considered to be low
(Chalmers et al., 2020), it is very important to ensure the accuracy of a negative diagnosis. The common approach is to examine several
slides from each final concentrate. For this purpose, usually fresh or Lugol's iodine stained slides are prepared and observed under
optical microscopy at low to medium power magnification (10-40x objectives). This is sufficient to find B. coli cysts, as their large size
makes them easily discoverable and their morphology is not significantly altered by the concentration procedure (i.e. spontaneous vs
forced sedimentation, or variations in centrifugation time and speed); the exception would be if flotation methods are used. The os-
motic pressure of the saturated solutions does not affect oocysts or Entamoeba/Giardia cysts, or thick-shelled eggs, but can cause
deformation of operculate and thin-shelled eggs and ciliate cysts (Ballweber et al., 2014; da Silva Barbosa et al., 2016), making their
identification difficult (Fig. 1). Formalin does not affect the morphology of B. coli cysts and is a valid fixative for morphological
analysis; however, as mentioned in section 2, it would be better to avoid its use as molecular tools would be necessary to confirm the
diagnosis and thus avoid misidentifications.

3.1. Cyst detection in soil matrices

Some soil-transmitted parasites can enter the host though the skin (e.g. Strongyloides, hookworms) while others enter via the oral
route; in this case, apart from geophagy, the most common way of infection is through contaminated food or water. As B. coli is mainly
considered as a foodborne parasite (World Health Organization, 2017), the importance of detecting it in soil samples is related to the

Table 2
Methodology used in the detection of B. coli in water samples.

Authors Country Sample type Sample Methodology B. coli positive
quantity samples
Ajeagah and Cameroon river sediment 1L Spontaneous sedimentation for 24-48 h. The pellet was used up to 613 cysts/L
Moussima for different methods: 1- resuspended in formaline and
Yaka (2014) centrifuged at 500 rpm, 5 min; 2- used for for zinc sulphate
flotation; 3- used for Ritchie and Telemann concentration.
Observations in iodine-stained wet mounts.
Al-Tufaili et al. Iraq river stream at 1L Sieve filtration and concentration (method not indicated). parasite found
(2014) surface and at 2 m Sediment observation in unstained wet mounts. but no data
depth provided
Ayaz et al. (2011) Pakistan tap, pond and drain Not given Filtration through Filtra-Max filters; filter elution and 5.78%
water centrifugation. Sediment observation in unstained wet mounts.
Daminabo and Nigeria abbatoir effluents Not given Direct observation in unstained/iodine-stained wet mounts. 11.1%
Damen (2020)
Ferreira Martins Brazil not indicated Not given Direct observation after collection and after spontaneous parasite found
et al. (2017) sedimentation for 24 h, in unstained/iodine-stained wet but no data
mounts. provided
Karaman et al. Turkey river stream at 30 5L Spontaneous sedimentation for 1 h. Sediment resuspended and ~ 16.77%
(2017) cm depth centrifuged at 1000 rpm, 10 min. Sediment observation in
unstained/iodine-stained wet mounts.
Khanum et al. Bangladesh ~ wastewater 2L Samples processed by formol-ether concentration. Observation ~ 4.16%
(2012) in unstained wet mounts.
Nsoh et al. (2016) Cameroon taps, wells, Not given Sample centrifugation at 2000 rpm, 5 min. Sediment 3.9%
boreholes and observation in unstained/iodine-stained wet mounts.
springs
Oyibo etal. (2016)  Nigeria borehole and river Not given Sieve filtration (0.5 pm mesh size); residue rinsed with 50 mL ~ 5.3%
stream distilled water and centrifuged at 500 rpm, 2 min. Sediment
resuspended in saline and centrifuged. Sediment resuspended
in concentrated by the formaline-ethyl acetate method.
Sediment observation in unstained/iodine-stained wet mounts.
Poma et al. (2012)  Argentina river stream 20L Sieve filtration to remove solids. Filtration through parasite found
ultrafiltration units. Elution with 0.05 M glycine/NaOH and but no data
0.1% Tween 80. Filtration through gauze and further provided
concentration by sucrose flotation and by centrifugation at
1000 rpm, 5 min. Sediment preserved in 10% formol, SAF and
MIF. Observation in unstained/iodine-stained wet mounts.
Shah et al. (2016) Pakistan tube-wells, ponds Not given Filtration through Filtra-Max filters; filter elution and 5.78%

