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Abstract

Infections caused by the intestinal ciliate Neobalantidium coli are asymptomatic in most hosts. In humans and captive
African great apes clinical infections occasionally occur, manifested mainly by dysentery; however, factors responsible for
development of clinical balantidiasis have not been fully clarified. We studied the effect of dietary starch on the intensities of
infection by N. coli in two groups of captive chimpanzees. Adult chimpanzees infected by N. coli from the Hodonin Zoo and
from the Brno Zoo, Czech Republic, were fed with a high starch diet (HSD) (average 14.7% of starch) for 14 days, followed by
a five-day transition period and subsequently with a period of low starch diet (LoSD) (average 0.1% of starch) for another
14 days. We collected fecal samples during the last seven days of HSD and LoSD and fixed them in 10% formalin. We
quantified trophozoites of N. coli using the FLOTAC method. The numbers of N. coli trophozoites were higher during the
HSD (mean = SD: 49.0%134.7) than during the LoSD (3.5%6.8). A generalized linear mixed-effects model revealed
significantly lower numbers of the N. coli trophozoites in the feces during the LoSD period in comparison to the HSD period
(treatment contrast LoSD vs. HSD: 2.7+0.06 (SE), z=47.7; p<<0.001). We conclude that our data provide a first indication
that starch-rich diet might be responsible for high intensities of infection of N. coli in captive individuals and might
predispose them for clinically manifested balantidiasis. We discuss the potential nutritional modifications to host diets that
can be implemented in part to control N. coli infections.
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immunocompromised human patients [10,11,12,13] and albeit
rare, lethal cases have been reported in humans and captive apes
[9,14,15,16].

Although pigs and rats have been used to study Neobalantidium
infections [17,18,19], captive African great apes offer a valuable
model, which might help us to unravel the factors contributing to
the development of clinical balantidiasis in humans, because both
humans and African great apes are not natural hosts for V. coli [4]
and unlike in pigs and rats clinical outcomes have been observed
in apes [2,6,7,8,9]. The occurrence of N. coli in captive African
great apes has been explained by (i) the presence of reservoir(s) in
captive facilities or/and (ii) differences in the diet of wild and
captive apes [4]. It seems that the reservoir hypothesis alone
cannot sufficiently clarify the situation as the suid reservoir hosts
occur also in the wild [e.g. red river hogs (Potamochoerus porcus)
being in close contact with free raging apes, Pomajbikova,

Introduction

Balantidiasis is a neglected protozoan infection caused by
trichostomatid ciliate Neobalantidium cole [1] (formerly Balantidium
coli), inhabiting the hindgut of a variety of mammalian species
worldwide [2]. Domestic swine and wild boars are considered as
the principle natural reservoirs [3]. In humans, balantidiasis is
considered as a zoonotic disease acquired via the fecal-oral route
from the reservoir host, usually through contact with swine feces.
N. coli infection is commonly reported in captive African great apes
(prevalence 71%, [4]), but is rarely found in wild apes when
examined [4,5].

The factors affecting the pathogenicity of N. coli are unclear. It
is considered a harmless commensal in reservoir hosts [2],
however, in humans and captive African great apes, especially
gorillas, the infections can be manifested by a range of clinical

symptoms including chronic diarrhea to bloody dysentery
[2,6,7,8,9]. Moreover, N. coli is able to invade other organs in
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unpublished data]. On the other hand, it is well-known that the
diet of captive great apes significantly differs from that in the wild.
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Captive ape diets are low in fiber, rich in starch and readily
available sugars [20,21,22,23]. Intestinal ciliates from the subclass
Trichostomatia are known to possess amylases enabling them to
utilize starch, and i vitro studies on N. coli demonstrated that this
ciliate is able to ingest the starch particles [24,25]. Moreover, a
handful of very early experimental studies have suggested a
possible effect of a starch-rich diet on V. coli infection in pigs, rats
and humans [17,18,19,26]. In addition, dietary starch has been
shown to enhance ciliate growth in a mutualistic entodiniomor-
phid ciliate Troglodytella abrassarti in captive chimpanzees [27].

