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oRemember to look up at the stars and not down at feet.

Try to make sense of what you see and wonder about what makes the universe exist.
Be curious.

And however difficult life may seem, there is always something you can do and succeed at.
LG YIFIGGSNR (KFGéeé2dz R2y Qi 2dzad 3IAGS dzZLid
Stephen Hawking

To my mom,

who has inspired me my whole life
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ABSTRACT

Among fresh produce, in recent years, the consumption of reaelyat (RTE) salads and berries has
significantly increased in industrialized countries due to a trend towards faster and healthier eating
habits. These products can be contaminated along thedpction food chain by several
microorganisms, including pathogenic parasttest have been responsible of foodborne outbreaks
worldwide. In Italy, while data on contamination of RTE salads require-matepth investigations

there is a complete lack afata on berries, mostly imported from countries where some of these
parasitic infections are endemic.

The aim of this Ph.D. project was to investigate the occurrence of foodborne parasites as
contaminants of imported and locally produced frggtoduce sold on the Italian market.

From January to December 2019, 648 packages of three brands of RTE mixed salads and three berry
types were bought from supermarkets. To estimate the prevalefareeach fresh produce, a pool

size of nine packages eactonth and 72 pools per one year were processed. After washing, the
pellets were examined by microscopy (FLOTAC) and subjected to different molecular techniques
(conventional PCR, simplex or multiptgxCR) and sequencing

By microscopyCyclospordike oogsts and a taeniid egg were detected in a blueberry sample and
in a RTE salad sample, respectivéipntamoebaand Giardia were also identified.Cyclospora
cayetanensisand Entamoeba histolytican imported blueberriesand the Taeniid (Echinococcus
multilocularig in locally produced RTE saladsre molecularly confirmedCryptosporidium ryange
Cryptosporidiumbovis Cryptosporidiumxiaoi and Cryptosporidium ubiquitum and Giardia
duodenalisAssemblages A, B and mBpst of them of zoonat interest,were identified in both
matrices. The overall prevalence of each parasite pva¥ forCryptosporidiunspp.,4.63% forG.
duodenalis0.15% foC. cayetanensj$.15% foE. multilocularisEntamoebapp.was also detected

with a prevalence 00.96% Toxoplasma gondiwas not found. Cryptosporidiumspp. andG.
duodenalisshowed significant seasonal differences with higher values in winter and spring,
respectively.

In this study, most of the parasite spesiwvere detected for the first timeon fresh produce. The
results obtained, beside opening a new epidemiological scenario in Italy, highlight the improper
management of fresh produce, both locally produced or imported, along the food chain and the
potential consequences of such contamination buman health.

Keywords Prevalence, pathogenic parasites, redadyeat salads, berries, Italy.



1. INTRODUCTION

An increasing proportion of reported foodborne outbreaks has been linked to fresh produce, raising
concerns that theséoods may be an increasing source of foodborne infections {Sal@dinger and
ManulisSasson, 2015). In fact, over the past few decades, the number of outbreaks linked to the
consumption of fresh or minimally processed fruits and vegetables has growfigredt regions

of the world, including Europe, the USA and Canada (Cakjah, 2015; Carstenst al., 2019;
Johnson, 2019).

The demand for RTE salads and berry fruits in industrialized countries has increased significantly in
recent yearspartially due to a trend towards healthier eating habits (Broglia and Kapel, 2011;
Eurostat, 2018; WHO, 2019) and partially due to improvements in the-frestuce supply chain.

In Europe, more than 65% of the population eats at least one portion of fregtuce per day, and

this percentage reaches more than 75% in the UK, Portugal, Belgium, and Italy (Eurostat, 2018).
Italy is the second largest producer BTE salads in Europe, after FrafiseneaMercati, 2016;
Eurofruit, 2020); there is also a localoduction of berries, however, the recent increase in the
consumption of such products has led dosurge of imports from abroad, including Central and
South American countries (CBI, 2018).

RTE salads combine the quality of fresh produce with simple preparation and represent a convenient
source of vitamins and minerals (Legnani and Leoni, 2004; Shetrmia 2014; Preti and Vinci,
2016). Berries contain bioactive compounds associated withredsed risk of cancer and
cardiovasculadiseases, and with beneficial effects on metabolic disorders (Skrovargtoah
2015).Nevertheless, despite their health benefits, fresh produce can present a major food safety
challengeas they can be contamited at various places along the production chain by a range of
different microorganisms, including pathogenic parasites of faecal origin (Robertson, 2018; Trevisan
et al, 2019).

Several species of pathogenic protozoans and helminths have thettted in fresh produce
(Broglia and Kapel, 2011; Macetial., 2018; Teferat al., 2018). Furthermoregas these products

are rarely heat treated prior to consumption, robust parasite transmission stages are usually not
inactivated during food preparain.

Contamination may occur during the pharvest phase when untreated/raw sewage water is used

for irrigation or animal waste is used as fertilizer or when infected animals have access to crops, as

well as via insects (Steele and Odumeru, 2004; EFRBAR).2ZContaminatiortan also occur during



harvesting or in the podharvest phase, e.g., packaging, transport, market and home processing
(EFSA, 2018).

AlthoughRTE salads are washed before packaging, the industrial washing technologies employed
do not effectively inactivate parasites (Castitmafiezet al., 2017; Caradonnat al., 2017) and,
indeed, a point contamination may spread throughout a production batche(@Gil, 2009). Due to

their fragility, berries do not undergo industrial washing, and affcdit to clean thoroughly prior

to consumption. In addition, amany parasite transmission stages are stickgambe trapped on

0KS 0SNNASaAQ adzaNFI O0Sasz (KSa Jefefdetal, Z08. LI NI A Odzt |
In a Europearprioritisation of foodborne parasiteg-BPslased on multcriteria decision analysis,

four parasites that can be transmitted by contaminated fruits and/or vegetables were ranked
among the topfive. These are in order (from highest downward@s)multilocdaris, T. gondii,
Echinococcus granulosaad Cryptosporidiunspp. (Bouwkneget al., 2018). Other parasites that

may be transmitted by contaminated fresh produce that were included in the rardaedG.
duodenalis, Toxocarapp., Taenia solium, Ascarispp., E. histolytica, Fasciolapp., andC.
cayetanensi¢$Bouwkneget al., 2018). Despit€. cayetanenstseing prioritised relatively low in the
ranking (at number 18 of 24 parasites), the numerous cyclosporiasis outbreaks in the USA associated
with consunption of vegetables oberries imported from Southern and Central American countries,
where this parasite is endemic, have also raised concerns for European consumers (Bteafisan
2019; Giangaspero and Gasser, 2019).

Fresh produce remain thmost often identified transmission vehicles for outbreaks associated with
FBPs (Trevisaat al., 2019) Several studies have shown the presence of parasites in RTE packaged
salads in different parts of the world (Dixehal., 2013; McKeret al., 2015), mcluding Italy, where

C. cayetanensiand zoonotic protozoans, such &yptosporidium parvunG. duodenalignd T.

gondii have been detected (Di Benedettbal., 2007; Caradonnet al., 2017). Precut salads have

also been responsible for outbreaksanyptosporidiosis in Europdierget al., 2015; McKeret al.,

2015). Berriebave beerfound to be contaminated b@. cayetanensend other zoonotic parasites

(T. gondij E. multilocularis G. duodenalis Cryptosporidiumspp., E. histolytick and have ben
responsible folCyclosporautbreaks (Teferat al., 2018; Temesgeet al.,, 201%).

Although for protozoan detection in vegetable matrices, several microscopy techniques based on
staining, sedimentation and/or flotation procedures are available, its hacently been
demonstrated that the FLOTAC technique can be successfully applied for recé\ERimfmedical

and veterinary concern in vegetables (do Nascimento Ranak, 2019).
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Beside microscopiased techniques, molecular techniques are impottdecause of their
sensitivity and specificityfrurthermore, these techniques can offer information about species and
genotypes that can be used for source trackiAgnong several molecular methods (conventional
PCR, redime PCR PCR), nested PCRPCR), magneticapture PCR, and loepediated
isothermal amplification (LAMP) assay§CR is becoming the standard laboratory tool used for
the detection ofFBPgTeferaet al., 2018).

Studies on RTE salads and berries are very few worldwide. Al/igtevious findings revealed the
presence of protozoan parasites in RTE salads (Di Benegtedllg 2007; Caradonnat al., 2017)
whereas for berries data are completely lacking.

In order to confirm and broaden the data on contamination of RTE saldtidy and to fill the gaps

in knowledge on contamination of berries, microscopy and molecular methods were employed for

the detection of parasites in these food matrices in different laboratories.

1.1 AIMS
General aim:
The general aim of this HD. study was:

A to investigate the presence of pathogenic parasites in fresh produce by microscopy and
molecular tools.

Specific aims:
The specific aims are the following:

A to detect the presence and investigate the prevalenceCofcayetanensiss. duodenalis
Cryptosporidiunspp., T. gondij Echinococcuspp. in RTE packaged mixed salads and, local
and imported berries (blueberries, blackberries, and raspberries) by botmostopy
(FLOTAC) and conventional and real tqRER;

A to assesshe health risks for consumers associated with the spread of these pathogens.
This research topic is unexplored and of great current interest; it is intensely debated among
researchers and gatly encouraged by the international scientific community, due to the beneficial
effects that the outcome of this project would have. In fact, the results of this project will increase
the awareness ofrBPs«nd help filling the knowledge gap in the epidemiology of these infections.
In addition, the detection of the investigated protozoans would be the starting point for setting up
a risk assessment procedure as the first step for the amendment of the cdegistation (EC Reg.

2073/2005 and 1441/200Reg. UE 2017/625).