and drain water

centrifugation.
Sediment observation in unstained wet mounts.
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Table 3
Methodology used in the detection of B. coli in vegetables.
Authors Country Sample Sample Methodology B. coli
type quantity positive
samples
Agobian et al. (2013) Venezuela L 200 g Soft washing in 2 L of filtered water and spontaneous sedimentation 15%

for 24 h. Sediment resuspended and centrifuged at 3000 rpm, 10 min.
Observation in unstained/iodine-stained wet mounts.

Ajitha et al. (2020) India F,L,R,S 200 g Mechanical vigorous shaking for 15 min in saline; spontaneous 2.7%
sedimentation overnight. Sieve filtration and centrifugation at 3000
rpm, 5 min. Sediment observation in unstained/iodine-stained wet
mounts.

Akoachere et al. (2018) Cameroon LR 25g Vigorous shaking for 15 min in 225 mL sterile distilled water; gauze 32.4%
filtration and spontaneous sedimentation for 10 h. Sediment
resuspended and centrifuged at 1207 g, 5 min. Observation in
unstained/iodine-stained wet mounts.

Al-Sanabani et al. (2016) Yemen L 100 g Sample washing in saline (time not given); spontaneous 3.8%
sedimentation for 6 h. Sediment resuspended and filtered, then
centrifuged at 3000 rpm, 3 min. Observation in unstained wet mounts.

Alade et al. (2013) Nigeria LS 50g Sample washing in distilled water; filtration and centrifugation at 8.19%
5000 rpm, 5 min. Sediment used for magnesium sulphate flotation.
Observation in unstained wet mounts.

Alemu et al. (2019) Ethiopia L,R,S 100 g Mechanical vigorous shaking in 500 mL saline. Spontaneous 4.3%
sedimentation overnight. Observation in unstained/iodine-stained
wet mounts.

Amaechi et al. (2016) Nigeria LR S Not given Sample soaking in saline for 30 min; sieve filtration and spontaneous  8.3%

sedimentation for 10 h. Sediment resuspended and centrifuged at
5000 rpm, 5 min. Observation in iodine-stained wet mounts.
Etewa et al. (2017) Egypt F,L,R 200 g Soaking in 1 L saline overnight; sieve filtration and centrifugation at 5.7%
2000 rpm, 20 min. Supernatant used for zinc sulphate flotation.
Observation in unstained/iodine-stained wet mounts.

dos Carolino Fiorido and Brazil F Not given First washing consisting in soaking in 200 mL distilled water and 28.57%
Andrade de Souza manual shaking for 30 s; second washing by brushing in 200 mL
(2020) distilled water. In both cases, sieve filtration and spontaneous

sedimentation for 24 h. Sediment resuspended and centrifuged at
4500 rpm, 1 min. Observation in iodine-stained wet mounts.

Kudah et al. (2018) Ghana LR, S 150-200 g Sample washing in distilled water or saline (0.45-1.5% NaCl); 13.6%
spontaneous sedimentation for 12 h. Sediment resuspended and
filtered, then centrifuged at 1500 rpm for 5 min. Observation in
unstained/iodine-stained wet mounts.

Mukhtar et al. (2016) Sudan LR, S Not given Sample washing in 30 mL 10% formalin in saline. Spontaneous 1.3%
sedimentation for 24 h. Sediment resuspended and centrifuged at
3000 rpm, 5 min. Observation in wet mounts.

Nazemi et al. (2012) Iran L, R 200 g Sample washing in 1 L of detergent solution (1% SDS, 0.1% Tween 80) 2%
for 10 min. Centrifugation at 3000 rpm, 10 min. Sediment fixed with
4% formaline for 10 min. Observation in unstained/iodine-stained
wet mounts.

