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Abstract The zoonotic protozoan parasites Toxoplasma

gondii, Cryptosporidium parvum and Giardia duodenalis

have been recorded worldwide in economically important

edible shellfish, and are thus likely to represent a significant

public health risk. Therefore, an innovative, user-friendly

diagnostic tool is required in order to improve food safety

control. The Q3 system is a miniaturized platform whose

efficiency and applicability were investigated and compared

with results obtained using standard Real-Time PCR. Tanks

of saltwater containing acclimated Mytilus galloprovin-

cialis,Ruditapes philippinarum andOstrea edulis specimens

were spiked with purified Cryptosporidium, Giardia and

Toxoplasma cysts/oocysts at different concentrations (i.e.,

103, 104 and 105). We then collected 30 specimens for each

shellfish species from each group at 24 h and 72 h post-

contamination. After DNA extraction, we tested all samples

by Real-Time-PCR and Q3, and evaluated the sensitivity,

specificity, predictive values, repeatability and concordance

between the two systems. Concordance between Real-Time-

PCR and Q3 was very good (p\ 0.01), especially for Tox-

oplasma in M. galloprovincialis at both 24 h and 72 h after

contamination, and in O. edulis at 72 h. The ability of Q3 to

detect all the investigated pathogens was similar to that of

Real-Time-PCR, and Q3 was efficient in detecting Toxo-

plasma in bothM. galloprovincialis andO. edulis. This is the

first study concerning the use of lab-on-chip technology in a

food matrix, and in edible marine mollusks in particular.

Keywords Protozoans � Shellfish � Real-Time PCR � Lab-
on-chip efficiency � Food safety

Introduction

Bivalve mollusks are an important food resource worldwide

(FAO-WHO 2014a), and the annual world production of

farmed food mollusks is 16.4 million tonnes, i.e. 21% of the

entire aquaculture sector (FAO 2015). The main species

farmed in the EU are mussels (mostly Mytilus galloprovin-

cialis), at 328,000 tonnes (26% of total EU production),

followed by oysters (Ostrea edulis) at 138,000 tonnes (11%

of total EU production), and clams (Ruditapes spp.), at over

60,000 tonnes (Eurostat 2015).

In addition to the pathogens and contaminants defined

by the current EU legislation regarding the sanitary quality

and control of mollusks (Reg. EC 853/2004; Reg. EC

854/2004; Reg. EC 882/2004; Reg EC 1881/2006; Reg. EC

2285/2015), the protozoans Giardia, Cryptosporidium and

Toxoplasma are important agents whose environmental
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dissemination is closely associated with fecal matter of

human and/or animal origin (Thompson et al. 2005; Dubey

and Jones 2008; Robert-Gangneux and Dardé 2012;

Mmbaga and Houpt 2017). When these protozoans are

discharged into rivers via farming and urban wastewater or

run-off water, they subsequently contaminate coastal

waters and are filtered and concentrated by mollusks. It has

been shown that Giardia, Cryptosporidium, and Toxo-

plasma oo/cysts are present in farmed mollusks (including

M. galloprovincialis, R. philippinarum, and O. edulis), or

wild mollusks in lagoons and other marine environments

(Robertson 2007; Aksoy et al. 2014; Coupe et al. 2018),

and even those cultivated in Class A waters, for which no

depuration treatment is required (Reg. EC 2285/2015;

Giangaspero et al. 2009; Putignani et al. 2012).

Detection of these protozoan parasites in mollusks is of

interest for public health, especially ifmollusks are eaten raw

or lightly cooked (Robertson 2007; Aksoy et al. 2014; Coupe

et al. 2018) and is also important because they act as bio-

indicators of water contamination and are thus of interest in

terms of environmental health (Ghozzi et al. 2017).

Due to their high specificity and sensitivity (one oocyst

per ml of hemolymph), PCR techniques have replaced

microscopy tools for detecting parasitic pathogens in a

complex matrix such as mollusk tissue (Miller et al. 2006).

Several molecular methods, such as nested-PCR, PCR, and

PCR-RFLP, have been developed to identify these proto-

zoans (reviewed by Hohweyer et al. 2013). Other PCR

methods (i.e. PCR-DGGE) have been used to detect DNA

fragments of pathogens in fish and shellfish samples (El

Sheikha and Montet 2016).

