First report of Tunisian coastal water contamination by protozoan parasites using mollusk
bivalves as biological indicators
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Highlights

Contamination of Tunisian coastal waters by protozoan parasites is undocumented.

The presence of protozoan parasites was investigated by gPCR using mollusks as bio-
sentinels.

Three species of protozoan parasites with high parasitic burdens are present along the
Tunisian coasts.

Zoonotic assemblage/lineage circulating in Tunisia

Abstract
In order to establish seawater contamination by emerging protozoan parasites, we used gPCR to
molecularly characterize and evaluate the parasitic burden

of Giardia duodenalis, Cryptosporidium spp., Toxoplasma gondii, and Cyclospora cayetanensis in

1255 wild bivalve mollusks collected along the Tunisian coasts. T. gondii, G. duodenalis and C.

cayetanensis were detected in 6.9% (99% Cl = 1.6—12.2%) pools of Ruditapes decussatus. None of

the samples were found positive to Cryptosporidium spp.; 6.6% pools of R. decussatus were
positive for T. gondii Type |, 1.6% for G. duodenalis assemblage A, and 1.6% for the association T.
gondii Type I/C. cayetanensis/G. duodenalis assemblage A. R. decussatus harbored up to 77500

oocysts/sample of T. gondii, up to 395 cysts/sample of G. duodenalis, and 526 oocysts/sample



of C. cayetanensis. These results provide the first evidence that the Tunisian coasts are
contaminated by zoonotic protozoan parasites that can constitute a direct or indirect risk for

human health.
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1. Introduction

Worldwide, authorities responsible for protecting the natural environment and human health are
increasingly interested in seawater quality. The ecological pressure caused by

intense anthropogenic activities means that all the world's marine environments, including
shallow coastal areas, river estuaries and water basins, are considered a kind of “litmus test”
because they may be contaminated by runoff from agricultural, suburban and urban land and

by wastewater discharges. Coastal ecosystems are threatened by the improper disposal of sewage,
inefficient/non-functioning treatment plants, illegal wastewater discharge, artificial and natural
runoff, and a wide range of industrial waste products (Clark, 2001, Barhoumi et al., 2014). Feces
from humans, their pets, domesticated and wild animals may carry numerous

pathogenic microorganisms, which can easily contaminate the sea and its inhabitants when
released into estuaries and marine environments worldwide (Adell et al., 2014, Giangaspero et al.,
2014).

Able to filter large volumes of water and to retain and concentrate microorganisms, shellfish are
considered the best biological indicators of the health conditions of marine environments (Chaffai,
2014, Zuykov et al., 2013) They are used extensively worldwide to monitor pollution in aquatic
environments, thereby saving time, labor, and money, in comparison with water analysis (Palos
Ladeiro et al., 2014).

Shellfish can accumulate several pathogens of anthroponotic and/or zoonotic origin, and those
which cause most concern are viruses (e.g., Norovirus, Hepatitis A virus) and bacteria (e.g.,
pathogenic Escherichia coli, Campylobacter jejuni, Salmonella spp., Vibrio vulnificus, Vibrio
cholerae, Vibrio parahaemolyticus), but also protozoan parasites

(including Cryptosporidium, Cyclospora, Giardia and Toxoplasma). Detection of these pathogens in
shellfish indicates fecal contamination of seawater, provides a good indication of the biological
pollution of marine ecosystems, and thus identifies possible risks for human health.

Worldwide, Cryptosporidium spp., Giardia duodenalis, Cyclospora cayetanensis and Toxoplasma
gondii have been detected in farmed or wild shellfish in lagoons and other marine environments
(reviewed by Robertson, 2007). Along the Mediterranean Sea coasts, several edible and inedible
shellfish have been found to carry protozoan pathogens, either alone and/or in association. These
include Cryptosporidium spp. in Spain, Portugal and Italy (Giangaspero et al., 2005, Giangaspero et
al., 2014, Gomez-Couso et al., 2006, Melo et al., 2006); G. duodenalis in Spain and Italy (Gédmez-
Couso et al., 2005, Giangaspero et al., 2014), Toxoplasma in Turkey and Italy (Putignani et al.,
2011, Aksoy et al., 2014), and Cyclospora in Turkey (Aksoy et al., 2014).

Tunisia's coastline is 1300 km long; the northern coast is fringed by short floodplains with lagoons
and coastal lakes, whereas the southern coast is low and has large bays into which several rivers
and watercourses flow. Fishing activities, aguaculture and shellfish farms are very widespread
along the Tunisian coast and in saltwater catchment areas (FAO, 2015).