Our long-term research on MN. coli in captive primates [1,4]
provided us with an opportunity to examine the effect dietary
starch on the fecal populations of V. coli in two groups of captive
chimpanzees.

Materials and Methods

Ethical statement

This study was authorized by managements of Hodonin and
Brno Zoos, the ethics committee of the Institute of Vertebrate
Biology; AS CR reviewed and approved the protocol of the study.
Our research and the protocol complied with the legal require-
ments of the Czech Republic (Czech National Council Act No.
246/1992 Coll. the protection of animals against cruelty, amended
by Act No. 162/1993 Coll). Our study was non-invasive.
Collection of fecal samples did not include any disturbance of
the animals (see the part Sample collection and ciliate quantifi-
cation). We designed the diets in close collaboration with both
Zoos. For welfare and enrichment purposes we paid careful
attention to feed chimpanzees variable diets of different food
components each day. However, in order to design diets which
differ in starch, but stay as much as possible similar in all other
nutrients, these diets did not fully meet nutritional requirements of
chimpanzees in captivity [21,28], but we kept specific feeding
habits of each chimpanzee group.

Animals and housing

The study was conducted in the Hodonin Zoo, Czech Republic
(chimpanzee group I: adult male Ob, ca. 31 years of age; adult
female Zuzana, ca. 37 years of age) from August 12, 2010 to
September 19, 2010 and in Brno Zoo, Czech Republic
(chimpanzee group II: adult male Faben, 31 years of age; adult
female Nimba, 31 years of age) from November 8, 2010 to
December 16, 2010. Chimpanzees in Brno Zoo could utilize three
recently repaired indoor enclosures and two outdoor enclosures,
while chimpanzees in Hodonin Zoo could use one indoor and one
outdoor enclosure. Wooden wool was provided to the chimpan-
zees for bedding and the indoor enclosures were cleaned once per
day by water and disinfectants. Both zoos carry out enrichment
programs with focus on feeding enrichment i.e. different ways of
hiding, presenting or enriching food provided to animals.
Moreover, enclosures are enriched with species specific equipment
promoting their natural way of life, including locomotion, resting
etc. Chimpanzee had no close contact with humans or other
animals kept in the zoos. Our previous study showed that the
chimpanzees harbor N. coli with no clinical symptoms (e.g.
diarrhea) [4].

Diets and sample collection

During the study, we fed the chimpanzee groups two different
diets: a high-starch diet (HSD, average 14.7% of starch) and a low-
starch diet (LoSD, average 0.1% of starch). The LoSD was
composed only from low starch food items, while the HSD
included also potatoes and rice (Table 1). First, we fed
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chimpanzees the HSD to adapt them to this diet for 7 days,
which was followed by a 7-day HSD period with fecal collection.
Afterwards there was a 5-day gradual transition to LoSD and
another 7-day adaptation LoSD period followed by a 7-day LoSD
experimental period when we collected the feces. Throughout the
study, daily food intake was 4.502+0.5 kg/animal in wet weight in
both zoos. We weighed each dietary item before feeding and, if
any of the items remained, after feeding, in order to quantify the
exact amount of the total diet ingested.

We froze the samples of each food item and analyzed them for
crude protein, lipid, starch, ash, neutral detergent fiber (NDF),
acid detergent fiber (ADF), and acid detergent lignin (ADL), by
standard methods approved by the Association of Official
Analytical Chemists International [29]. Starch was hydrolyzed
with hydrochloric acid and analyzed as free sugars by polarimetry,
whereas proteins were determined by using the Carres agents. The
resulting values were corrected using optically active compounds
dissolved in an ethanol-water mixture [29]. Hemicellulose was
calculated as NDF-ADF. Cellulose was calculated as ADF-ADL.
LoSD and HSD did not differ in terms protein, fiber and lipid
concentrations (Table 2).

Sample collection and ciliate quantification

In both zoos we collected fecal samples 2—3 times per day from
individuals in indoor and outdoor enclosures. We did not pool the
samples. The collection of fecal samples was non-invasive and did
not cause any disturbance to the animals. We could not assign
fecal samples to particular individuals as the ethical considerations
prohibited us from separating the animals for the duration of the
study.