More recently, qPCR has been used to detect pathogens

in mollusks (Aksoy et al. 2014; Giangaspero et al. 2014;

Marangi et al. 2015), demonstrating an extremely high

degree of sensitivity and specificity (up to 100%) (Ho-

hweyer et al. 2013). However, molecular tools are currently

applied to scientific research and not used in routine

diagnosis, although Food and Agriculture Organization and

World Health Organization guidelines support the need for

tracking, monitoring and surveillance of these protozoan

parasites (FAO-WHO 2014b).

At present, the molecular diagnostic industry is actively

involved in developing simple and cost-effective platforms

to use in pathogen detection (Biava et al. 2018). Driven by

the demand for rapid and easy detection, lab-on-chip

(LOC) technology has developed rapidly because multiple

laboratory processes can be integrated in a miniaturized

device (Yoon and Kim 2012; Marziliano et al. 2015). In the

EU (Reg. EC 178/2002), traceability of all foods, including

bivalve mollusks, is mandatory due to its importance in

achieving food safety objectives, and a rapid tool for the

detection of hazards in foods would help to prevent con-

taminated foods reaching consumers.

The Q3 system is a small, compact LOC platform

(14 9 7 9 8.5 cm, 300 g), which was developed by

STMicroelectronics. Rapid and easy-to-use, it enables the

amplification and detection of nucleic acids by Real-Time

PCR (RT-PCR) in under 30 min (Marziliano et al. 2015;

Biava et al. 2018). It has three main components (Fig. 1):

the Q3 LOC Disposable Unit (DU or cartridge) where the

RT-PCR reactions take place, the Q3 Reader, and Q3

software. The Q3 Reader is an electrical optical instrument,

which acts as a mechanical holder of the DU, controls the

thermal process on the DU, and excites and reads the

optical fluorescent signals.

This study aimed to evaluate the efficiency of the Q3

system on RT-PCR protocols developed in our laboratories

(Marangi et al. 2015) for detecting Giardia, Cryptosporid-

ium and Toxoplasma in bivalve mollusks cultivated for

human consumption.

Materials and methods

Aquarium set up and efficiency assessment

An aquarium system (Acqua and Co SRL, Cadelbosco

Sopra, Ravenna, Italy)1 of nine tanks was installed at the

Fig. 1 Q3 platform: the Q3 disposable lab-on-chip cartridge is the

core of the system, and is where the Real-Time PCR reactions occur.

The Q3 Reader instrument is on the right. Both components are very

compact, as shown by comparison with the coin. Dedicated software

run on a PC completes the platform

1 Aquarium system (Acqua and Co. S.r.l., Cadelbosco Sopra,

Ravenna, Italy). Tanks with independent hydraulics, cool chiller

module units with 0.5cv power each; 2 high-frequency 55 W UVC

lamps with two spare lamps; hydraulics complete with PVC pipes,

valves, fittings and discharges—double single-phase electric panel

with magnetic circuit breakers according to EEC standards; 1500 L

salt water tank in bins c680 with lid and module filling system.
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Bonassisa Lab, Foggia, Italy. Each tank contained 20 L of

water with NaCl and water conditions (salinity 34 g/L;

water temperature 21 �C; oxygenation 7–8 mg/L) and

room temperature (15 �C) monitored daily.

Protozoan strains

Giardia duodenalis trophozoites (strain ATCC 30957)

were purchased from LGC Standards S.r.l.—Italy Office,

Milan, Italy and cultured in vitro to obtain cysts, using a

medium of TYI-S-33 plus 10% bovine serum and 10 mg/

ml bovine bile at pH 7.8 (Keister 1983).

The maximal number of trophozoites was obtained by

growing them to confluence. The culture medium con-

taining dead trophozoites unattached to the walls was

removed, and the encystation medium was added. The tube

was then inserted into a CO2 incubator at 37 �C, and after

24 h the culture tube was placed in ice for 30 min and then

centrifuged at 5009g for 10 min. The encystation medium

was subsequently removed, the pellet was resuspended in

the growth medium (Keister’s Modified TYI-S-33 Giardia

Medium [ATCC Medium 2695]), and the culture tube was

inserted again into the CO2 incubator at 37 �C. After 24 h,

the culture tube was placed in ice for 30 min and then

centrifuged at 5009g for 10 min. The growth medium was

subsequently removed, and the pellet containing the cysts

was washed twice with PBS. To obtain a pure cyst sus-

pension, the dead trophozoites were removed through

hypotonic lysis in distilled water for 12–24 h at 4 �C,
followed by subsequent washings in distilled water to

remove debris (Kane et al. 1991). The hypotonic lysis cysts

were then subjected to a first quality control, either by

optical microscopy or direct immunofluorescence, using

the Merifluor Cryptosporidium/Giardia (Meridian Bio-

science) kit, according to the manufacturer’s instructions.