2. GENERAL PART

2.1 FRESH PRODUCE INDUSTRY

2.1.1 Readyto-eat salads

The International Freshut Produce Association. (Ct ! 0 R S Fcutypdduce'tia€ hidy &ekh

fruit or vegetable or any combination thereof that has been physically altered from its original form,
but remains in a fresh state. Regardless of the commodity, it has been trimmed, peeled, washed,
cut and subsequently bagged or prepackaged to offer to the conssimgh nutrition standards,
convenience and value while maintaining freshness (IFPA, 2016).

Freshcut produce include any kind of fresh commodities and their mixtures in different cuts and
packaging i.e., packaged salads. These products are also knawK®/ G SNXY aYAYA Y f §
YR 6& GKS CNBYOK GSNY 2F aL+x 3l YYSE ADPSPI w
and natural without any additives (Sansavini and Ranalli, 2012). Within IV gamme products, RTE
salads dominate the production ofimmally processed foods.

Only fruit and vegetables of the best quality can resist the stress induced by the preparation
(reviewed by Colelli and Elia, 2009). Temperature, storage time, relative humidity, and modified
atmosphere packaging play an importawote in the quality and the shelife of the final product
(Legnani and Leoni 2004; reviewed by Colelli and Elia, 2009).

The production process of RTE salads is showigurel.

&)&?}:‘:‘ “‘(\Im fm:&m&’ ? Lt\a @ @ < D

Py &y w0 % & & ks
7

3. 4, 5i 6.
0 > 0 Husking Washing Weighing Automatedhandling
; materials and sorting and drying and packaging

Figurel. Production process of the RTE salads.

The first step in the mduction process of RTE salads is harvesting that can be performed manually
or with operating machines. After this, the product is stored at a temperature of 4 °C in a controlled
humidity environment. The harvested product is then selected (either manaalfutomatically)

based on the size, morphological characteristics, colour, and other aspects. All unwanted parts of
the plant are discarded. After sorting, the salads are cut, shredded, and washeystem that

usually consists of three washing tanksithe first tank (prewasher) soil and any foreign bodies
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that may be present are removed,; in the other tanks, the product is washed and sanitized. The water
used for washing salads is potable, used in sufficient quantity (from 5 to 10 liters/kg), adlgqua
refrigerated (from 1 to 4°C), and constantly recycled with-clgléning filter systems.

Chlorine is the most commonly used water disinfectant in the fresh produce industry. Chlorine is
normally applied to process water as chlorine gag(&dium hypochloriteNaOCI) solution or dry
calcium hypochlorite (Cafh). Sodium hypochlorite is the chlorine source most frequently used
because it is affordable and can be handled without high expertise and with a minimal hazard
(Suslow, 1997; ColeHind Elia, 2009). In water solution it is employed in concentrations variable
between 50 and 200 ppm of chlorine (Parethal., 2003; Solivdortunyet al., 2006). However, the
occurrence of chlorate residues in fresh produce chlobased disinfectantsds been highlighted

as a problem and the industry faces increasing pressure to find alternatives to chlorine which is
currently banned as a wash for produce in some European countries, including Germany, the
Netherlands, Switzerland and Belgium (Gil et al,, 2016;
https://ec.europa.eu/programmes/horizon2020/en/news/boosfficientsafefood-production).

Other disinfectant agents are hydrogen peroxide@), ozone (@), peracetic acid E4Os) and
ultraviolet radiation (UV,)however, their use iéimited because some of them can only be used at
high concentrations (¥D,; GHsOs) or can be dangerous for food operatorg)0r require significant
financial investments (U\(Juratti, 2011)

After washing, the leaves reach a drying system the maipgae of which is to avoid high humidity
levels inside the packages as this could promote a rapid deterioration of the product.

The dry product is then transported into the packing room where it is weighed, ke €@(T uratti,

2011), and packaged in MoA US R ! (i Y 2 & LIK S NB/aroqliaGx| ahdaMazoler, 8002 t 0 ¢
Finally, the product is sealed and ldeel

Freshcut produce hae shown a positive trend in the market over the last two decades worldwide.
An article by Cavaiuolet al. (2015) reports that freskut salads cover about the 50% of the market
volume, freshcut fruits account for more than 10% of the share and other frestvegetables (e.g.,
crudités, soup mix, stiiry vegetables) cover the remaining 40% worldwide.

In Europe, Italy is the secordrgest producer of freskcut produce (IsmeaMercati, 2016); in
particular, RTE mixed salads cover about the 75% of the dalessb-cut vegetables, followed by
rocket salads (9%) and other fresh cut vegetables (16%) (e.g., spinach, carrots, beets, mushrooms,

cabbage, spices and vegetable soups) (IsmeaMercati, ZBitiye2).
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Figure2. Sales of fresh cut vegetables in Italy in 2015 (% séeairce: IsmeaMercati, 2016)

In Italy, there are approximately 500 companies and 120 processing plants that produce RTE
vegetables.While the processingplants are mainly located in the north ofaly (particularly in
Lombardy) with the exception of Campania region, located in the south, the raw materials are

mainly produced in Southern ItalB4ldi andCasait, 2017 (Figure3).

Figure3. Distribution of the freskcut companies in Italy (Sourdgaldi andCasati, 201)1
12



2.1.2 Berries

Berries are defined as fruits derived from a variety of plants which are characterized by a high
surfaceweight ratio and the entire fruit, includingeeds, can be consumed in a succulent form
(Codex Alimentarius, 2000). Blueberriega¢cinium cyanococcus, Vaccinium corymbosum)
blackberries Rubus) and raspberriesRubus idaeysare all members of the rose family and grow

on perennial bushes.

All beries are rather small and have soft skins and this makes them vulnerable to damage; in fact,
due to their fragility, berries do not undergo industrial washing, and are difficult to clean thoroughly
prior to consumption (Ortega and Shields, 2015; Teé&ia., 2018).

A wide variety of food products are produced from berries for human consumption, and these vary
in terms of physical and biological properties, and in the processes involved in production.

Berries can be harvested from the wild @urltivated. They can be grown on largeale production

sites or on smaller settings; in the latter situation, berries are more exposed to pathogens
contamination due to less advanced infrastructure, and reduced ability to follow the principles of
good agicultural practice (GAP) and good handling practice (GBE#ppean Commission, 2006;
Ganpatet al., 2014).

The production type can be outdoor or indoor. Berries grown outside are at greater risk of
contamination from animals or the environment. Therefpifeproduction is outside, efforts should

be made to ensure that the field is properly fenced, and/or other measures to prevent animal access
to the field are implementedThe irrigation method also represents a crucial factor to consider:
deep root irrigation systems are safer than the overhead methods of distribution, such as sprinkling,
since they reduce the chance of contaminants reaching the edible parts of the plants. For plants
grownoutdoors there is also the chance of indirect contamination caused, among other things, by
water during heavy rainfall or soil splashed onto the plants (reviewed by Tefala 2018).

On production sitesidentification of the potential sources afontamination is the first step for
ensuring high quality produce for human consumption; the risk should be reduced by identifying
critical control points throughout the production line and implementing a hazard analysis critical
control points (HACCP) plaby installing proper tools for preventing contamination rather than
controlling it after it has occurred (FDA, 1997). In fact, HACCP is a continuous process that describes
appropriate ways to monitor production, including contamination; whenegertamiration occurs,

from farmto fork, a planned corrective action should be taken in order to ensure safety of the
product. Dfferent types of berry production should be scrutinized separately for optimizing the

13



HACCP plan. In addition, shoslokecific food prducts for human consumption be produced in the
same facility, other than fresh berries, this shall absolutelgdresidered when establishing a HACCP
regime. Other food safety management systems, such as, @GR and Good Manufacturing

Practices (GMP) atdghly recommended to ensure safety of the products.

European countries produce berries for a large part of the year. Poland is the mairpbedncing
country followed by Germany. Italy produces a variety of berries including blackberries, raspberries
and blueberries(CBI, 2018(Figure4).

500

400
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200
10 - =
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@ 2010 ©®2011 @®2012 @ 2013 @ 2014

Figure4. European production of fresh berries.

Nevertheless, to guarantee the provision of fresh berries all the year round, it also necessary to
import berries into Europe; most berries are imported fratier countries during the oféeason
(Kempler and Hall, 2013).

The total European import of fresh berries in 2016 was nearly 80 thousand tonnes, of which around
76 thousand tonnesvere imported from developing countrie&igure5). Most longdistance and
off-season supplies come from Latin America (mostly Mexico, Chile, and Peru). Other countries, like
Morocco and South Africa, are also rapidly increasing their export capachiese Tountries have
warm climates thaensure yearround production and, often, cheap labour co§&Bl, 2018)

Such countries, however, may be endemic for pathogens that are unusual or rare in the importing
countries. As such countries may also have tksgeloped infrastructure, there could be greater
chances of contamination of the berries during productibor example, Morocco is endemic for
cystic echinococcosis (Cheétial., 2017) andC. cayetanensis endemidn Southern and Central
American countries (Almeriat al, 2019).In 1996 and 1997, cyclosporiasis outbreaks in North

America were linked to eating Guatemalan raspberries. In the same period a atudyl at

14



describing the epidemiology @yclosporan Guatenala, explored potential environmental sources

of contamination, including a raspberry farm cohort of 164 workers and 18 family members who
submitted specimens from April 6 to May 29, 198fmong these 182 raspberry farm workers and
family members monitord, six (four farm workers and two family members) were positiveGor
cayetanensi¢Bernet al., 1999).

Many outbreaks of disease have been linked to produce imported from countries where HACCP
implementation is suboptimal and the importance of thesetines for ensuring product safety is

underestimated (Dixon, 2016).
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Figureb5. European import of fresh berries 202916 (in 1000 tonnes).

The United Kingdom and Germany maintain the highest total import of fresh beffies,
Netherlands is thehird largest importer and France, Spain, Italy and Austria follow"jr64, 6"
and 7" position, respectively (CBI, 201(&)jgureb).
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Figure6. Main European importers of fresh berries 262@16 (in 1000 tonnes).
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2.1 FOODBORNE PARASITES BRIYERS OF FOODBORNE PARASITIC DISEASES

Compared with bacterial and viral foodborne pathogens, FBPs have received less attention and
represent a neglected phaogen group; however, they are increasingly being recognized as a public
health problem.