The presence of enteric viruses in Tunisia has been documented in sewage samples and in shellfish
tissues (Elamri et al., 2006, Sdiri-Loulizi et al., 2010); whereas the presence of protozoan parasites




has been recorded in sludge and wastewater samples (Ben Ayed et al., 2009, Ben Ayed et al.,
2012).

These studies highlight the need to protect public health, and suggest that seawater may be
subject to fecal contamination. However, no research has yet investigated biological
contamination with pathogenic protozoa along the Tunisian coasts. In this context, we aimed to
provide a first evaluation of fecal pollution of Tunisian coastal waters via molecular detection and
characterization of some important intestinal protozoan parasites (i.e., G.

duodenalis, Cryptosporidium spp., C. cayetanensis and T. gondii), using wild shellfish found along
the Tunisian coastline as environmental biosentinels.

2. Materials and methods

2.1. Study area

Four Tunisian coastal areas were investigated, from North to South: Bizerte Lagoon, Monastir Bay,
Chebba and the Gulf of Gabes (Fig. 1).

Bizerte Lagoon (37°08'-37°146' N/9°48'-9°56'E) is on the northern coast of Tunisia in the
Governorate of Bizerte. It has a surface area of 121.6 km?, a volume of 851.2 x 10® m3 and an
average depth of 8 m (Sakka Hlaili et al., 2008). This lagoon has used for fishing for years and hosts
intensive shellfish farming activities, including Mediterranean mussel (Mytilus galloprovincialis),
European flat oyster (Ostrea edulis), and Japanese oyster (Crassostrea gigas). There are also
natural beds of the European clam (Ruditapes decussatus) in the lagoon (Alves Martins et al.,
2015).

Monastir Bay (35°47'-35°37'N/10°45'E-11°50'E) is in the central coastal area of Tunisia, in the
Governorate of Monastir. It is a wide bay with a surface area of over 70 km? and is no > 3 m deep
up to 2 km from the shoreline (Jebali et al., 2011). Only fish farms are present in the bay, but wild
shellfish can be found attached to the cages used for fish farming: Mediterranean mussel (M.
galloprovincialis), brown mussel (Perna perna) and Gulf pearly-oyster (Pinctada radiata). In
addition, grooved carpet shell clam (R. decussatus) is naturally present in the bay, together with
other bivalve species: fan mussel (Pinna nobilis), white furrow shell (Abra alba), lagoon cockle
(Cerastoderma glaucum) and Mediterranean awning clam (Solemya togata) (Zamouri-Langar et al.,
2011).

Chebba (35°13' N/11°09' E) is in the central-southern area of Tunisia, in the Governorate of
Mahdia, where over 200 ha area used for intensive farming of blue fish. There are no shellfish
farms, but R. decussatus, fan mussel (P. nobilis) and Gulf pearly-oyster (P. radiata) are the
commonest wild species found along this stretch of coast (Rabaoui et al., 2013).

The Gulf of Gabeés (33°50'- 34°46' N/10°44'- 11°20' E) is on the southern coast of Tunisia, bounded
by the Kerkennah Islands to the northeast and by Djerba Island to the southeast. There are no
shellfish farms here, but there are some offshore fish farms. The most abundant and widespread
shellfish in this area are grooved carpet shell clam (R. decussatus), Gulf pearly-oyster (P. radiata),
lagoon cockle (C. glaucum), fan mussel (M. galloprovincialis), and endosymbiont-bearing

clam Loripes lacteus (Ben Abdallah et al., 2006, Derbali, 2011).

2.2. Sampling and processing

From October 2013 to January 2016, a total number of 1255 wild shellfish belonging to four
bivalve mollusk species were sampled. These included R. decussatus (n = 1020), P.

radiata (n = 135), M. galloprovincialis (n = 54) and P. perna (n = 46). They were collected in the
most easily accessible areas corresponding to estuary effluents/rivers and/or natural or artificial
watercourses at nine sites: Menzel Jemil (Bizerte Lagoon), Monastir Bay and Khniss (Monastir Bay),




Chebba (Mahdia), and Jaboussa, Hicha, Zarrat, Akarit and Chatt Elwamer (Gulf of Gabeés) (Fig.
1, Table 1).

After identification in situ, specimens were hand-collected from the sand (R. decussatus) and fish
cages (P. radiata, M. galloprovincialis, P. perna).