Giardia (8–12 lm 9 7–10 lm) fluorescent green apple

structures were identified, and the number of cysts was

recorded. Approximately 5 9 106 cysts were obtained

from one single in vitro culture step.

Cryptosporidium parvum oocysts (at a dose of 1 9 108)

were provided by the laboratory of Creative Science

Company, Pentlands Science Park, Edinburgh (UK).

Toxoplasma gondii oocysts (at a dose of 6 9 106) were

provided by the Department of Tropical Parasitology

Medical University of Gdansk (Poland) and by the Institute

of Parasitology, University of Wien (Austria), and held in a

2% H2SO4 solution at 4 �C.

Mollusk collection, pre-evaluation of protozoan

contamination, acclimatization and spiking

Before each experiment, 2000 specimens of M. galloprovin-

cialis, 2000 of R. philippinarum and 1000 of O. edulis were

purchased from a depuration plant in the province of Bari, and

underwent depuration for 3 weeks.

For each species, a pool was randomly selected and then

subjected to RT-PCRs following the procedures described

in Marangi et al. (2015) in order to exclude possible natural

contamination by the three pathogens investigated.

Then 500 specimens of M. galloprovincialis, 500 of R.

philippinarum and 300 of O. edulis were placed in the tanks

and acclimatized for 10 days before processing. Salinity,

nitrites, oxygenation, water temperature, room temperature

and mortality parameters were constantly monitored.

Each tank and each mollusk species was spiked with

each quantity (e.g., 1000, 10,000, 100,000) of each

pathogen (Toxoplasma, Cryptosporidium and Giardia)

separately and one at a time. An unspiked control tank was

included for each mollusk species and each pathogen.

For each mollusk species, 30 live and non-injured

specimens for each concentration and for each pathogen,

were taken from the aquarium at 24 h and 72 h post-

contamination.

The 30 specimens of each mollusk species were then

divided into two subpools of 15. Hemolymph (H) and

intervalvular liquid (IL) were aspirated individually from

each subset of mollusks, using a needle inserted into the

lateral adductor muscle; the gills (G) and digestive glands

(DG) were removed following the procedures previously

described (Graczyk et al. 1999) and then pooled. Four

aliquots (H, IL, G, DG) were created for each pool, cor-

responding to the four anatomic sites of each mollusk

species. All aliquots were stored at - 20 �C pending

molecular analysis.

The experiments were conducted sequentially, each time

using one mollusk species and one protozoan parasite

species. The tanks were washed and refilled with clean

water for each experiment.

DNA extraction and Real-Time PCR protocols

The Nucleospin Tissue Kit (Macherey-Nagel, Germany)

was used according to the manufacturer’s instructions, to

extract DNA from all aliquots according to anatomic sites,

mollusk species, pathogen (at all concentrations), and at

24 h and 72 h post-contamination.

RT-PCR protocols were set up based on EvaGreen� for

Toxoplasma and Cryptosporidium, and TaqMan for Giar-

dia. The specificity of each primer-pair was first tested with

DNA of all positive controls for Toxoplasma, Giardia and

Cryptosporidium and then with DNA of mussels used as a

negative control. Each primer-pair released a fluorescent

signal specific for the investigated species and genes.