Foodborne parasites are neglected for a variety of reasons (Robertson, A018)ere is a
perception that they are mostly associated with developing countries, conditions of poverty and
inadequate sanitary conditions. Howevéhnis not always the case arkBPs are not just restricted

to such places but spread all over the world,df& included Poor hygiene conditions and poverty
settings certainly promote the spread of FBPs. However, nowadays, in such a globalised world with
movement of people and animals and the internationalisation of commerce and globalised food
supply (Robertso et al., 2014), it is impossible to make such a claar distinction between
developing and developed countriefj) most infections with FBPs do not manifest as acute
diseases, but rather have a chronic course of the disease.

The most importanEBPsnd their main food vehicleare summarized ifablel.
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P i Primary food Primary food Secondary food
m vehicles vehicles
Anisakidae Aquatic animals Marine fish,
crustaceans and
cephalopods
Ascaris spp. Plants Fresh produce
Balantidium coli Plants Fresh produce
Cryptosporidium spp. Plants Fresh produce,
frult juice,
milk
Cyclospora cayetanensis  Plants Berries, fresh
produce
Diphyllobothriidae Aquatic animals Fish (freshwater and
maring)
Echinococcus granulosus  Plants Fresh produce
Echinococcus multi- Plants Fresh produce
locularis
Entamoeba histolytica Plants Fresh produce
(Older studies did not
distinguish Entamoeba
histolytica from E. dispar.)
Fasciola spp. Plants Fresh produce
(aquatic plants)
Giardia duodenalis Plants Fresh produce Molluscan
(syn. G. intestinalis, shellfish
G. lamblia)
Heterophyidae Aquatic animals Fresh- and
brackish-water fish
Opisthorchildae Aquatic animals Freshwater fish
Paragonimus spp. Aguatic animals Freshwater crustacea
Sarcocystis spp. Land animals Boof Pork

Sparganosis - Spirometra
5pp.

Other

Frog, snake meat

Taenia saginata

Land animals

Baef

Taenia solivm

Land animals

Pork

Plants
(cysticercosis)

Fresh produce

Toxocara spp.

Plants

Fresh produce

Toxoplasma gondii

Land animals

Meat from small
ruminants, pork,
beef, game meat (red
meat and organs)

Fresh produce,
seafood, dalry
products

Trichirvelia spiralis

Land animals

Pork

Horse,
Game meat

Trichirefio spp. {other than
Trichinelia spiralis)

Land animals

Game meat =

Pork

Trichuris trichivrag

Plants

Fresh produce

Try panosoma Cruzi

Plants

17
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In a recent article by Robertsat al. (2020), FBPs are classified based on the food matrix by which
they are transmitted:

- FBPs transmitted by meat and fisfopods of animal origin are highly consumed in most European
countries and represent a major vehicle for foodborne diseases (Da Silva Eekdio2015). In
2012, TrichinellaToxoplasmaandTaenia soliunwere ranked as being globally the most imparta
FBPs in meat (FAO/WHO, 2014), and nematodes (in partiéumsaki3 as being of greatest
importance in fish worldwide. In a more recent Fgloking restricted to Europ@Bouwknegtet al.,
2018 (Figure7), while in line with the previous oné,oxoplasmaand Trichinellaoccupy the top
positions among meatborne parasites afidisakiss ranked as being of highest importance in fish,

Taenia soliunis considered to be of lower significance in Europe, reaching only the tenth position.
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Figure 7. European ranking of FBPs based on the EtB® criteria and weights, 2016 (Source:
Bouwknegtet al., 2018)

- FBP transmitted as contaminants of water, shellfish or fresh prodiiaey protozoan FBPs i.e.,
Cryptosporidiunspp., T. gondiiand G. duodenaliscan be transmitted not only via food, but also,
and perhaps more commonly, via water contaminated by oo/cysts released in the faeces of their
definitive hosts Cryptosporidiunspp. andG. duodenalisre, in fact, the most commonly reported

agent of waterborne outbreaks of disease (Efstratefual., 2017).Humans and animals can also
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be infected by the consumption of contaminated raw fresh produce (fruits and vegetables).
Contamination may occur directly by faeces (via animals, food handlefaces, or equipment) or
when such produce are irrigated or washed with contaminated water (Shapab, 2019; Ryaet

al., 2018, 2019).

A further transmission vehicle is bivalve molluscs, which concentrate contaminants in their organs,
including protoban oo/cysts (Robertson, 2007; Tedeteal., 2019). When they are consumed raw

or lightly cooked, they may represent a vehicle of FBPs.

In a recent article by Trevisan al.,, 2019, 19 drivers of foodborne parasitic diseases were

identified,andthose of greatest importance are discusgeture8).

Gapsin

surveillance and
control

Changing culinary

habits and the role
of human The role of water

behaviour towards
raw foods

Globalization of Lack of awareness
food supply from agencies

EURO-FBP

Furnnman Nitanrk fod Fondkarmn Pomasies

Figure8. Top five drivers of foodborne parasitic diseases in Europe (Source: Trevegar2019).

1- Globalization of food suppl¥he broad distribution of foods has been made possible by improved
transportation, particularly thecold chain As a consequence, foodborne diseases are no longer
geographically circumscribed and international and multistate outbreaks have become more
comnon (Gould,et al., 2017; Lipcsekt al, 2019) (e.g., outbreaks of cyclosporiasis in the USA

associated with imported fresh produce (Hadjilouka and Tsaltas, 2020)).

19



2- Changing culinary habits and the role of human behaviour towards raw .f@mssumption of

raw and undercooked foods has significantly increased, for example, eating sushi and sashimi has
become extremely popular worldwide, leading to an increase of gastroallergic anisakiasis in
consumers (LlarenReinoet al., 2015). Travellingstrictly linked with trying new foods araliisines

KIFrda AYyONBIasSR 02yadzYSNEQ SELIRA&dzNIBt alij 2014)zHel Y A f
increasing attention of consumers towards animal welfare and the expansion of the
outdoors/organic farming stems has determined for the animals raised outdoors a greater
possibility of infection with parasites such &s gondij Trichinella Taeniaspp. (Murrell, 2016;
Devleesschauwest al., 2017). Also, iven mostly bylack of timemore and more consumerspo

for aready meal, including RTE salads, which, as healthy as they may be, have also been found
contaminated by protozoan parasites and responsible of outbreaks of disease (Caratasina
2017;FDA, 202D

3/4- Gaps in surveillance and control dadk of awareness from agenci&irveillance of foodborne
diseases is a fundamental component of fesafety systems (EFSA, 20y some FBPs, such as
Trichinellaand Taeniaspp., there are Edlevel regulationsRegulationNEU)2015/1375; Regulation
(EC) 854/2004and official controls in placeHowever,for others such ad. gondiiin meat or
protozoan parasites in fresh produce there are not any. This is an testiewillneed to be

addressedand ncreased efforts will be needed to translate researebults into policies.

5- The role of water The increased employment of wastewater for irrigatidne to extensive
population growth and related increase in food requirements and new areas of cultivation, has led
to greater possibilities for contaminatio of fresh produce. For instance, Rdmaducts are

increasingly popular, and have been associated with outbreaks of FBPs (ic&ler2015).

The FBPs investigated in the present survey, are discussed individually in the next section.
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2.3 INVESTIGATED FOODBORNE PARASITES
2.3.1 CYCLOSPORA CAYETANENSIS

2.3.1.1Classification and morphology
Cyclosporas a protozoan parasite thdielongs to the phylum Apicomplexelass Sporozoasida,

subclass Coccidiasina, order Eucoccidiorida, family Eimeriidae.

Phylum: ‘-‘ Class: /\

ﬁ\

Family: \ Genus:

Species: \
|

Subclass: Order:

Apicomplexa ;} SPC‘FC‘ZC‘aSlda ! Cocad|asma | Eucoccidiorida
/’/ /
/ / //

Nineteen species belonging to the genGgclosporaare currently known. They infect reptiles,

Eimeriidae Cyclospora ;} C. cayetanensis

insectivores (Ortega and Sanchez, 2010) and primates (Lahabn2005; Let al., 2015)jncluding
humans Table 2); these species cannot be microscopically distinguished as they all are

morphologicallyhighly similar.

Cyclosporapecies Hosts

C. papionis Baboons

C. colobi Colobus monkey
C. glomericola Diplopods

C. cercopitheci Green monkeys
C. cayetanensis Humans

C. caryolitica Insectivores

C. talpae Insectivores

C. ashtabulensis Insectivores

C. megacephali Insectivores

C. parascalopi Insectivores

C. macacae Rhesus monkeys
C. angimurinensis Rodents

C. viperae Snakes

C. babaulti Snakes

C. tropidonoti Snakes

C. scinci Snakes

C. zamenis Snakes

C. niniae Snakes
C.shneideri Snakes

Table2. Species o€yclosporand their hostsffom Giangaspero and Gasser, 2019)

¢ KS UNB (G LldzoGydloapkréiRctidnih lniamsds cap Fe dated back to 1979 when it was
described as a coccidian organism responsible for causing ogaiin two children and a woman

in Papua New Guinea, but finally diagnosed as a coccidian belonging to thelggspmrawhich,
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in retrospect, was probablg. cayetanensi{g\shfordet al., 1979). In subsequent reporSyclospora

was described as a coccidiike body (CLB), cyanobacteritlike body, bluegreen alga, or large
Cryptosporidiununtil 1993 (Ortegaet al.,, 1993) In 1994 tlis organism was formally recognisasl

a new coccidian species capable of infecting humans and n&neayetanensigOrtegaet al.,

1994).