After collection, specimens were kept at 0=5 °C until arrival at the laboratory, where they were
pooled. Depending on the size and the species of specimens, each sample was composed of a pool
of 9-18 specimens of mussels, clams or oysters. Sample numbers and collection sites are shown
in Table 1. For each pool, all mollusk flesh was aseptically removed and placed in phosphate-
buffered saline (PBS) 0.04 M (pH 7.2-7.4), then sieved using a double layer of gauze and
centrifuged for 10 min at 1000g, followed by aspiration of the supernatant. The pellet was washed
twice with TE buffer (1000g, 4 °C, 10 min and then 13,000g, 4 °C, 15 min). 500 ul of the pellet was
subjected to three freeze/thaw cycles (- 80 °C/+ 80 °C for 5 min) and then DNA was extracted
using Qiagen mini kit tissue protocol (Qiagen, Hilden, Germany) according to the manufacture's
protocol. Genomic DNA was stored at — 20 °C until molecular analysis.

2.3.gPCR

The gPCR was performed as described in Marangi et al. (2015) using CFX-96 Real Time Instrument
(BioRad, Italy). Briefly, PCRs were carried out in a final volume of 20 pl, using SsoFast™EvaGreen®
Supermix (cat. no. 172-5201; Bio-Rad, Italy) and 0.5 uM of species specific primers for B1 T.
gondii locus (TOXB41-F: 5'-CGAAGCTGAGATGCTCAAAGTC-3' and TOXB169-R: 5'-
AATCCACGTCTGGGAAGAACTC-3') (Burg et al., 1989); beta giardin G. duodenalis gene (GGL-F: 5'-
AGTGCGTCAACGAGCAGCT-3" and GGR-R: 5-AGTGCTTTGTGACCATCGA-3’) (Holberton and
Marshall, 1995); ITS-2 C. cayatanensis gene (CCITS2-F: 5'-GCAGTCACAGGAGGCATATATCC-3' and
CCITS2-R:5'-ATGAGAGACCTCACAGCCAAAC-3’) (Qlivier et al., 2001) and COWP C. parvum gene
(CRYINT2D-F: 5'-TTTGTTGAAGARGGAAATAGATGTG-3' and CRY2D-R: 5'-
GGACKGAAATRCAGGCATTATCYTG-3’) (Ranucci et al., 1993).

Genomic DNA, the positive control for the four parasites, and the negative control (ultrapure
Millipore water) in 5 pl was added to the reaction. PCR cycling conditions were as follows: initial
denaturation at 98 °C for 2 min, followed by 40 cycles at 98 °C for 5 s, and 15 s at 62 °C (T. gondii),
59 °C (C. cayetanensis), 61 °C (G. duodenalis) and 50 °C (Cryptosporidium spp.). Fluorescence data
were collected at the end of each cycle as a single acquisition.

The melting analysis was performed at the end of each PCR run (70 °C to 95 °C at 0.5 °C/5 s). Each
sample was run in duplicate, and the amplification cycle threshold (Ct) and melting temperature
(Tm) mean values were calculated. The criteria used to define a positive sample were (a) a
detectable amplification curves, (b) a Tm value equal to the Tm value of one of the four positive
controls, and (c) a dF/dT fluorescence value of > 2.

2.4. Quantitative analysis

Absolute quantification was performed for the positive samples; the amount of DNA (copies/ul)
was calculated by relating the Ct mean value of each positive sample to a standard curve obtained
from a positive control for T. gondii, C. cayetanensis and G. duodenalis. Moreover, the number of
oo/cysts was calculated for T. gondii according to Lass et al. (2012), for C. cayetanensis according
to Varma et al. (2003) and for G. duodenalis according to Erlandsen and Rasch (1994).

2.5. Sequencing

Samples positive to T. gondii, C. cayetanensis and/or G. duodenalis were purified using EXO | and
FASTAP enzymes (Thermo Fisher Scientific, Netherlands) according to the manufacturer's protocol.
Purified PCR products were sequenced in both directions using the Big Dye Terminator v. 3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, California, Stati Uniti) according to the
manufacturer's instructions, and using the same primers as the respective PCR reactions. An ABI



PRISM 3130 Genetic Analyzer (Applied Biosystem, Foster City, California, Stati Uniti) was used to
determine sequences, electropherograms were inspected by eye, and consensus sequences were
determined. Each sequence was compared to the nucleotide sequences available in publicly
accessible databases using BLASTn (https://www.ncbi.nlm.nih.gov/blast/) software, and
subsequently aligned using the ClustalW program (BioEdit software v.7.2.5).

2.6. Statistical analysis

Positivity rates were calculated as the number of pools testing positive for at least

one protozoan species / number of examined pools x 100 with corresponding 99% confidence
intervals (99% Cl). Range, mean (z ), and standard error of the mean (SEM) were also determined
for oocyst and cyst numbers. Statistical analysis was performed using commercial software
(GraphPad Prism 7, USA).