Ogunremi et al. (2017) Nigeria F,L,R, S 200-250 g Soaking in distiller water for 10-20 min. Sieve filtration and 8.29%
centrifugation at 3000 rpm for 15 min. Sediment resuspended for zinc
sulphate flotation. Observation in wet mounts.

Ordonez et al. (2018) Philippines F,L,R, S 250 g Following Nazemi et al., 2012 8.29%
Sena Barnabé et al. Brazil L Not given Sample soaking in 1 L distilled water and spontaneous sedimentation ~ 20%
(2010) for 24 h. Sediment resuspended and centrifuged at 2500 rpm, 1 min,

then resuspended for zinc sulphate flotation. Observation in iodine-
stained wet mounts.

(*) F - fruits (i.e., apple, orange, grapes, strawberries, etc.); L — leaf vegetables (i.e., lettuce, cabbage, spinach, parsley, etc.); R - root vegetables (i.e.,
potatoes, carrots); S — smooth surface vegetables (i.e., tomatoes, green pepper). The vegetables of each type under analysis varied among studies.

possibility that soil would be the source of food contamination (Ajitha et al., 2020; Al-Sanabani et al., 2016; Alemu et al., 2019; Matini
et al., 2017; Ordonez et al., 2018). In general, the analysis of soil contamination with parasites is mainly focused on the detection of
helminth eggs and larvae rather than enteric protozoa. The methodology used for the diagnosis of helminths in soil samples (Amoah
et al., 2017; Collender et al., 2015) can be used for the search and identification of enteric protozoa, including B. coli, in soil samples.
This parasite has been recorded by some authors at low rates in soil samples (Table 1), However, the images provided in some studies
are unclear and could correspond indeed to free-living ciliates.

The presence of parasitic structures in soil is due to contamination from wastewater or with polluted irrigation water (e.g. in crops),
or from direct contamination with faeces from infected hosts. In the first case, their distribution in the irrigated soil would be ho-
mogeneous, while in the second case the distribution would be heterogeneous (faeces being the initial point of dispersal). Then, the
first problem to solve is the spatial distribution of sampling points, and several strategies are possible (systematic aligned and non-
aligned methods, walking path transect sampling, grid-based random sampling) (Collender et al., 2015). However, the sampling
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I .
Fig. 1. Variation in the Balantioides coli cyst morphology after concentration protocols. A-C, cysts obtained after SAF-ethyl acetate sedimentation
concentration. D-E, cysts obtained after sucrose flotation concentration. F-G, cysts obtained after SO4Zn flotation concentration. In A-C,; the
encysted cell fills the cyst. In D-G, the osmotic pressure has caused the encysted cell to collapse and cannot be seen, and the cyst wall is deformed
and even broken (E, arrowhead). The same sample (fresh faeces from a naturally infected orang-utan maintained in the Zoo-Aquarium de Madrid,

Spain) was used in all procedures. A, D and F, unstained wet mounts; B, C, E and G, wet mounts stained with iodine. The cysts in B and C were
observed in the same slide, one became darker than the other with iodine. All images are reproduced at the same magnification. Scale bar: 50 pm.

pattern, if followed, is usually not indicated in the reports. Once samples have been collected, the general protocol has been to mix
them with a wash/extraction solution and filter them, and the obtained sediment (sometimes all of the filtrate) has been processed
using concentration techniques, with the final concentrate been observed under the microscope. For helminth eggs and larvae,
flotation concentration methods are commonly used, with recovery rates ranging from less than 10% to more than 100% (Collender
et al., 2015). In the few studies in which B. coli was identified in soil samples, flotation and sedimentation methods were used, but
published data were aggregated and differences between methods, if any, were not mentioned (Table 1).