C cayetanensiseems to be host specific and humans are so far the only confirmed hosts. Although
it has been deteted in the faeces of several animals, including ducks, chickens and other avian
species, dogs, albino mice and Almmman primates (reviewed by Almeeaal., 2019), attempts to
establish experimental. cayetanensisfection in laboratory animals (Ebenfuget al., 2000) have

not been successful, suggesting host specificity. In general, the presence of oocysts in stools from
animals seems to be exclusively linked to their passage through the gastrointestinal tract with no

evidence of infection (Ortega argherchand, 2015).

Cyclosporaocysts are rounded ansheasure7.7-9.9 um évg. 8.6um); theyhave a colorless, thin

(<1 um) and bilayered wallnsporulatedocysts are undifferentiated spheres containing a morula
(Longet al., 1991). When sporulated, the oocysts contain two ovoid structure called sporocysts (4
to 6.3 um) inside each one of which there are two sporozoites (1.2 to 9 um) folded ifOrtena

et al., 1993 1999 (Figure9).

UNSPORULATE 1¢2 weeks to sporulate and become infective SPORULATEI
OOCYST OOCYST

Figure9. Cyclosporaocysts. The images show unsporulated and sporulated oocysts (sG@DEX::
2020.

2.3.1.2Biology andife cycle

Cyclospora cayetanensgan obligate intracellular parasite and is monoxenous, requiring a single
human host to complete the entire life cycle (Ortegiaal.,, 1997). The infection begins when a
susceptible host ingests sporulat€tl cayetanensisocysts, potentially with contaminated food,
water, or soil. In the upper gastrointestinal tract, the oocysts excyst and release the sporozoites that
invade the enterocytes of the duodenum and the jejunum. Inside the enterocytes, the g@®z
transform into trophozoites and, after thatindergo asexual multiplicatiofmerogony) intatype |
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and type Il meronts, containing merozoites. The type | meronts contain eight to 12 merozoites, type
Il meronts contain four merozoites. While Typmérozoites remain in the asexual cydgpe Il
merozoites initiate the sexual (gametogony) phase and (Jnalerogametocytes or (female)
macrogametocytes are formed. The microgametocytes fertilise the macrogametocytes to produce
zygotes, which differentiate into unsporulated oocysts and, after being released into the lumen of
the intestine,are excreted in thenvironment through the faeceS$porulation occurs outside the

host; the oocysts require 7 to 15 days to sporulate under ideal conditions (23 to 27°C) and become
infectious to a susceptib host (Ortega and Sanchez, 201A)sporulated oocyst contains two
sporocysts, each with two sporozoites (reviewed by Giangaspero and Gasser, 2019 and&ilmeria
al., 2019)(Figure 10).

ODPDx Cyclospora cayetanensis CDC
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FigurelO. Life cycle oz cayetanensigsource:CDC, 2018

2.3.1.3 Pathogenesis and clinical symptoms

Cyclosporiasis affects the smaltestine (Sunet al, 1996; Connoet al, 1999). AlthoughC.
cayentanensigpathogenesis and virulence factors are not yet fully understood, its asexual and
sexual replications uting merogony (schizogony) and gametogony, respectively, seem to be
responsible for damaging and altering the architecture of the small intestine causing mucosal
alterations, edema and infiltration bgflammatory cells, reactive hyperemia, vascular dbiat and

congestion of capillaries in the upper intestinal tract (Ortegal., 1997). Theshistopathological
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changes result in the reduction of the intestine surface area, leading to a decreased uptake of
electrolytes, water, and nutrients and to abuntaand watery diarribbea, often occurring in cyclical
patterns alternating with constipation (Soave et a., 1998). In addition to dagah other
gastrointestinal symptoms e.g., abdominal cramps, nausea and vomiting as wellgabtsfever,
fatigue and veight loss are associated with this infection.

In immunocompetent patients the disease is mainly -#gliting and associated with mild
symptoms However protracted or chronic diarrbea has been reported in immunocompromised
patients (Almeriat al., 2019) e.qg., HI\positive patients in which the average duration of diarrhoea

is longer than in HPegative patients (199 days and 57.2 days, respectiv@&tfubacket al., 1997,
Sancalet al.,, 2009.

In endemic settings the infection is usuadlgymptomatic or mild among adultsigsseinet al.,

2007; Gomez Martineet al., 2016) The elderly and the young children aredke most severely
affected and show the most serious clinical symptoms; in the latter case, protracted diarrhoea can
lead to seere dehydration and even death especially if cyclosporiasis is complicated by secondary
viral, bacterial, or parasitic (e.gCryptosporidiumand Giardig infections and/or by malnutrition

and malabsorption, whichare quite common in underprivileged settys (Behereet al., 2008).
Interestingly, the severity and duration of the infection tend to become milder after repeated
episodes (Ortega and Sanchez, 2010). The median incubation period is around seven days (Almeria
et al., 2019). Clinical symptoms can persist for a few days to a month or longer, if patients are not
treated (Goldberg and Bishara, 2012).

Immunocompromised people such as individuals with HIV/AIDS (Papé, 1994) may also
develop extraintestinal formsncluding GuillaigBarre syndrome (Richardsat al., 1998) and
reactive arthritis syndrome (formerly known as Reiter syndrome) (Coanat., 2001). Further
clinical manifestations ofC. cayetanensigfection in HIVpositive patients are biliary disease,
acalculous cholecystitis and cholangitis in AIDS patients (Sifu@si@sioet al., 1995; Connoet

al., 2001; Zaet al., 2001).

2.3.1.4 Epidemiology
The infectious dose fo€yclosporas unknown but is presumed to be low (Sterling and Ortega,

1999). The factors affecting the survival®fclosporaocysts are summarizad Table3.
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Factors affecting survival a€yclosporabocysts

Environment = Heat pH Freezing Disinfectant = Drying UV light
Oocysts survive in  After heating at No information. = Sporulation can Oocysts are Oocysts are very No information.
water at 4 °C 60 °C for 1 h or be prevented resistant to many sensitive to
for 2 months and = 70 °C for 15 after 2 days at disinfectants desiccation
at 37 °C for 7 days minutes oocysts -20 °C. including (after
(Smithet al., cannot be Sporulation was = chlorine 15 min, the
1997 Ortegaet induced to not observed in at levels used in = oocyst
al., 1998. sporulate. basil leaves or water treatment =~ wall breaks)
UnsporulatedC. Sporulation was water after (Soaveet al., (Long et al,
cayetanensis not observed in exposure to70 °C = 1998). 1991).
oocysts are basil leaves or forlh Cyclospora
resistant to the water at 70 °C, (Sathyanarayanan sporulationls not
most common and 100°Cfor and Ortega, affectedby
pesticides 15 min(Sterling 2006). treatment with
(Sathyanarayanan and Ortega, chlorine dioxide
and Ortega, 1999 (Ortegaet al.,
2004). Sathyanarayanan 2008.
and Ortega,
2006).

Table 3.Survial of Cyclosporaocysts. Adapted and modified from Dawson, 2608 Gérarcet
al., 2019.

Humans and foodborne outbreaks caused by the consumption of fresh proGucayetanensis
infection among humans has been reported worldwide, in both developed and developing
countries, but it is most common in tropical and subtropical arg2aaentral and South America, the
Middle East, the Indian subcontinent and South East Asihere cycloporiasis is an endemic
diseasewith a prevalence up to 13% immunocompetent individuals (adults and/or children) and
up to 36% in immunocompromised persons, mostly HIV/AIDS patients (Bwawifa, 2010).
In Latin America, the prevalence of cyclospasi@s humans is low in Mexico (up to 3.3%9 [a Luz
GalvanRamirezet al., 2019) but reaches peaks of and 41.6% in Peru (Burnstein Alva, 2005),
followed by Haiti with 36%Raccurtet al., 2008),Venezuela with 24.2% (Cazoetaal., 2012) and
Brazil with 10.8% (Borges al., 2009), respectively.
Cyclosporanfection in humans has also been registered in the Middle East e.g., Turkey with an
overall prevalence of 17.4% (Turggtyal,, 2012) and SER A | NJ 0 Sahadedal@20£2) and 6
in countries of the Indian subcontinent and South East Asia, including India, Nepal and China with
prevalences of 22% (Dhanaleglal., 2014), 9.2% (Kimug al., 2005) and 5.6% (Wamrgal., 2002),
respectively.
With regard to African countries, the highest prevalences have been recorded in Egypt (10%)
(Nassett al.,, 1998), South Africa (7.29%amieet al., 2009), and Madagascar (16.5%)i¢ckmann
et al, 2015) in addition, an overall prevalence of 18% ha®reecorded in 14 suBaharan
countries Fletcheret al., 2011).
In developed and noendemic countries, the prevalence does not exceed 3%. In the USA
prevalences ranging from 0.3 to 0.5% (Wurtz, 1994;eDal., 1995) were recorded in the 1990s,
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however, there is evidence supporting that the incidence of infection has substantially increased

since then. In Canada, a prevalence of 1.9% was reco&igdHet al., 2015)

In Europe, most cases of cyclosporiasis were related to ra8eNX) doeaRsudh MdNJKose
registered in Germany, Spain and in Polddelineket al. 1997;Paschkeet al,, 2011;Ramirez
Olivenciaet al., 2008 Bednarskeet al., 2015), but single autoctonous cases of cyclosporiasis have

been registered in the Czech Republic (Jelmalat al., 2011) as well as in Italy (Scaglial., 1994;
Maggiet al., 1995; Masucet al., 2008, 2011).
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Figure 11. Estimated prevalence and distribution Gyclosporanfection in immunocompetent
people (sourceGiangaspero and Gasser, 2019)

Cyclosporiasis is accepted as often beifgodborne infection, and the main route of transmission

of C. cayetanensiss represented by contaminated fresh produce, such as berries and leafy
vegetables, which are eaten raw, without previous heating, and are difficult to wash properly
before consumption (Ortega and Sanchez, 2010; Tefeah, 2018).