3. Results

Molecular techniques revealed that six out of 87 (6.9%, 99% Cl = 1.6—12.2%) pools of marine
bivalve mollusks were contaminated with at least one intestinal protozoan species. All positive
pools consisted of clam species R. decussatus. In particular, 4/61 (6.6%, 0.3—12.8%) pools of R.
decussatus were positive for T. gondii Type |, 1 (1.6%, 0-4.8%) for G. duodenalis assemblage A, and
1 (1.6%, 0-4.8%) for the association T. gondii Type |/C. cayetanensis/G. duodenalis assemblage A.
No samples tested positive for Cryptosporidium spp.

All contaminated pools came from Khniss (Monastir Bay), except for one Toxoplasma positive pool
from Jaboussa (Gulf of Gabes); these accounted for 5/28 (17.9%, 3.7-32%) and 1/18 (5.6%, O—
16.1%) positivity rates in pools of R. decussatus collected at these sites, respectively (Table 1).
Therefore, 1/2 sampling sites in Monastir Bay was found to be contaminated with fecal protozoa,
and 1/5 in the Gulf of Gabeés.

Contaminated batches of R. decussatus harbored 526 oocysts of C. cayetanensis per sample, 62
and 395 (z =228.5, SEM = 166.5) cysts of G. duodenalis per sample, and between 1250 and 77,500
(z =24,694, SEM = 14,254.5) oocysts of T. gondii per sample (Table 2). Since the present
oocyst/cyst counts were obtained from pooled shellfish, it is very likely that wide variations in
oocyst/cyst content occurred between individual bivalves.

The nucleotide sequences have been deposited in the GenBank database under accession
numbers KY510286-KY510291 (7. gondii), KY510283-KY510284 (G. duodenalis) and KY510285 (C.
cayetanensis).

4. Discussion

This is the first environmental study investigating fecal contamination by protozoan parasites
along the Tunisian coasts, and the first report of T. gondii, C. cayetanesis and G. duodenalis in
shellfish from North Africa.

Two of the nine investigated coastal sites harbored protozoan parasites; one in Monastir Bay
(Khniss, central Tunisian coastline) and one in the Gulf of Gabes (Jaboussa, southern coast), with
percentages of 17.9% and 5.6% respectively. Protozoans were detected in 6.9% of the investigated
marine bivalve mollusks, and R. decussatus was the only species contaminated by T. gondii, G.

duodenalis, and C. cayetanensis alone, or in association (T. gondii/C. cayetanensis/G. duodenalis).



In the Mediterranean countries, T. gondii has been reported in edible shellfish in Italy, i.e. farmed

oyster (Crassostrea gigas) and clam (R. decussatus) (Putignani et al., 2011), and also in mussel (M.

galloprovincialis) in Turkey (Aksoy et al., 2014). G. duodenalis has been detected in clams

(Chamelea gallina) (Giangaspero et al., 2004) and mussel M. galloprovincialis farmed along the

Italian Adriatic coast and on sale (Giangaspero et al., 2014), and in M. galloprovincialis in Spain

(Gémez-Couso et al., 2005). In addition, C. cayetanensis was first recorded in Turkey in M.

galloprovincialis (Aksoy et al., 2014).

Here, T. gondii Type | - the most pathogenic lineage (Robert-Gangneux and Dardé, 2012) and with

restricted host range (Herrmann et al., 2014) - was identified in 5.7% of R. decussatus (alone or in

association with G. duodenalis and C. cayetanensis) from Khniss (Monastir Bay) and Jaboussa (Gulf
of Gabeés) with a very high number of oocysts (up to 77,500/batch).

In Tunisia, the level of human seroprevalence for toxoplasmosis is high, and Types |, and /1l and

I/11l have been recorded in humans (Boughattas et al., 2010). A high level of seroprevalence has

also been registered in sheep (Boughattas et al., 2014), goats (Amairia et al., 2016), cattle (Lahmar

et al., 2015), horses (Boughattas et al., 2011) and poultry (Boughattas and Bouratbine,
2014, Boughattas and Bouratbine, 2015). It has also been shown that sheep harbor type |, [l and Il

(Boughattas et al., 2014) and chickens Type Il (Boughattas and Bouratbine, 2015).