For G. duodenalis, standard RT-PCR was performed

using a CFX-96 Real-Time PCR system (BioRad Labora-

tories, Hercules CA, USA). Briefly, the reaction mixture
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(25 ll) contained 10 lL of iQTM Supermix (Bio-Rad

Laboratories, Hercules CA, USA), 0.24 lM of TaqMan�

TAMRATM probe (FAM-50-CCCGCGGCGGTCCCTGC
TAG-30-TAMRA) (Applied Biosystems, UK) and 3.12 lM
of species-specific primers targeting SSU Rrna gene

(Giardia-80F 50-GACGGCTCAGGACAACGGTT-30 and

Giardia-127R 50-TTGCCAGCGGTGTCCG-30) to amplify

a 62-bp fragment (Nazeer et al. 2013). The PCR cycling

conditions were as follows: initial denaturation at 95 �C for

3 min, followed by 42 cycles at 95 �C for 30 s, and 1 min

at 62 �C. Extracted genomic DNA, the positive control for

Giardia, and the no template (negative control, NTC,

ultrapure Millipore water) in 5 lL were added to each

reaction mix. Each sample was run in duplicate, and the

amplification cycle threshold (Ct) mean value was

recorded.

For Cryptosporidium and Toxoplasma, RT-PCR was

performed using a CFX-96 Real-Time PCR system

(BioRad Laboratories, Hercules CA, USA). Briefly, PCRs

were carried out in a final volume of 20 lL, using 10 lL of

SsoFastTMEvaGreen� Supermix (cat. no. 172-5201; Bio-

Rad Laboratories, Hercules CA, USA) and 0.5 lM of

species-specific primers for COWP C. parvum gene

(CRYINT2D-F: 50-TTTGTTGAAGARGGAAATAGATG
TG-30 and CRY2D-R: 50-GGACKGAAATRCAGGCATT
ATCYTG-30) or B1 T. gondii locus (TOXB41-F: 50-CG
AAGCTGAGATGCTCAAAGTC-30 and TOXB169-R: 50-
AATCCACGTCTGGGAAGAACTC-30) (see Aksoy et al.

2014; Marangi et al. 2015). Extracted genomic DNA, the

positive control for Cryptosporidium and Toxoplasma, and

the no template (negative control, NTC, ultrapure Millipore

water) in 5 lL were added to each reaction mix. 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 50 �C (Cryptosporidium) or 62 �C (T. gondii).

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 curve, (b) a Tm value equal to the

Tm value of the specific positive control, and (c) a–dF/dT

fluorescence value[ 2.

Sample analysis by Q3 platform

All samples tested by standard RT-PCR were also tested by

Q3. For Q3 assay, the reaction mixture consisted of 5 lL of

mix (containing 2.5 lL of SsoFastTMEvaGreen� Supermix

(2X), 1 lL of species-specific primers (0.5 lM) for Toxo-

plasma and Cryptosporidium and 0.5 lL of DEPC water,

or 2.5 lL of iQTM Supermix (2X), 1 lL of TaqMan probe

(3.12 lM), 0.5 lL of primers for Giardia and 0.5 lL of

DEPC water), ? 2 lL of extracted DNA sample added in

each cartridge well.

A positive control (DNA extracted from T. gondii,

Cryptosporidium and Giardia culture) and a negative

control (water) were also included in each cartridge. The

reaction parameters were as follows: initial denaturation at

98 �C for 120 s, followed by 40 cycles at 98 �C for 5 s,

and 62 �C for 15 s (Toxoplasma); 97 �C for 180 s followed

by 42 cycles at 97 � C for 30 s and 62 �C for 60 s (Giar-

dia); 98 �C for 120 s followed by 40 cycles at 98 �C for 5 s

and 55 �C for 15 s (Cryptosporidium). Each sample was

tested in triplicate.

Statistical analysis

Sensitivity (S), specificity (SP), prevalence (P), positive

and negative predictive values (PV ?/-) were calculated

for each PCR (RT-PCR and Q3) assay, according to mol-

lusk species, pathogen, and at 24 h and 72 h post-

contamination.

The concordance between the two molecular tests used

was evaluated using the kappa (K) coefficient (Landis and

Koch 1977). K value varies from 0 (perfect discordance) to

1 (perfect concordance) and its interpretation was given as

follows: 0.81–1.00, very good concordance; 0.61–0.80,

substantial concordance; 0.41–0.60, discrete concordance;

0.20–0.40, moderate concordance; 0.10–0.20, weak con-

cordance (Landis and Koch 1977).

The differences in the performance of RT-PCR and Q3

for the various anatomic sites (hemolymph, intervalvular

liquid, gills, and digestive gland), compared to the initial

cyst/oocyst number and in relation to the two groups of

mussels/clams (repeatability) were tested by Chi Square or

by Fisher’s exact test, as appropriate. The software pro-

grams used were SPSS for Windows version 13.0 and

WinEpi 2.0 (available online at: http://www.winepi.net/uk/

index.htm).