Outbreaks otyclosporiasis associated with contaminated fruits and vegetables have been reported
worldwide e.g., Asia (i.e., Nepal and Indonesia) and South America (i.e., Mexico, Columbia,
Guatemale and Peru) (Chaddonilla, 2010).

In the United States, since the #rl990s repeated outbreaks of cyclosporiasis associated with the
consumption of various types of contaminated fresh produce, mainly imported from South
Americancountries, such as raspberries and cilantro, have been repo@&x, 2019

Outbreaks ofC. cgetanensisinfections have also been registered in Europe. In Germany, a
cyclosporiasis outbreak with 34 involved people was associated with the consumption of salads
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prepared with fresh produce imported from France and Southern Italy (Détled., 2002) In
Sweden, an outbreak @. cayetanensiafection with 12 laboratoryconfirmedcasesvas reported
between May and June 2009. The incriminated food items were sugar snap peas imported from
Guatemala (Insulandeat al., 2010). In the United Kingdor@, @ayetanensisvas identified in 79
travellers returning from the Riviera Maya region of Mexico between June and September 2015.
The infections have been attributed to the consumption of fresh produce such as contaminated
fruits (strawberries or raspberriesjegetables and herbs (coriander) as well as contaminated water
and drinks (Nicholst al., 2015).

In Italy, foodborne outbreaks oCyclosporainfection associated with the consumption of
contaminated fruits and/or vegetables have not been registered.

Arecent review provides detailed information on the outbreaks associated @ittayetanensisy

country, year of occurrence, and possible sources of exposure (Aleteaia2019).

Fresh produceSeveral surveillance studies have reported the presenéz chyetanensis fresh

fruits and vegetables worldwide (reviewed by Almesa al., 2019). In endemic area%;.
cayetanensisvas reported in fresh produce in several Latin American countries au€olombia
(Ortiz Pinedaet al., 2020), Peru (Burnstein Alva, 2005), Venezuela (Detexly 2006), and Costa
Rica (Calveet al., 2004) with prevalences ranging between 0.8% and 8% as well as in Nepal
(Sherchancet al., 1999, 2010), Cambodiarth et al., 2007)and Egypt (Mosskam, 2010; El Said
Said., 2012). The contaminated foods were mainly leafy vegetables (ranging from lettuce to water
spinach) and berries such as strawberries and fresh strawberry juice.

In nonendemic industrialized countries, ttate, no surveillance studies have been published in the
USA. In Canad€. cayetanensisas found in 9 (1.7%) out of 5&RII'Epackaged leafy greens (Dixon

et al., 2013) and in 6 (0.51%) out of 1171 jpackaged leafy greens (Lalonde and Gajad2@i6).

As to EuropeCyclosporavas registered in Italy wher€yclosporddNA was detected in 6 (12.2%)

out of 49 vegetable samples i.e., fennel, cucumber, celery, tomato, with the highest prevalence
(18.7%) on fennel (Giangaspeaal., 2015a) and iRTEpackaged salads sold on the Italian market
with a prevalence of 1.3% (Caradoretaal., 2017).

A recent review gives detailed information on surveillance studieSyafosporaspp. and/orC.

cayetanensi®ocysts detection in fresh produce worldwide (Alnagat al., 2019).
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%% (No. Positive/Total

Location Samples Analyzed) Food Type
Cambodia 8.3 (3/36) Water spinach
Costa Rica 8.0 (2/25) Lettuce
Canada 1.7 (9/544) Precut salads and leafy greens
Canada 0.5 (&1171) Arugula/baby arugula, baby spinach and spring mix
Egypt 16 (4/25) Lettuce heads
Egypt 21.3 (64/300) Rocket, lettuce, parsley, leek, green onion
Egypt 25.7(9/35) Fresh strawberry juice
Ethiopia 6.9 (25/360) ‘\'egetab]es and raw fruits (avocado, lettuce, :‘.lhbage,
carrot, tomato, banana and mango)
(Ghana 5.1 (20/395) Cabbage, green pepper, onion, tomato, lettuce
[taly 12.2 (6/49) Fennel, cucumber, celery, tomato
[taly 1.3 (8/648) Ready to eat-packaged salads
Koma 1.2 (5/404) Winter grown cabbage, sprouts, blueberries, and
cherry tomatoes
Mepal MNumber not indicated Cabbage, lettuce, mustard leaves
Mepal Number not indicated Lettuce, spinach, mustard and basil leaves
Two surveys: 1.8 (2/110) , .
Peru and 1.6 (1/62) Lettuce, mint, black mint
Venezuela 5.9% (6102) Lettuce
Vietnam 8.4 (24/287) Herbs (basil, coriander sativum and coriander,

Vietnamese mint, marjoram, persicaria) and lettuce

* Unclear which commaodity was contaminated by Cyclospora spp.

Table4. Positive reports and surveillance studiesQyfclosporapp. and/orC. cayetanensis
oocysts detection in fresh produce worldwide (S&eneriaet al., 2019 and related references

2.3.1.5Detection methods in fresproduce

The detection ofC. cayetanensi® fresh produce is challenging because of i) the low numbers of
oocysts they are usually contaminated with, ii) the oocysts being trapped in pores of the food
making them difficult to detach and difficult to detedi) the methods used for clinical samples not
always being applicable for the detection @yclosporan fresh producdimiting, as a result, the
options available.

The first step for the recovery of th€yclosporabocysts is the washing aimed at dekeng the
LI N aA0S adlr3Sa FTNRBY GKS LINRPRdAzZOG&AQ adz2NFI OS
solutions available (Shieldst al, 2012; Chandrat al, 2014; Lalonde and Gajadhar, 2016),

Iy

Alconox® is more efficient compared to others andificantly improves the recovery of parasitic
protozoa from food (Shieldst al., 2012).

The use of lectitoated paramagnetic beads represents an option for the isolatio@yaiospora
oocysts from fresh produce, however no significant differences in the recovery efficiency have been
detected with or without this procedure (Robertsenal., 2000).

Antibody-specific coated beads could also be employed for the concentratidl. ahiyetanensis
oocysts as used for the detection @ryptosporidiumspp., but the antibodies are not yet

commercially available (Almere& al., 2019).

28



Identification of Cyclosporaoocysts in food matrice®y microscopy is extremely challenging
because the currently available methods, including dagl stain (Garciat al., 2017), hotsafranin
stain (Visvesvaret al., 1997; Maratinet al,, 2002) and ultraviolet fluoregnce microscopy (Ortega
and Sterling, 1996; Vareet al, 1998), lack the required sensitivity for the detection of low
concentration of oocysts.

In recent years, several molecular techniques inclugiogventional PCR, reime PCRPCR),
nestedPCR (nPCR), magnetapture PCR, loemediated isothermal amplification (LAMP) assays,
etc. have been used for the detectioneéBPsn fresh produce.

NestedPCR protocols based on the 18S rRNA gene (Steele 2003; Dixoret al, 2013) have
been desribed forCyclosporaAmong thegPCR, a method for identification of protozoan oocysts,
includingCyclosporaon leafy green vegetables and berry frloessed on 18S rDNA gene (Lalonde
and Gajadhar, 2011, 2016) and one assay targetinggéon within ITS of C. cayetanensis
(Giangasperet al., 201%) were developed. The BAM (FDA's Bacteriological Analytical Mdkfual)
methods are the only standardized methods for detectiolfCotayetanensis fresh produce. The
BAM19a method (Orlandet al., 2004) ha recently been modified and replaced by the BA8b
(Murphy et al, 20T7). In addition, a newgPCR protocol for the molecular detection ©Gf
cayetanensis@as a contaminant of berry fruits targeting the internal transcribed spacer 1jITS
region was devieped (Temesgeat al., 201%) and eventually included in a multiplgRCR for the
simultaneous detection of. cayetanensig. gondiand E. multilocularigTemesgeret al., 2019b).
With the abovementioned methods, it is not possible to assegether the parasites detected are
viable and infectioudowever, positive molecular results for parasite contamination should not be
ignored and it should be assum#tht at least some of the oocysts are viable and infectious (Dixon

et al, 2013) and regesent, therefore, gublic health risk.
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2.3.2 TOXOPLASMA GONDII

2.3.2.1Classification and morphology

Toxoplasma gondiis a protozoanparasite that belongs to the phylum Apicomplexalass

Family: Genus: \\ Species:

Sporozoasidagrder Eucoccidioridgdamily Sarcocystidae (Uttat al., 2013).
Sarcocystidae Toxoplasma ‘:‘ T. gondii

“ Phylum: Class:
Apicomplexa Sporozoasida Eucoccidiorida

It is an obligate intracellular parasite that can infect all wdrlmoded animals, including humans

and birds (intermediate hosts). Felids are the only definitive hosts, but they can also serve as
intermediate hosts (Frenkeit al., 1970).

Toxoplasma gondiwas isolated for the first time from tissues of a hamdike rodent
(Ctenodactylus gunylused as an animal model to stuldgishmanian Tunis (Nicolle and Manceaux,
1908).

Toxoplasma gondis the onlyspecies in the genuBoxoplasmand comprises thee clonal lineages:
(Howe and Sibley, 1995): Type I, highly pathogenic, and types Il and lll, relatively less pathogenic
(Sibley and Boothroyd, 1992) mainly found in isolates from Europe and USA. Other atypical or exotic
genotypes have largely been fourdthe other continents (Ajzenbergt al., 2004; Hassast al.,

2019) and are highly pathogenic, in fact, they have been reported to be virulent in Mice (
musculusandMus m. castaneygHassaet al.,, 2019) and some of these have been associated with
outbreaks of severe human toxoplasmosis (Caetnal., 2002; Carmet al., 2009).