We immediately placed 5 g of feces in 20 ml of 10% formalin
and then transferred the samples to the laboratory of the
Department of Pathology and Parasitology of the University of
Veterinary and Pharmaceutical Sciences Brno for examination.
We quantified the trophozoites of N. coli under light microscope
(Olympus CX 41) with magnification 400 x and by FLOTAGC 400
apparatus according to the FLOTAC technique protocol [30]
optimized for Neobalantidium trophozoite quantification using the
FS3 Zinc Sulphate flotation solution (ZnSO,. 7Hy0, s.g. 1.2),

[31].

Statistical analyses

We tested the effect of diet on the number of V. coli trophozoites
present in feces by a generalized mixed-effects model (GLMM)
with Poisson error distribution and log link function. Zoo
(Hodonin, Brno) was considered as the experimental unit. The
numbers of trophozoites (count data) entered the model as the
response variable, while the type of diet was a categorical predictor
with two levels (HSD and LoSD) and zoo (Hodonin and Brno) a
random effect. The GLMM was fitted in the package Ime4 [32],
using Laplace approximation for parameter estimations [33]. All
statistical analyses were conducted in R 2.13.1 [34].

Results

We examined 58 samples during HSD and 67 samples during
LoSD from group I, and 39 samples during HSD and 28 samples
during LoSD from group II. We found only trophozoites of V. coli;
no other parasites were present. No clinical symptoms were
observed throughout the whole study period. The numbers of N.
coli trophozoites were higher during the HSD (mean * SD:
49.0£134.7) than during the LoSD (3.5*6.8; TFig. 1). The
generalized linear mixed-effects model showed a significant
difference in the numbers of N. coli trophozoites detected in
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Table 1. Daily intake of experimental diets fed to chimpanzees (means of wet matter, g/day and chimpanzee).

Hodonin Brno

HSD LoSD HSD LoSD
fruit - both diets' 2343*+196 2283*245 1085+134 1122£251
vegetable — both diets? 1613+228 1739259 1862203 1907225
vegetable/fruit - only LoSD? 0 953+108 0 954+171
rice 382+416 0 498+486 0
potatoes (fresh and boiled), rice 618+416 0 428+475 0
dairy products (cottage cheese, yoghurt) 15+42 15+42 92+114 95+118

doi:10.1371/journal.pone.0081374.t001

chimpanzee feces between the two diets. The treatment contrast
between LoSD and HSD from the GLMM was highly significant
(2.7%0.06 (SE), z=47.7; p<<0.001).

Discussion

Early studies, carried out nearly a century ago [17,18,19],
demonstrated that high content of starch in the diet of rats and
domestic pigs makes the environment in the caecum and large
intestine favorable for multiplying of V. colz trophozoites, leading to
increased infection intensities. In our model situation, which is
much closer to humans, we also recorded lower numbers of
Neobalantidium trophozoites in feces when chimpanzees were fed
with the low starch diet. Although the number of experimental
units in our study was low, our results provide an indication that
starch-rich diet, which is not typical of wild African great apes
[21,22,35] might contribute to increased intensities of infection of
N. coli in captive apes. We point out that a possibility that starch-
rich diet might predispose the animals for clinically manifested
balantidiasis needs to be further studied.

The assessment of the exact amount of starch passing through
the small intestine to the colon of studied chimpanzees is
complicated, because resistant starch is determined complexly by
several factors and its analytical measurement is difficult [36].

Table 2. Mean nutritional composition of the low- starch diet

(LoSD) and high-starch diet (HSD) consumed by chimpanzees.
Zoo Hodonin Zoo Brno

% of dry matter HSD LoSD HSD LoSD

NDF 10.9*0.5 13.0£0.9 11.0£0.7 12.7*0.6

ADF 8.8+04 10.6*1.0 8.3%+0.6 9.7%+0.5

ADL 1.5*0.1 1.7%+0.2 1.7£0.2 1.7%£0.2

Cellulose 73*+04 8.9+0.9 6.6+0.5 8.0+0.5

Hemicellulose 2.1+0.2 24+0.2 2.7+03 3.0+0.3

Crude protein INIES =2 11.9%1.9 8.5*0.6 8.6*£0.6

Starch 18.7+2.0 0.1+0.0 10.7+1.9 0.1+0.1

Lipids 22*+05 1.9£0.2 1.6+0.3 1.6£0.1

Ash 58+0.3 7.0+0.5 52+03 5.8+0.3

NDF - neutral detergent fiber; ADF - acid detergent fiber; ADL - acid detergent

lignin.