Separation of parasitic structures potentially trapped in the particulate material of soil samples is challenging (Amoah et al., 2017;
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Collender et al., 2015). Detergent solutions are preferred for this washing step and Tween 40, Tween 80, Triton X, 7 X, antiformin and
ammonium bicarbonate have been used (Amoah et al., 2017). In the studies that have reported B. coli cysts in soil samples, one study
used Tween 80 in the washing step (Charitha et al., 2015); no data were provided on the dilution fluid used in the other studies
(Table 1). Comparative analysis should be conducted to determine the composition of the washing solution (with/without detergent,
which detergent, concentration) that allows the best performance in terms of parasitic structures-soil particles separation.

3.2. Cyst detection in water samples

Most waterborne protozoan outbreaks reported worldwide have been caused by Giardia duodenalis and Cryptosporidium spp.
(Baldursson and Karanis, 2011; Efstratiou et al., 2017; Karanis et al., 2007; Rosado-Garcia et al., 2017), whereas only a single outbreak
caused by B. coli was documented (in 1971, on Truk Island in the Pacific; Walzer et al., 1973). Although drinking water can act as a
carrier of B. coli cysts, their large size allows them to be easily removed by filtration; furthermore, they do not remain in suspension as
easily as smaller cysts of other waterborne protozoa (i.e., Cryptosporidium spp., Giardia duodenalis or Entamoeba spp.). Because of this,
B. coli is primarily considered a foodborne parasite for humans (World Health Organization, 2017) and is not among the pathogens
prioritised for regulation in drinking water (Hoffman et al., 2009). Accordingly, findings of this parasite in water samples should in
most cases be considered of possible relevance to food (or soil) contamination rather than for direct infection to humans.

Standardised protocols exist for the detection of Cryptosporidium spp. and Giardia duodenalis in water samples (US Environmental
Protection Agency methods 1622 and 1623, and ISO 15553:2006), which are considered the most relevant waterborne parasites due to
the number of outbreaks and associated human infections caused by them. Other simpler, not standardised procedures have been
proposed for the diagnosis of other protozoa (Lora-Suarez et al., 2016; Moreno et al., 2018; Tobon et al., 2018). The use of non-
standardised methods makes direct comparisons between studies difficult, as there are differences in the types of samples (running
or standing water sampled at the surface, at different deep or in the sediment; wastewater; sludge from treatment plants), the volume
processed, and the analytical methods used.

Balantioides coli cysts have been reported in samples from sewage, drainage water, rivers, ponds and drinking water; concentration
by sedimentation and filtration through Filtra-Max filters were the most commonly used methods (Table 2). Flocculation is widely used
in water treatment plants for pathogen removal; however, this method is not commonly used for the isolation and diagnosis of protozoa
(Bridle et al., 2014) although its possible use for the detection of Giardia duodenalis, Cryptosporidium spp. and Toxoplasma gondii in
contaminated water has been suggested (Karanis and Kimura, 2002; Kourenti et al., 2003; Zhang et al., 2013). There are no reports of
B. coli in the studies based on flocculation procedures; as few data are available, further research is needed to determine wether this
method could be valid for B. coli.

3.3. Cyst detection in food

Transmission of B. coli through contaminated food stuff is not considered of great importance in the developed world (Dawson,
2005) probably because this parasite has rarely been implicated in foodborne outbreaks; however, it has been frequently reported in
surveys of parasites in fresh produce and fruits sold in local markets in developing countries. In general, contamination of vegetables
with pathogenic microorganisms, including B. coli, can occur at source (i.e., by using wastewater or night soil), or during transport,
handling and sale/service to final consumers (Auad et al., 2019; Dixon, 2015; Ensink et al., 2007; Herman et al., 2015; Milinovich and
Klieve, 2011; Pires et al., 2012; Rodrigues Maldonade et al., 2019). Appropriate control measures to avoid or minimise contamination
has been reviewed by Dixon (2015).