Toxoplasma gondiias three infectious stages: the tachyzoites, the bradyzoites (in tissue cysts), and
the sporozoites tht are contained within the oocysts (Dubey, 18p&-igurel2 a-c).

Tachyzoites are arched shaped and measure 6 by 2 um, with a pointed anterior end and a rounded
posteriorend whilst adyzoites measure approximately 7 by 1.5 (Melhorn and Frenkel, 1980

and form tissue cysts. These cysts are spheroid in shape anda@naesize of 70 um in diameter

in the brain and, rarely, a diameter of 100 um in the muscular delibdy, 1998 The size of the

cysts varies between 10 um for the younger cysts, containing only two bradyzoites, and 100 um for
the older ones, containingfrom hundreds to thousands of bradyzoitéRobertGangneuxa and

Dardé, 2012).
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Unsporulated oocysts measure about-1P um in diameter. After sporulation, they become
subspherical, measure 114 x 911 um and contain two ellipsoidal sporocysts, measuitiog 6 to

8 um, each containing four sporozoites (Dubey, )98

-

Figurel2(a-c). The images show. gonditachyzoites, stained with Giemga), T. gonditissue cyst
(individual bradyzoites can be seen within) {b)gondiioocysts in adecal flotation (c)Source:
https://www.cdc.gov/dpdx/toxoplasmosis/index.html

2.3.2.2Biology and life cycle

In cats and wild felids both the extiatestinal and the intestinal cycles can take place, whereas in
the intermediate hosts (cattle, sheep, pigs, horses and other mammals, including humans, as well
as birds)only the extraintestinal development of T. gadii occurs. The life cycle @t gondiiis
summarized irFigure 13.

Lyall2NYz | § SR 22 08 aaedes(l) andbspaiuiate R tha ghvirdnknént igllday© &  F
depending upon aeration and temperaturepprogony phase) (2). Intermediate hosts, cats
included, become infected after ingesting sporulated oocysts, potentially with contaminated
vegetables, soil, avater (3).

EXTRAb¢O{ ¢Lb![ /,/[9Y ! FTGSNI(GKS 220eaGaQ Ay3aSai
epithelium, where they differentiate into tachyzoites. Tachyzoites replicate rapidly by endodyogeny
(4-5) inside the cells of the reticuloendothelial system and disseminate throughout the organism
(acute phase). Tachyzoites multiply intracellularly for amlatermined period, convert from
tachyzoites to bradyzoites and ency8). Tissue cysts may remain throughout life in most hosts,

predominantly in the brain or musculature (chronic pha@@ybertGangneuxa and Dardé, 2012).
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Figurel3. Lifecycle ofT. gondii(source: Tayloet al., 2010.

INTESTINAL CYCLE: Most definitive hosts become infected by ingesting intermediate hosts infected
with tissue cysts. Upon the ingestion of these tissue dygthrough raw or undercooked meat, the

cyst wall is dissolved by digestive enzymes and the bradyzoites are released in the stomach and
intestine. Bradyzoites penetrate the epithelial cells of small intestine and give rise to schizonts and
merozoites (asexuastages) that form male and female gamonts. After fertilization, the
unsporulated (immature) oocyst is formadd passed in theaéces(8-10). After exposure to air and

moisture for 2 to 5 days, the oocyst sporuldfe?) (RobertGangneuxa and Dardé€, 2012

Cats become infected:

- after ingesting intermediate hosts harbouring tissue cyg)gshort prepatentperiod: 310 days);

-GAl G OKeéel2A0GS4ax YIAyfte o0& GKS Ay3aSaildizy 27
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- by ingesting sporulatedocysts(2-3) (long prepatent period®20-48 days after ingestion) (Dubey,
19983).
Successful infection of seronegative cats is revealed by the shedding of oocysts in their faeces. Fewer
than 30% of these cats shed oocysts after ingesting tachyzoites or oocysts, whereas nearly all of
them shed oocysts after ingesting tissue cysts (Dulyey Frenkel, 1976; Dubest al., 1996).
Infected cats can shed more than 100 million oocysts in theods (Dubey and Frenkel, 1972; Jones
and Dubey, 2010) for several weeks and once during their life.
Intermediate hosts, including livestock and wild gganmay become infected after ingestion of
sporulated oocysts in the environme(®) or by oral ingestion of bradyzoites/tissue cysts contained
in muscles or primary offal (viscera) of previously infected intermediate hastste particularly
relevant foromnivores and carnivores e.g., wild bogssi§ scrofpand hunting dogsor by ingesting
tachyzoites.
Humans can become infected by several rofils12). The main ones are listed below:
i eating raw or undercooked meat of animals hanbag tissue cysts (bradyzoites);
1 eating rawvegetables andruits or drinking water contaminated with sporulated oocysts or
ingestingsporulatedoocysts that cats have passed in theedes, either in a cditter box
or in soil (gardening);
1 blood transfusion or organ transplantation (tachyzoites);
9 drinking unpasteurized milk from cows, sheep, goats (tachyzoites);

1 transplacentally from mother tooketus (tachyzoites).

Given that, the bradyzoites are more rdaist to digestion by gastric juices (pepshiCl) compared
to the tachyzoites, that only survive for a short period of time (up to 2 h) in acid pepsin solutions

(Dubey, 1998), tissue cysts and oocysts are very important inlifgecycle ofT. gondii

2.3.2.3 Pathogenesis and clinical signs

Toxoplasma gondaéan invade many tissues and this process of dissemination is responsible for a
variety of clinical manifestations in infected mammals, including humans (Akyar, 2011).

After the ingestion of oocystsr tissue cysts of. gondij it invades the small intestine and converts

to the tachyzoiteform, which replicates and disseminates rapidly to almost all tissues, including
muscle, brain, eyes, liver, placenta and lungs. In this phase clinical mantfestatitoxoplasmosis

are caused by cell destruction due to multiplying tachyzoiecrosis in intestinal and mesenteric
lymph nodes may occur and focal areas of necrosis may develop in many organs€alhé996).
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Signs may persist for one ttwelve weeks; a more severe disease occurs more rarely in
immunocompetent individuals than in immunocompromised ones (Tegttal., 2000).

The infection triggers an innate and an adaptive immune response and, therefore, the production
ofIFN' 0 & 1 cells|regponsibler controlling the acute phase (Lieberman and Hunter, 2002).
This immune pressure leads to a chronic, usually asymptomatic phase, where this organism persists
as bradyzoites in cysts within the brain, the eyes and the muscles.

In the case of primaryl. gondiiinfection during pregnancy, tachyzoites present in the blood may
cross the placenta and infect thedtus (Joneset al. 2003; Montoya and Remington 2008).
Congenital toxoplasmosis can have various effects on a groeagtgsfdeending on the trimester
during which the maternal infection is acquired (McAuley, 2014). The severity of clinical disease in
congenitally infected infants is related inversely to the gestational age at the time of the infection
(McAuley, 2014). Infectiomithe first trimester leads to more severe manifestations including
miscarriage, stillbirth, or serious$ G £ RI Yl 3SX &4dzZ0OK | a4 NBUOGAYy2O0K2N
hydrocephaly, and microcephaly (Joretsal., 2009). In the later stages of pregngnon the other
hand, T. gondiinfections are suelinical, even though retinochoroiditis and neurological disorders
are sometimes found (Bossi and Bricaire, 2004). The characteristic triad of congenital toxoplasmosis
(chorioretinitis, hydrocephalus, arakrebral calcifications) most commonly identifies the presence

of active congenital disease (Hampton, 2015).

Despite affecting multiple tissues, the most common clinical manifestations of toxoplasmosis
involve the brain and eye. Thus, even in adults, primnfection can present as chorioretinitis and,

in immunocompromised patients with defects irc&ll function, such as during HIV infection or
immunosuppressive therapy, the reactivation of cysts in the brain can lead to toxoplasmic
encephalitis (TE) (Huet al., 1983, 1984; Wongt al., 1984; Israelsket al., 1993). The clinical
presentation often includes focal encephalitis with headache, confusion, motor weakness and fever
and, if not treated, can progress to seizures and coma @tudt, 1983; Wog et al., 1984). Speech
abnormalities and hemiparesis are the most common focal neurological findinge(lalft1983).

In addition, numerous studies have tried to link chronic toxoplasmosis with schizophrenia and
bipolar disorders (Flegr, 2015; Chaudhiand Ramana, 2019); this hypothesis has yet to be
confirmed.

Also, there are multiple instances of parasites that affect the nervous system of their hosts to alter
behaviour and promote predation of intermediate hosts (Kavaliers and Cpll@8lb) Interestingly,

behavioural studies using mice and rats indicated tdraonicT. gondiinfectionresults in a specific
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switch from an aversion to cat urine to an attraction, presumably a change in behaviour that would
lead to increased predation of infected rodents by cats (Beet@l., 2000; Vyast al., 2007).

Inaddh G A2y X OANHZ SyOS SELISNAYSyidia RSUyYSR Ay Yz2dz
a given number of tachyzoites have shown that Type | isolates are highly virulent, leading to the
death of mice less than 10 days after the inoculation of <10yzaites, while Type Il or Il strains

are considered less virulent strains, allowing survival after the inoculation with >103 tachyzoites

(RobertGangneux and Dardé, 2012).

2.3.2.4Epidemiology

A factor to consider in the transmission of toxoplasmosis is the low infectious dose, although it has
not yet been estimated (Dubegt al, 1996; Fayeret al, 2004). Toxoplasmaoocysts are

dzy & LJ2 NHzf I G SR 6 K Sagcesanid SpBrulateyandibé&c@me difediiv@ in atioub Hays
depending on the environmental conditionBoxoplasmabocysts can survive in the environment

for long periods and are highly resistant to disinfectants, i.e., they are highly resistant to chlorine
disinfection (Jones and Dubey, 2010). As to freezing conditions, oocysts can surziv&Cafor 28

days (Frenkel and Dubey, 1973) but are killed by temperatures above 60°C (Dubey, [1i888RY,

et al. (2008) inoculated raspberries with 5¥Xibcysts of theT. gondiVEG strain exposed tagh-

pressure processing (HPP) 500, 400, 340, 300, 270, 250, 200, 100 MPa for 60 s and showed 340 MPa
resulted in the oocysts becoming namfectious for mice.Toxoplasmaoocysts on raspberries
irradiated with gamma irradidt 2y ¢ A 0 K R 2 & S & -137¥ failegitadrause]irfeétions @ S & A
mice (Dubeyet al.,, 1998) Ultraviolet radiation also will inactivate oocysts, depending on the dose
(Wainwrightet al., 2007; Dumetreet al., 2008).