doi:10.1371/journal.pone.0081374.t002
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HSD - high starch diet; LoSD - low starch diet. 'Zoo Hodonin: orange, grapes, apple, pineapple, banana, kiwi, pears, watermelon, plum, nectarine; 'Zoo Brno: orange,
grapes, apple, pineapple, banana, kiwi; *both zoos: pepper, tomato, carrot, kohlrabi, cucumber; Zoo Hodonin: onion, leek, cauliflower, beet, spring onion, lettuce,
Chinese leaves, nectarine; >Zoo Brno: onion, leek, cauliflower, beet, lettuce, Chinese leaves.

However, studies have shown that the amount of unabsorbed
starch entering the colon is directly related to the quantity ingested
and that on average 10% of total dietary starch may escape
digestion in the small intestine in humans [37,38,39]. Salivary
amylase protein levels are ~6-8 times higher in humans than in
chimpanzees which suggest that starch digestion in humans is
more efficient than that in chimpanzees [40,41]. Thus it is likely
that the proportion of starch entering the colon can be even higher
in chimpanzees in comparison to humans.

Clinical balantidiasis in humans and great apes is usually treated
by administration of antibiotics, though even repeated treatment
does not lead to permanent elimination of N. coli in infected apes
[7,15]. Our results imply that low starch diet can maintain low
numbers of trophozoites in the intestine. However, as stated
above, our experimental diets designed in order to test the impact
of dietary starch did not meet fully meet nutritional requirements
of chimpanzees in captivity (e.g. in protein and fiber content)
[21,28] and even the LoSD should not be fed to chimpanzees in
long-term. Well-balanced diets, more closely resembling the diet of

5 o
o .
O Hodonin zoo
O Brno zoo
2 o
o o
g 8-
g -
o
=
o
o
2
=
3 o
8 o
o
o
E S o
3 -
= o o
s
S
T
9 —_ °
g | T
H
= ; :
(=] i
S B ; ! °
o] ; '
e} ! ;
€ 0 i 3
=}
o
= o
N
= L
o 4 ——
Period 1: HSD Period 2: LoSD

Diet

Figure 1. Numbers of Neobalantidium coli in chimpanzee feces
during low-starch (LoSD) and high-starch (HSD) diets in two
study groups.

doi:10.1371/journal.pone.0081374.g001

November 2013 | Volume 8 | Issue 11 | e81374



wild great apes should be implemented in accordance with
modern zoo standards (see [21,22,23,28]). We also stress that due
to low number of experimental units, our results need to be
considered as preliminary and more research is necessary to look
at long-term effects of different starch levels on the number of
trophozoites of N. coli. Negative impact of starch-rich (and
concurrently low-fiber) diet on various components of intestinal
microflora of chimpanzees has been described also by other
authors ([42] — increase of Clostridium perfringens, [43] — occurrence
of trichomonads and mycoplasmas, [27,44] — increase of
Troglodytella abrassarty).

Development of effective antiparasitic strategies requires sub-
stantial knowledge of host-parasite interactions, including direct
effect of host nutrition on the parasites. To date, most of the
research has focused on utilization of nutritional alternations in the
control of helminthiases parasitizing livestock [45,46,47]. Taking
into consideration the results of diet experiments with Neobalanti-
dium infection in rats and domestic pigs [17,18,19], together with
results of our study on chimpanzees, we call for more studies
supporting the indications that low starch diet can be implemented
as supportive treatment of balantidiasis in addition to antibiotics.
In addition, Green and Scully [26] cured four cases of balantidiasis
in human patients by putting the patients on milk diet with
reduction or complete elimination of starches, while there was no
uniformity in dietary management of balantidiasis in other two

References

1. Pomajbikova K, Obornik M, Horak A, Petrzelkova KJ, Grim JN, et al. (2013)
Novel insights into the genetic diversity of Balantidium and Balantidium-like cyst-
forming ciliates. PLoS Neglect Trop D 7: 2140.