Li et al. (2020) has reviewed detection methods for intestinal protozoan parasites contaminating vegetables and fruits. Stand-
ardised protocols exist for the detection of Cryptosporidium spp. and Giardia duodenalis (ISO 15553:2006 and ISO 18744:2016,
respectively), and in general, the trend is to incorporate molecular tools (PCR and immunology-based methods) for parasite detection
and identification (Li et al., 2020; Orlandi et al., 2002). All reports of B. coli contamination of fruits and vegetables have been made by
detection of morphologically compatible cysts. The parasite is usually found in <10% of the vegetables studied, although values up to
32.4% have been reported (Table 3). The discordance between the results of the different studies has been attributed to a combination
of factors, such as irrigation and fertilisation systems, lack of sanitary facilities and human behaviour in the study area (Alade et al.,
2013; Amaechi et al., 2016; Hassan et al., 2012), and differences in analytical methodology (Agobian et al., 2013; Ajitha et al., 2020;
Akoachere et al., 2018; Amaechi et al., 2016; Hassan et al., 2012; Kudah et al., 2018).

The most common methodological scheme for the detection of intestinal parasites in vegetables has consisted of washing the
samples followed by filtration of the washing liquid and centrifugation (with or without a previous spontaneous sedimentation); in
some cases flotation techniques have been used. However, differences among studies can be found in the specific protocols for
detaching parasites from vegetables, washing solutions, and concentration techniques (Table 3). In addition, the same protocol is
usually applied in each study to all vegetables tested despite they can have different characteristics (i.e., leafy, root or smooth surface
vegetables) that could affect the performance of the method used and the results obtained (Kudah et al., 2018).

4. Viability assessment and parasite inactivation
Detection methods are in most cases not valid for determining the viability of the parasites. There are some exceptions, such as stool

cultures used for hookworm diagnosis or migration methods (i.e. Baermann technique) for Strongyloides diagnosis, which are based on
live eggs/larvae present in the sample. For most helminths, egg viability is determined by observing their morphology and the presence
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of developing and active larvae inside the eggs, as well as by vital staining (Amoah et al., 2017). In the case of enteric protozoa, the
microscopic appearance and integrity of the (oo)cysts would be suggestive of viability; however, due to their very small size,
morphological alterations may be overlooked. Furthermore, if they show altered morphology (lack of internal structures, retracted
content, wall deformation), this may be caused by the substances used in the analytical procedure (i.e. formalin, saturated solutions,
Lugol's iodine) and therefore it is not possible to determine whether the (0o)cysts were initially degenerated, or killed and altered
during the analysis. Furthermore, (0o)cysts are dormant stages and no activity can be observed in them even if they are viable and
infective (once oocyst sporulation has occurred, no further activity can be observed). For some protozoa, alternative methods have
been developed based on dead/live selective dyes (i.e., trypan blue, ethidium bromide, propidium iodide, SYTO-dyes, DAPI), in vitro
excystation, in vitro culture, or analysis of specific gene targets (Rousseau et al., 2018). In B. coli, only Etewa et al. (2017) have assessed
viability by trypan blue staining. These authors considered as viable those cysts that appeared light blue and showed exclusion of the
dye, while dead cysts appeared dark blue.

The results of all these viability tests may not correlate with parasite infectivity, as not all viable cysts would be infective (Erickson
and Ortega, 2006; Rousseau et al., 2018). The best method to determine infectivity is by experimental infections in animal models. In
the case of B. coli, there was active research on this topic in the first half of the 20th century, but the studies conducted showed variable
results (Gabaldon, 1935; Schumaker, 1930; Walker, 1913; Young, 1950) and interest in this type of research on a parasite that was not
(and still is not) considered a major public health threat declined. Current regulations on the use of experimental animals have
discouraged research on this topic. An alternative would be the use of in vitro models for the excystation and culture of B. coli, but more
research is needed. Several media have been used for the culture of the trophozoites, with variable success rates (Clark and Diamond,
2002; da Silva Barbosa et al., 2015, 2018a; Yan et al., 2021). In some cases, cultures were initiated from cysts (da Silva Barbosa et al.,
2015; Yan et al., 2021). However, the specific conditions for inducing the excystation process are undefined and da Silva Barbosa et al.
(2015) failed to obtain excystation in 36% of the cultures.