Results

All the randomly pooled samples tested for possible natural

contamination by Toxoplasma, Cryptosporidium and

Giardia tested negative for the three investigated patho-

gens (data not shown).

Both RT-PCR and the Q3 platform were used to test a

total of 552 pooled samples from the four anatomic sites of

each mollusk species (n = 144 for M. galloprovincialis,

n = 144 for R. philippinarum and n = 120 for O. edulis)

spiked with the three pathogens at all concentrations (1000,

10,000 and 100,000 oo/cysts) at 24 h and 72 h post-spik-

ing, together with 144 negative controls. The raw number

of positive (with the corresponding Ct values) and negative
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pool samples obtained is shown in Supplementary Table 1,

and the results are summarized in Table 1. The negative

controls were always negative, with both standard RT-PCR

and Q3. Thus, in the absence of false positive results, the

specificity and positive predictive values were 100% in all

cases and are not further reported in the text and tables. In

general, both RT-PCR and the Q3 system detected the

three pathogens in all the mollusks species, although RT-

PCR performance was better than the Q3 system, both at

24 h (20.2% vs 10.5%, respectively; p\ 0.0001) and at

72 h (12.3% vs 5%, respectively; p\ 0.0001) (Table 1).

However, performances differed according to the proto-

zoan species.

For M. galloprovincialis, the prevalence, sensitivity and

negative predictive values of standard RT-PCR and the Q3

platform at 24 h and 72 h for Toxoplasma, Cryptosporid-

ium and Giardia are shown in Table 2. The performance of

the Q3 platform was comparable to RT-PCR in detecting

Toxoplasma oocysts at 24 h (41.7% vs 33.3%, respec-

tively) and 72 h (both 16.7%), while only Q3 was able to

detect Cryptosporidium oocysts (25% vs 0%; p = 0.0219)

at 24 h (Table 2). RT-PCR was superior to Q3 in detecting

Giardia cysts both at 24 h (33.3% vs 8.3%) and at 72 h

(12.5% vs 0%), although these differences were not sta-

tistically significant (Table 2). The two techniques per-

formed equally well in relation to the different number of

parasites spiked, detecting Toxoplasma at the three con-

centrations at 24 h, but only at the highest concentration at

72 h. For Giardia only RT-PCR was able to detect cysts at

all three concentrations at 24 h (Supplementary Table 1).

The highest positivity for the three protozoa was detected

in the digestive glands (Supplementary Table 1).

RT-PCR and Q3 amplification curves of digestive

glands at the concentration of 100,000, digestive glands at

the concentration of 10,000, intervalvular liquid and

digestive glands at the concentration of 1000 of M. gallo-

provincialis samples positive to Toxoplasma at 24 h post-

contamination are reported in Supplementary Figs. 1 and 2,

respectively.

For R. philippinarum, the prevalence/sensitivity and the

positive predictive values of RT-PCR and Q3 at 24 h and

72 h for Toxoplasma, Cryptosporidium and Giardia are

shown in Table 3.

RT-PCR detected more positives to Toxoplasma than

Q3 at 24 h (79.2% vs 25%; p\ 0.0001). No significant

differences in positivity among the tissues were detected

for RT-PCR and Q3. There were also no significant dif-

ferences in relation to concentrations, except that RT-PCR

performed better than Q3 at 72 h at the concentration of

100,000 Cryptosporidium oocysts.

The RT-PCR and Q3 amplification curves of hemo-

lymph at the concentration of 100,000, gills and digestive

glands at the concentration of 10,000 and intervalvular

liquid at the concentration of 1000 of R. philippinarum

samples positive to Toxoplasma at 24 h post-contamination

are reported in Supplementary Figs. 3 and 4, respectively.

For O. edulis, the prevalence, sensitivity and the positive

predictive values of RT-PCR and Q3 at 24 h and 72 h are

shown only for Toxoplasma and Cryptosporidium

(Table 4).

Giardia in O. edulis could not be investigated due to

technical problems. RT-PCR performed better than Q3 in

detecting Toxoplasma (100% vs 58.3%, respectively,

p\ 0.001) and Cryptosporidium (33.3% vs 0%;

p\ 0.005) at 24 h. Concerning concentration, both tech-

niques detected Toxoplasma oocysts only at the highest

concentration (100,000 oocysts) (Supplementary Table 1).