Humans and foodborne outbreaks caused by the consumption of fresh profxaeplasma gondii
is a major pathogen oflobal public health concern In humans, toxoplasmosis has been found
worldwide and it is estimated that aboutoie K A NR 2 F (0 KS g2 NI RQ&a LJ2 LJdz |
toxoplasmosis, with the majority of cases being asymptomatic (Pezeah 2010).
The prevalencearies widely between different countries (from 10 to 80%) but also within the same
country or even between different communities in the same region (Pagpad., 2009). Low,
moderate and high prevalences have been registered in different areas ofdHd (veviewed by
RobertGangneux and Dardé, 2012):

1 Low seroprevalence (from 10 to 30%) have been observed in North America, in South East

Asia, in Northern Europe, and in Sahelian countries of Africa.
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1 Moderatesergprevalences (30 to 50%) have bdennd in countries of Central and Southern
Europe.

1 Highsergorevalences have been found Latin America and in tropical African countries

Figure 14.Global status oT. gondiiseroprevalence. Dark red equals prevalence above 60%, light
red equals 4860%, yellow 2810%, blue 1€20% and green equals prevalence <10%. (source:
Pappast al.,, 2009)

As to seroprevalence in females of reproductive age or pregnant women, serolayeshiangs are

not necessarily the rule and differ among countries according to the prevaleniexoplasmand

health care policies. Most studies carried out in Latin American countries, Eastern and Central
Europe, the Middle East, and parts of sowthst Asia and Africa show significantly high
seropositivity rates (Pappa&s al., 2009). In the USA, the seroprevalence was estimated to be around
11% (Dubey and Jones, 2008).

As for Europe, studies imomenof childbearing age or in pregnancy show that the seroprevalence
ranges widely between 9.1% and 57.6% with peaks reported in Poland and in Romania @appas
al., 2009).The prevalence of congenitally acquired toxoplasmosis, reported as cases per ¥8000 li
births, has been reported for France (2.9/10000) (Villehal., 2010), Denmark (1.6/10000R¢ser

et al, 2010). In Europe, the type Il lineage is the predominant one followed by type | and occasionally

type lll. In France, type Il represents morertl@9% of isolates from both humans and animals. Type
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[l may be more frequently encountered in Southern Europe (reviewed by RGaegneux and
Darde, 2012).

In Italy, seroprevalence studies conducted on pregnant women have shown various seroprevalences
ranging between 17.4% and 34.4% (Papgtal., 2009). A study conducted on pregnant women in

a population from Palermo has estimated a prevalence of&oxo 1gG antibodies of 17.97% (152

on 846) (Pucciet al.,, 2014) and a recent serological study carried out to assess the prevalence of
T. gondiin two populations of women of childbearing age in Siena (Tuscany, Central Italy) and Bari
(Apulia, Southern Italy) between 2013 and 2017 and in a group of pregnant women in Bari-4in 2016
2017 has reportesgeroprevalences of 12.4% and 22.4% in Bari and Siespectively, and 13.8%
among the pregnant women tested (Fanigliekoal., 2020).

In an article by Pinté-erreiraet al. (2019), covering the temporal progression of probable sources

of infection and transmission routes for global human toxoplasmosis outbreaks, 33 articles covering
34 reports of outbreaks of acute toxoplasmosis worldwide between 1967 and 2018 were selected
As to the implicated sources of infection, between the 1960s and the 1990s, toxoplasmosis
outbreaks were mainly caused by the ingestion of cysts in meat and meat derivatives, in the 1980s,
by the consumption of milk contaminated with tachyzoites, in 2d80the presence of oocysts in
water, sand, and soil and, in 2010, by the consumption of raw fruits and vegetables contaminated
with Toxoplasmaoocysts(Pinto-Ferreiraet al., 2019). The latter circumstance might reflect the
increased consumption of hedaly foods, e.g., fruits and vegetables, registered in the past 20 years
(WHO, 2019)Among the different routes of transmission @t gondii,consumption of raw
vegetables and fruits contaminated willoxoplasmapocysts represents an important one that may
lead to foodborne outbreakdHussairet al., 2017).

The highest concentration of reported outbreaks occurred in Brazil; as to the ones linked to the
ingestion of contaminated fresh produce, in 2009, 11 cases of acute toxoplasmosis in a factory in
Séo Paulo, Brazil, were linked to the consumption of contatathvegetables (Ekmaet al., 2012)
whereas, in 2013, an outbreak of toxoplasmosis involving 73 cases in the municipality of Ponta de
Pedras, Brazil, was associated with the consumption of imported Acai (Mbrlis2016).

The geographic distributiorof the reported Toxoplasmaoutbreaks and related causes is

summarized irFigurelb.
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Figurel5. Geographic distribution of the 34 outbreaks of human toxoplasmosis reported worldwide
and related transmission routes (indicated by color). Circle size corresponds to the number of
outbreaks (Source: PirdBerreiraet al., 2019).

Fresh produce Toxoplasma gondhas been recorded in fresh produce with various prevalences in
several countries all over the world including Canada wiergondiDNA has been identified in 3
(0.26%) samples of baby spinach out of 1171 samples epgmkaged leafy green vegetables
(Lalonde and Gajadhar, 2016), Saudi Arabia where 6.6% of the leafy vegetable examined were found
contaminated byT. gondii(AFMegrin, 2010), Pakistan where 1.9% of the vegetables were found
positive forT. gondi{ul-Haget al., 2014). Amon&outh American countrie§, gondiwas detected

in Brazil in fresh vegetables (3.8%)afchioroet al, 2016) and in vegetables grown anganic
gadens (Ferreirat al., 2018), and in Colombia where of the 120 strawberry samples sathl$%

tested positive fofT. gondiDNA (Ortiz Pinedet al., 2020).

This protozoan parasite has also been registered in fresh produce in Europeatries, such as
Czech Republic (Slaatyal., 2019) and Poland (Laskal., 2012), with a positivity rate of 9.6% and
9.7%, respectively. More recently, the presence of this species was detected in Portugal and Spain,

in both RTE salads and berrieshwitery high proportions of samples being positive (35.3% and
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42.9%, respectively) (Marques al., 2020). In ItalyT. gondiwas detected in 0.8% of the RTE salad
samples examined (Caradone#a al., 2017).The contamination of vegetables and fruits with

gondiiis summarized iTable5.

Location Detection method Vegetahle or fruit item Ma. of Mo, of Toxoplasma gondii
samples positive genotypes identified
tested samples ()
Brazil PCR Smocth lettuce &2 1{08) Taoxod-5 D (1)
Crisp head lettuce 106 4{3.7 B22-23 D {4)
Chicory 40 2{(5.0) B22-23 [ {1); Toxo4-5
Rocket 7 1{14.3) B22-23 0 (1)
Parsley 5 1{(200) B22-23D{1)

Brazil PCR Vegetables 21 3{(143) WA (3]

China Quantitative real-time PCR Lettuce 71 5{70) Type | 4); Type 11}

1gPCR) Spinach 50 2{4.0) Typel(2)

Pak choi 34 1(29) Type (1)
Chinese cabbage 26 0
Rape 22 1{45) Typell (1)
Asparagqus 18 0
Chrysanthemum coronarium 16 0
Endive 14 0
Chinese chives 11 0
Cabbage 9 0
Red cabbage B 1{125) Type lI{1)

zech Republic  Triplex real time PCR Carrats o3 7{(75)
Cucurmbers 109 13{115) Type Il {5}
Salads 90 3{ag) Type Il {2}

Iealy qPCR Ready-to-eat packaged salad 648 5{0.8) Type 1 (5)

Poland qPCR Strawberries &0 0
Radish &0 3{5.0) Type 1(2); Type (1)
Carrot 46 9{194) Type | 3); Type (1)
Lettuce 50 9120} Type (1)

Total 1676 63(3.8)

Table5. Contamination of vegetables and fruits with gondii (source: Jungiangt al.,, 2020 and
related references).

2.3.2.5Detection methods in vegetables

Toxoplasma gondiiocysts can be recovered from fresh produce by centrifugaticiviggrin, 2010;
Lalonde and Gajadhar, 2016; Marchietal., 2016) or flocculation (Lassal., 2012) of the washing
solutions. Different washing solutions are employed for concentratimgabcystd) physiological
saline solution (AMegrin, 2010),ii) glycine buffer solution followed by flotation (Lalonde and
Gajadhar, 2016)jii) Tween 80 solution (Marchioret al., 2016), iv) Alcon® a commercial
laboratory detergent (Shieldst al., 2012; Temesgept al., 201%). In the flocculation method
described by Lasst al. (2012) different solutions such aalcium carbonat§CaC@) and sodium

bicarbonate(NaHCG) are employed to obtain agllet by precipitation. The concentration of the
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oocysts may be performed by centrifugation (Lassal., 2012;Lalonde and Gajadhar, 2016r
filtration followed by centrifugation (AMegrin, 2010; Marchioret al., 2016).

After recovery from fresh produce, the oocysts can be identified by light microscopy adding a drop
of lugol iodine (AMegrin, 2010) An immunomagnetic separation assay (IMS Toxo) targeting the
cell wall of T. gondiioocysts has been established (Hohwegeral,, 2016), however, it is not
commercially available.