Without a suitable method to assess B. coli cyst viability, studies evaluating the efficacy of different systems for cyst inactivation are
lacking. Etewa et al. (2017) tested the use of 5% acetic acid and postassium permanganate (24 mg/L) for 15 and 30 min as disinfectant
solutions against helminth eggs and protozoan (0o)cysts (including B. coli) on fresh produce from rural markets in Egypt. They found a
slightly higher effect with acetic acid, but in all cases, the viability loss (assessed by trypan blue staining) was less than 30%. Chlo-
rination, UV light and ozone disinfection have been investigated against enteric protozoa in wastewater, but no single common method
was found to be valid: chlorine is effective against Giardia cysts but not against Cryptosporidium oocysts, UV at reasonable doses
produces little inactivation, and ozone is more effective against Giardia than against Cryptosporidium (Schaefer et al., 2004). In fresh
vegetables, chlorine and hydrogen peroxide, to be effective, would need a longer contact time than that used in the processed vegetable
industries; chlorine dioxide is effective against Cryptosporidium but not against Cyclospora; and ozone has not been tested against
parasites contaminating fresh produce (Gérard et al., 2019). Freezing, heating and drying can be effective but may not be adequate if
the organoleptic characteristics of the food are altered. This variability in the efficacy of treatments against different parasites does not
allow extrapolating a valid disinfectant for B. coli, and specific studies on this parasite would be necessary.

5. Future studies and research

Balantioides coli is the only ciliate known to date to parasitize humans; however, Buxtonella-like ciliates have been found in some
non-human primates, raising the question of wether humans are also suitable hosts to them. So far, very few ciliate isolates of human
origin have been investigated using molecular tools and all have been confirmed as B. coli (Lopez Arias et al., 2017; Ponce-Gordo et al.,
2011); however, genetic analysis should be conducted on future isolates to rule out infections by ciliates other than B. coli. The same
type of analyses should be performed on animal isolates, as Buxtonella sp. infect bovines and non-human primates. Moreover, these
techniques should be mandatory in ciliate-positive environmental (food/water/soil) samples to confirm the species, as identifications
as B. coli has so far been done on the basis of morphological similarity of cysts. Further research is needed to adapt existing protocols
with faecal samples or to develop new ones, for molecular identification of this parasite in environmental samples. In the meantime, it
would be advisable to identify compatible findings as B. coli-like until genetic analyses confirm the species.

Except for Cryptosporidium spp. and Giardia duodenalis, there are not standardised methods for the detection of parasites in envi-
ronmental samples (Chalmers et al., 2020). Due to the large size of B. coli cysts, no specific protocols are needed and those applicable
for the detection of helminth eggs could also be valid for the tentative identification of this parasite. However, flotation methods,
which are commonly used for the diagnosis of helminth eggs and some protozoa such as Cryptosporidium spp. and Giardia duodenalis,
would not be recommended for the detection of B. coli as they can produce morphological alterations in the cysts, making their
identification difficult. It should also be noted that the differences between protocols could affect cyst recovery rates and limit the
performance of other techniques that can be used to analyse the sample (e.g. if formalin is used, genetic analysis cannot be performed).
If a common standardised procedure were used in epidemiological surveys, the data would be easely comparable and risk assessment
and evaluation of critical control points would be done with a higher degree of confidence.

Another important point in parasitological surveys involving environmental samples is to determine whether the parasites are alive
and infective; most detection methods do not provide this information. As for B. coli, this is an unexplored field of research. Inves-
tigation of vitality markers and defined conditions for in vitro excystment is needed. In vivo models, which could be considered the
“gold standard” in infectivity experiments, pose major ethical concerns and show a lack of reproducibility in B. coli. In vitro models are
the best alternative, but they have also shown variable reproducibility in B. coli and need to be improved. The development of a reliable
culture system, focusing on axenic media, will boost research on this parasite.
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