The RT-PCR and Q3 amplification curves of digestive

gland and intervalvular liquid at the concentration of

100,000, intervalvular liquid and digestive glands at the

concentration of 10,000, digestive glands, intervalvular

liquid and gills at the concentration of 1000 of O. edulis

samples positive to Toxoplasma at 24 h post-contamination

are reported in Supplementary Figs. 5 and 6, respectively.

On the whole, for M. galloprovincialis, a very good

concordance was found between RT-PCR and Q3 for

Toxoplasma at 24 h and 72 h. For R. philippinarum, a very

good concordance was found between RT-PCR and Q3 for

Giardia at 24 h, and a substantial concordance was found

for Toxoplasma at 72 h. For O. edulis, a discrete concor-

dance was found between RT-PCR and Q3 for Toxoplasma

at 24 h and a very good concordance was found for Tox-

oplasma at 72 h (Table 5).

Discussion

The efficiency of the Q3 ‘‘lab-on-chip’’ molecular platform

developed by STMicroelectronics for detection of the

investigated zoonotic protozoans (Toxoplasma, Cryp-

tosporidium and Giardia) in three mollusk species (M.

galloprovincialis, R. philippinarum and O. edulis) was

good in comparison with the results obtained by RT-PCR.

This is the first study on the use of lab-on-chip prototype

technology in a food matrix, i.e., edible marine mollusks.

We expected to find a lower number of samples con-

taminated by spiked oo/cysts than the number of tested

pools (Table 1), since laboratory conditions simulate the

situation in the natural environment, i.e., not all mollusks

assume protozoan parasites. Although many pools tested

negative because of the very low concentration, Q3

demonstrated a good ability to detect all the tested patho-

gens (Ct ranged from 24.5 to 38), which was comparable to

standard RT-PCR procedures (Ct ranged from 30.4 to 38);

Q3 was particularly efficient for Toxoplasma in mussels (Ct

ranged from 31 to 36), and in oysters (Ct ranged from 24.5
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to 35.5) compared to RT-PCR (Ct ranged from 34 to 38 in

mussels and 30.4 to 37.8 in oysters), especially at the

highest protozoan concentration and after a longer expo-

sure time.

While RT-PCR and Q3 were found to be highly efficient

in detecting Toxoplasma, their lower efficiency for Giardia

and Cryptosporidium might be due to the gene portions

used. Unlike concentration and exposure time, which

obviously increase the chances of detecting the pathogens,

the reasons for a higher correlation between pathogens and

mollusk species are unknown.

The lack of differences between the anatomic sites—

independently of the species—is a very interesting point

both in terms of laboratory practice and of platform

Table 1 Overall number and

percentage of pooled tested

samples of Mytilus

galloprovincialis, Ruditapes

philippinarum and Ostrea edulis

found positive in standard Real-

Time PCR (RT) and Q3

platform (Q3) at 24 h and 72 h

post-contamination with all

concentrations (1000, 10,000

and 100,000) for Toxoplasma,

Cryptosporidium and Giardia

Mollusk species

and Protozoans

N. of positive pools (%)

24 h 72 h Total (24 h ? 72 h)

RT

(n = 24)

Q3

(n = 24)

RT

(n = 24)

Q3

(n = 24)

RT

(n = 48)

Q3

(n = 48)

Mytilus galloprovincialis

Toxoplasma 8 (33.3) 10 (41.7) 4 (16.7) 4 (16.7) 12 (25.0) 14 (29.2)

Cryptosporidium 0 6 (25) 0 0 0 6 (12.5)

Giardia 8 (33.3) 2 (8.3) 3 (12.5) 0 11 (22.9) 2 (4.2)

Negative control – – – –

Ruditapes philippinarum

Toxoplasma 19 (79.2)a 6 (25)a 8 (33.3) 5 (20.8) 27 (56.3)b 11 (22.9)b

Cryptosporidium 8 (33.3) 2 (8.3) 3 (12.5) 0 11 (22.9) 2 (4.2)

Giardia 12 (50) 10 (41.7) 3 (12.5) 0 15 (31.3) 10 (20.8)