2. Schuster FL, Ramirez-Avila L (2008) Current world status of Balantidium coli.
Clin Microbiol Rev 21: 626-38.

3. Solaymani-Mohammadi S, Petri WA jr. (2006) Zoonotic implications of the
swine-trasmitted protozoal infections. Vet Parasitol 140: 189-203.

4. Pomajbikova K, Petrzelkova KJ, Profousova I, Petrasova J, Modry D (2010)
Discrepancies in the occurrence of Balantidium coli between wild and captive
African great apes. J Parasitol 96: 1139-1144.

5. Levecke B, Dorny P, Geurden T, Vercammen F, Vercruysse J (2007)
Gastrointestinal protozoa in non-human primates of four zoological gardens
in Belgium. Vet Parasitol 148: 236-246.

6. Isidoro J, Martynez J, Ramis A (2013) Haemorrhagic necrotizing colitis
associated with Campylobacter jeuni and Balantidium coli in Zoo gorilla. J Comp
Pathol 148: 87.

7. Lee RV, Prowten AW, Anthone S, Satchidanand SK, Fisher JE, et al. (1990)
Typhlitis due to Balantidium coli in captive lowland gorillas. Rev Infect Dis 12:
1052-1059.

8. Teare JA, Loomis MR (1982) Epizootic of balantidiasis in lowland gorillas. ] Am
Vet Med Assoc 181: 1345-1347.

9. Kim JCS, Abee CR, Wolf RH (1978) Balantidiosis in a chimpanzee (Pan
troglodytes). Lab Anim 12: 231-233.

10.  Anargyrou K, Petrikkos GL, Suller MT, Skiada A, Siakantaris MP, et al. (2003)
Pulmonary Balantidium coli infection in a leukemic patient. Am J Hematol 73:
180-183.

11. Cermeiio JR, Hernandez De Cuesta I, Uzcategui O, Paez J, Rivera M, et al.
(2003) Balantidium coli in a HIV-infected patient with chronic diarrhea. AIDS 17:
941-942.

12. Clyti E, Aznar C, Couppie P, el Guedj M, Carme B, et al. (1998) A case of co-
infection by Balantidium coli and HIV in French Guiana. Bull Soc Pathol Exot 91:
309-311.

13. Ferry T, Bouhour D, De Monbrison F, Laurent F, Dumouchel-Champagne H,
et al. (2004) Severe peritonitis due to Balantidium coli acquired in France.
Eur J Clin Microbiol Infect Dis 23: 393-395.

14. Dorfman S, Rangel O, Bravo LG (1984) Balantidiasis: report of a fatal case with
appendicular and pulmonary involvement. Trans R Soc Trop Med Hyg 78:
833-834.

15. Lankester I, Miatz-Rensing K, Kiyang J, Jensen SA, Weiss S, et al. (2008) Fatal
ulcerative colitis in a western lowland gorilla (Gorilla gorilla gorilla). ] Med Primatol
37:297-302.

16. Pinheiro MC, de Lima MA (1991) A fatal case of intestinal balantidiasis. Rev Soc
Bras Med Trop 24: 173-176.

17. Pritze I (1928) Beitrage zur Kenntnis des Balantidium coli. Ztschr F Parasit 1:
345-415.

18. Schumaker E (1930) Balantidium coli: host specificity and relation to the diet of an
experimental host. Am J Epidemiol 25: 384.

PLOS ONE | www.plosone.org

Effect of Dietary Starch on Neobalantidium coli

studies, which noted diet only incidentally [48,49]. Maybe it is
time to reappraise the old studies, describing the impact of diet on
N. coli infections and future studies should survey the possibilities of
nutritional adjustments as a part of parasite control strategies not
only in livestock farming, but also in zoo husbandry and
potentially in human medicine.
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