The very high level of environmental contamination by Toxoplasma oocysts in Tunisia is due to the
great number of cats in the country, and there are no government programs to limit the numbers

of the stray animals.
G. duodenalis Assemblage A - the most zoonotic assemblage (Ryan and Caccio, 2013) - was

detected in 22.3% of R. decussatus (alone or in association with G. duodenalis and C. cayetanensis)
from one site (Khniss, Monastir Bay) with a cyst burden number of up to 395 cysts/batch. No data
on G. duodenalis in animals are available for Tunisia, but in the country, this protozoan is highly

prevalent in children (Gharbi et al., 1999), food handlers (Siala et al., 2011) and in symptomatic

patients (Bouratbine et al., 2000). Whereas assemblages circulating in humans remain

unknown, G. duodenalis assemblages Al, All, B and E were detected in treatment plants (Ben Ayed
et al., 2009, Ben Ayed et al., 2012).

This study revealed also the presence of C. cayetanensis in 1.1% of R. decussatus in association

with T. gondii and G. duodenalis, and from one site (Khniss, Monastir Bay) with a burden number
of 526 oocysts/batch.

C. cayetanensis is primarily regarded as a cause of traveler's diarrhea, but no data are available on
the diffusion of this parasite in humans in Tunisia, as it is not usually included in routine laboratory
investigations. The low prevalence detected in this study is consistent with that registered

in wastewater samples (Ben Ayed et al., 2012).




In this study, the failure to detect Cryptosporidium is actually quite unexpected, considering that in

Tunisia Cryptosporidium is a common protozoan parasite in humans with diarrhea, in immune-

compromised patients (Bouratbine et al., 2000) and in wastewater (Ben Ayed et al., 2012).

However, its presence in Tunisia is limited to a few animal host species, such as calves (Soltane et

al., 2007a, Rahmouni et al., 2014), sheep, chickens (Soltane et al., 2007b); cattle populations are

the main causes of environmental contamination with Cryptosporidium oocysts at other latitudes
(Xiao and Feng, 2008), but calves farming are confined to a geographically limited area of Tunisia
(Rahmouni et al., 2014).

In this study, T. gondii was much more common than both G. duodenalis and C. cayetanensis in
wild clams, and there was a significant difference in the percentage of test-positive samples
between geographical sites. These findings are not entirely unexpected. Possible explanations for
a higher level of oocyst/cysts contamination in Monastir Bay (Khniss) and the Gulf of Gabés
(Jaboussa) may be related to the known presence of effluents from treatment plants and

agricultural and urban activities in these areas (Jebali et al., 2011). In particular, Khniss is situated

in a marine depression, where intense pollution causes great environmental problems (Sellami,
2015), and both Monastir Bay and the Gulf of Gabes have shallow waters with sandbanks that

reduce the effects of wave movement (Nouira et al., 2013).

The negative results we obtained at the northern site (i.e. Bizerte lagoon) might be related to the

predominance of industrial waste, i.e., pesticide and chemical fertilizer wastes in the investigated

area (which have caused a decline in aquaculture in recent years) (Barhoumi et al., 2014) rather

than to agricultural or urban waste. Alternatively, this might be related to the presence of more
efficient treatment plants in the selected area (i.e. Menzel Jemil). Moreover, it is possible that the
environmental characteristics of Bizerte lagoon, i.e. the continuous changes in temperature,

salinity and pH caused by sea currents from the Mediterranean Sea and fresh water currents from

the Tinja River (Barhoumi et al., 2014), may negatively influence the availability and viability of the

investigated protozoans.

Investigated protozoan pathogens can persist for long periods of time in the environment, in fresh
or saltwater, and in shellfish; it is well known that they maintain their infectivity (Lindsay and
Dubey, 2004, Freire-Santos et al., 2000, Ortega et al., 1998) and the infectious dose is low

(Robertson, 2007). Thus, recreational activities along the coasts and consumption (internal or after

exportation) of shellfish should be considered as risk factors for people in Tunisia (including
tourists). R. decussatus is Tunisia's most widespread shellfish, and is an important economic
endpoint because it is a natural resource (Chaffai, 2014). Since it was the only contaminated
shellfish species found in the present study, R. decussatus can be used as a biosentinel of protozoa

contamination in seawater environments.



In conclusion, the findings of the present study indicate that wild shellfish collected along Tunisia's
coasts harbor genomic DNA of T. gondi Type |, G. duodenalis assemblage A and C. cayetanensis.
This gives cause for concern about public health, because it means that Tunisian coastal waters
constitute a risk, both directly (through bathing or recreational activities on the beaches or
inflowing water courses) and indirectly (through the consumption of raw or undercooked
bivalves). Thus, the Tunisian public health authorities should promote strict control measures and

careful monitoring procedures in order to prevent seawater contamination.
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