Negative control – – – –

Ostrea edulis

Toxoplasma 24 (100)d 14 (58.3)d 4 (16.7) 4 (16.7) 28 (58.3) 18 (37.5)

Cryptosporidium 8 (33.3) 0 9 (37.5) 2 (8.3) 17 (35.4)e 2 (4.2)e

Giardia NP NP NP NP NP NP

Negative control – – – –

Total 87/192f

(45.3)

50/192f

(26.0)

34/192

(17.7)

15/192

(7.8)

121/384c

(31.5)

65/384c

(16.9)

NP not performed
a–fStatistical significance is marked with the same letters for p\ 0.01

Table 2 Prevalence (P),

sensitivity (S), negative

predictive value (PV-) and

95% confidence interval in

brackets of standard Real-Time

PCR (RT) and Q3 platform (Q3)

at 24 h and 72 h at all

concentrations (1000, 10,000

and 100,000) and combination

of the results for Toxoplasma,

Cryptosporidium and Giardia in

Mytilus galloprovincialis

PCR Toxoplasma Cryptosporidium Giardia

P/Sa PV- P/S PV- P/S PV-

RT 24 h 33.3%

(14.5–52.2)

60.0%

(44.8–75.2)

0% 50.0%

(35.9–64.1)

33.3%

(14.5–52.2)

60.0%

(44.8–75.2)

Q3 24 h 41.7%

(21.9–61.4)

63.2%

(47.8–78.5)

25.0%

(7.7–42.3)

57.1%

(42.2–72.1)

8.3%

(- 2.7 to 19.4)

52.2%

(37.7–66.6)

RT 72 h 16.7%

(1.8–31.6)

54.5%

(39.8–69.3)

0% 50.0%

(35.9–64.1)

12.5%

(- 0.7 to 25.7)

53.3%

(38.8–67.9)

Q3 72 h 16.7%

(1.8–31.6)

54.5%

(39.8–69.3)

0% 50.0%

(35.9–64.1)

0% 50.0%

(35.9–64.1)

RT 24 h

? 72 h

25.0%

(7.7–42.3)

57.1%

(42.2–72.1)

0% 50.0%

(35.9–64.1)

22.9%

(11.0–34.8)

56.5%

(45.9–67.0)

Q3 24 h

? 72 h

29.2%

(16.3–42.0)

58.5%

(47.9–69.2)

12.5%

(- 0.7–25.7)

53.3%

(38.8–67.9)

4.2%

(- 1.5 to 9.8)

51.1%

(41.0–61.2%)

aPrevalence coincides with sensitivity because no false positives were detected
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applicability, since it means that whole mollusks can be

used for pathogen detection.

Although few documented cases of infection are actu-

ally linked to the consumption of mollusks (mostly oysters

contaminated by Giardia and/or Cryptosporidium)

(Baumgartner et al. 2000; Potasman et al. 2002; Robertson

2007), the lack of epidemiological information for shellfish

is likely related to inadequate diagnosis, detection or

reporting, due to the long time lapse between contamina-

tion and the onset of clinical signs (usually 1–2 weeks for

both Giardia and Cryptosporidium infections). Conse-

quently, medical practitioners are unlikely to associate

these infections with mollusks eaten several days previ-

ously, particularly because shellfish are not commonly

recognized as potential sources of infection involving these

parasites (Ryan et al. 2016). Even if the cause is actually

suspected, the food item has already been consumed in

most cases and is therefore unavailable for testing

(Robertson 2007). The recent conclusion of Sutthikornchai

et al. (2016) that oysters can be an effective transmission

vehicle for Cryptosporidium oocysts, especially within

24–72 h of contamination, with viable oocysts present at

up to 7 days post-contamination, further demonstrates the

reason for concern about public health. The association

Table 3 Prevalence (P), sensitivity (S), negative predictive value

(PV-) and 95% confidence interval in brackets of standard Real Time

PCR (RT) and Q3 platform (Q3) at 24 h and 72 h at all concentrations

(1000, 10,000 and 100,000) and combination of the results for

Toxoplasma, Cryptosporidium and Giardia in Ruditapes philip-

pinarum

PCR Toxoplasma Cryptosporidium Giardia

P/Sa PV- P/S PV- P/S PV-

RT 24 h 79.2%

(62.9–95.4)

82.8%

(69.0–96.5)

33.3%

(14.5–52.2)

60.0%

(44.8–75.2)

50.0%

(30.0–70.0)

66.7%

(51.3–82.1)

Q3 24 h 25.0%

(7.7–42.3)

57.1%

(42.2–72.1)

8.3%

(2.7–19.4)

52.2%

(37.7–66.6)

41.7%

(21.9–61.4)

63.2%

(47.8–78.5)

RT 72 h 33.3%

(14.5–52.2)

60.0%

(44.8–75.2)

12.5%

(- 0.7 to 25.7)

53.3%

(38.8–67.9)

12.5%

(- 0.7 to 25.7)

53.3%

(38.8–67.9)

Q3 72 h 20.8%

(4.6–37.1)

55.8%

(41.0–70.7)

0% 50.0%

(35.9–64.1)

0% 50.0%

(35.9–64.1)

RT 24 h ? 72 h 56.3%

(42.2–70.3)

69.6%

(58.7–80.4)

22.9%

(11.0–34.8)

56.5%

(45.9–67.0)

31.3%

(18.1–44.4)

59.3%

(48.6–70.0)

Q3 24 h ? 72 h 22.9%

(11.0–34.8)

56.5%

(45.9–67.0)

4.2%

(- 1.5 to 9.8)

51.1%

(41.0–61.2%)

20.8%

(9.3–32.3)

55.8%

(45.3–66.3)

aPrevalence coincides with the sensitivity because no false positives were detected

Table 4 Prevalence (P),

sensitivity (S), negative

predictive value (PV-) and

95% confidence interval in

brackets of standard Real-Time

PCR (RT) and Q3 platform (Q3)

at 24 h and 72 h at all

concentrations (1000, 10,000

and 100,000) and combination

of the results for Toxoplasma

and Cryptosporidium in Ostrea

edulis

PCR Toxoplasma Cryptosporidium

P/Sa PV- P/Sa PV-

RT 24 h 100% 100% 33.3%

(14.5–52.2)

60.0%

(44.8–75.2)

Q3 24 h 58.3%

(38.6–78.1)

70.6%

(55.3–85.9)

0% 50.0%

(35.9–64.1)

RT 72 h 16.7%

(1.8–31.6)

54.5%

(39.8–69.3)

37.5%

(18.1–56.9)

61.5%

(46.3–76.8)

Q3 72 h 16.7%

(1.8–31.6)

54.5%

(39.8–69.3)

8.3%

(- 2.7 to 19.4)

52.2%

(37.7–66.6)

RT 24 h ? 72 h 58.3%

(38.6–78.1)

70.6%

(55.3–85.9)

35.4%

(21.9–48.9)

60.8%

(50.0–71.5)

Q3 24 h ? 72 h 37.5%

(18.1–56.9)

61.5%

(46.3–76.8)

4.2%

(- 1.5 to 9.8)

51.1%

(41.0–61.2%)

aPrevalence coincides with sensitivity because no false positives were detected
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between shellfish consumption and Toxoplasma infection is

even less likely to be recognized, because immunocom-

petent individuals are unlikely even to recognize that they

have been infected. When infection is suspected, and

congenital transmission is excluded, it is more likely that

water sources, undercooked meat products or direct trans-

mission from cat feces are investigated as possible sources.

Current European legislation does not include the

investigated protozoans (Giardia, Cryptosporidium and

Toxoplasma) in the list of routinely monitored pathogens,

including in mollusk species. However, according to the

European Technology Platform ‘‘Food for Life’’—which

emphasizes the need not only to detect parasites, but also to

develop specific innovative methods to include in HACCP

practice—the Q3 platform might be a useful and innovative

tool for screening the safety of these food products.

Conclusion

The Q3 platform can be considered a valuable molecular

tool for detecting all the investigated pathogens, with a

particularly high level of efficiency in detecting Toxo-

plasma. Q3 detection efficiency for Cryptosporidium could

be improved by using different target genes and/or by the

use of different PCR protocols.

This work represents a first technological approach and

a challenge for implementing pathogen detection in dif-

ferent mollusk species. Pending improvements to its per-

formance (even at a lower range of pathogen

concentration) on all mollusk species, the ‘‘lab-on-chip’’

molecular integrated Q3 platform provides a feasible tool

that is small, rapid and easy-to-use, and thus suitable for in-

the-field testing by companies producing and/or marketing

mollusks.
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