Several molecular methods are available to det&ctgondiiDNA: PCIRFLP (Lass al., 2012),
conventional PCR (Marchioet al, 2016),gPCR (Lalonde and Gajadhar, 2016), and a recently
developedLAMP assay used to detett gondiiin experimentally contaminate®TBEoaby lettuce
(Lalleet al., 2018). In addition, a novel multiplex reathe gPCR for the detection df. gondias well

asE multilocularisandC cayetanensisn berries has recently been developed. With this technique,

I LINPRdzOG 2F wmMcH 0L T.NBndiiis @ripSfiedp(@pgteeglatal, N2B1U0IS |
Temesgeret al., 201D).

The genes mainly used for the detectionlofgondiiare the B1 gene (Lassal., 2012; Marchioreet

al., 2016) and 18S rDNA (Lalonde and Gajadhar, 2016).

To date, there are no standard detection methods Torgondiioocysts in fresh produce (EFSA,
2018).
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2.3.3 CRYPTOSPORIDISRP.

2.3.3.1Classification and morphology
Cryptosporidium belongs to the Phylum Apicomplexa, class Gregarinomorphea, subclass

Cryptogregaria, order Eucoccidiida, family Cryptosporidiidae.

Phylum: Class: Subclass: Order: Family: Genus:

Cryptogregaria Eucoccidiida Cryptosporidiidae 7" Cryptosporidium

% /
/4
/ Y/

Apicomplexa Gregarinomorphea

_ —_—

Recent molecular studies indicate th@ryptosporidiums more closely relatedo the primitive
apicomplexan gregarine parasites rather than to coccidians. The similarities between
Cryptosporidiumand gregarines have served as basis for the formal transf@rgdtosporidium

from subclass Coccidia, class Coccidiomorphea to a newalasgb Cryptogregaria, within class
Gregarinomorphea. The gen@ryptosporidiums currently the only member of Cryptogregaria
(Ryaret al., 2016)

Currently, a total of 4Zryptosporidiunspecies are recognized (Fegtcal.,, 2018; Zahedi and Ryan.,
2020)(Table6).
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Species hame

1.
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42.

C. ornithophilus
C. avium

. galli

. baileyi

. meleagridis
felis
ryanae
bovis

. andersoni
canis

. bollandi
huwi

. molnari
wrairi

. erinacei

. viatorum

. hominis

. varanii

. macropodum
. fayeri

. scrofarum
suis

0O000000000000000000O0

. C.proventriculi

. cuniculus

. testudinis

. ducismarci
. microti

. alticolis

. occultus
homai

. proliferans
tyzzeri
muris

. apodemi

. ditrichi
parvum

. ubiquitum
xiaoi

. serpentis

. rubeyi

. fragile

. scophthalmi

9]

Major host(s)

Birds

Birds

Birds

Birds

Birds and humans

Cats

Cattle

Cattle

Cattle

Dogs

Fish

Fish

Fish

Guinea pigs
Hedgehogs, horses
Humans

Humans

Lizards

Marsupials

Marsupials

Pigs

Pigs

Psittaciformes birds
Rabbits

Reptiles (mainly tortoise)
Reptiles (mainly tortoise)
Rodents

Rodents

Rodents

Rodents

Rodents

Rodents

Rodents

Rodents (mainly mouse)
Rodents (mainly mouse)
Ruminants

Ruminants, rodents, primates
Sheep and goats
Snakes and lizards
Squirrels

Toads

Turbot

Table6. Recogniseryptosporidiunspecies (modified frordahedi and Ryan., 2020

Cryptosporidiunspecies infeca wide variety of hostancluding humans who are mostly infected

with C parvum, Chominis,and C. meleagridis; however, C. parviand C. hominisare held

responsible for about 90% of cryptosporidiosis cg3@ao and Ryan, 2004).
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The zoonoticCryptosporidiunspecies are summied intable 7.

Cryptosporidiumspecies Zoonotic importance

C.hominis Main Cryptosporidiunspecies infecting humans

C.parvum Major (most important zoonotic species globally)

C.meleagridis Major (of zoonotic importance is some regioaspecially South America)

C. cuniculus Responsible for several waterborne outbreaks and sporadic cases of
cryptosporidiosis in the UK and has been identified in a human in Austral

C.muris Numerous reports in humans

C.felis Numerous reports ifmumans

C.canis Numerous reports in humans

C.fayeri Minor

C.andersoni Minor

C.tyzerri Occasionally reported in humans

C.bovis Occasionally reported in humans

C.scrofarum Occasionally reported in humans

C.suis Occasionally reported inumans

C.erinacei One report in humans

C.ubiquitum Emerging human pathogen

Table7. Cryptosporidiunspecies and their zoonotimportance (modified from Zaheét al., 2016).

Cryptosporidiumoocysts can be spherical-4um in diameter) or oval (7 x 5 um in diameter),
depending on the species, and the oocyst wall presents an inner and an outer layer. Four sporozoites

are present in each oocygfigurel6).

10 um

Figurel6. Cryptosporidiunoocysts.The image showS parvumoocysts stained with modified acid

fast. Against a blugreen background, the oocysts stand out in a bright red stain. (source:
https://www.cdc.gov/dpdx/cryptosporidiosis/index.html).

2.3.3.2Biology and life cycle

The parasite completes its libgycle within a single host (monoxenous cycle), alternating asexual and
sexual reproduction (Tzipori and Ward, 2002). The cycle begins when an appropriate host ingests
the oocysts, which contain the infective stages of the parasite. Once ingé%jdatlie oocysts
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undergo excystation in the intestinal lumen resulting in release of four motile sporoZ@jteshich
adhere to and penetrate the intestinal epitheliuf8). The sporozoite, after adhering to an
enterocyte, is encapsulated by thenicrovilli into a parasitophorous vacuole(4). The
parasitophorous vacuole is intracellular but extracytoplasmic. Inside the vacuolsptrezoite
develops into a trophozoite that undergoes asexual division, schizogony (merogony), to form eight
merozoites (6). After asexal reproduction, the sexual stage of development follows and the
merozoitesdifferentiate into gamontq7) and gametocytes, either male or female sexual stages,
called microgametocyte@) or macrogametocytef9), respectively. The microgametes fertilizest
macrogametocytes and the zygoi{d0) develops into an oocyst containing four sporozoites
(sporulated oocyst]1). The resultant oocysts can be with thistalled or thinwalled. The thick
walled oocysts (infective oocysts) are shed in texés, whilehe thinrwalled oocysts are primarily
involved in the process of autoinfection in the gut, increasing the infection level with the release of
infective sporozoites (reviewed by Chalmers and Katzer, 2013). Cryptosporidiosis is transmitted
primarily through he faecaloral route, i.e., by the ingestion of viable oocystsanimal and/or
human origin, emitted withdeces that contaminate food or water (Tzipori and Ward, 2002) and
possibly other routes such as respiratory secretions (Sponseldr, 2014).

The life cycle o€ryptosporidiunspp. is summarized iRigure 17.
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Figurel?. Life cycle oCryptosporidiunspp. (sourceTayloret al., 2010

2.3.3.3Pathogenesis and clinical signs
After invasion,Cryptosporidiumdoes not penetrate deep into the tissue big located in an
intracellular/extracytoplasmic parasitophorous vacuole. Interaction betw€eyptosporidiunand
the apical surface of the epithelial cell causes barrier disruption and cellular damage which are
responsible for altering the function of the intestinal barrier, increasing its permeability, absorption,
and secretion of fluid and electrolyté€ertadet al., 2017)
Clinical manifestations following infection occur after an incubation periodlef éays, and include
diarrhoea, as well as abdominal cramps, nausea, vomiting, weight loss, and-grdde fever
(Hunter and Nichols, 2002).
The severity, persistence, and outcome of the infection depend on the immune status of the host
(Petryet al., 2010):
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- In immunocompetent subjects, the infection causes diaed, which usually resolves ir3lweeks

or runs in an asymptomatic form (Bouatal., 2013).

- In subjects with poor health or a weakened immune systéRI¥/AIDS, cancer, and transplant
patients),Cryptosporidiuninfections are more common and often cause chronic, prolonged forms
of disease (Florescu and Sandkovsky, 2016; eaag, 2018). Complications include biliary tract
obstruction, sclerosing changitis, papillary stenosis, pancreatitis as well as respiratory tract disease
(Hunter and Nichols, 2002; Florescu and Sandkovsky, 2016; g/ahg2018). Cryptosporidiosis
represents one of the most important opportunistic infections for immunocompeauipatients;

it is, in fact, difficult to treat and can even result in death (Wanhgl., 2018).

It has been reported that th€ryptosporidiumnfection can be associated with long term health
implications i.e., the development of reactive arthropathieainful, inflamed joints pain and lower
back pain, and ocular inflammation (Hayal., 1987; Shepherét al., 1989; Hunterwet al., 2004;
Carteret al., 2020).

The Global Burden of Disease (GRBidy has estimated the morbidity and mortality (disease
burden) that can beattributed to diarrhoeal disease caused Byyptosporidiuninfection (GBD,
2015; GBD, 201&halilet al., 2018. The disabilityadjusted lifeyears (DALYS), which is the sum of

years of life lost and years lived witlisability, is used as a metric of disease burdeBD, 2016).

2.3.3.4Epidemiology
Cryptosporidiunoocysts shed inakcesare infective on excretion and a low dose of @0 oocysts
can transmit the infection (Vanathst al., 2014). Factors affecting the survival Gryptosporidium

oocysts in the environment are summarizedrable8.
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Factors affecting survival aCryptosporidiumoocysts

Environment

Oocysts remain
infectious for
prolonged
periods in cool,
damp
environments
e.g., more than
77 days at less
than 10 °C
(Tamburrini and
Pozio, 1999
World Health
Organization,
2004). One year
has been
reported in sea
water
(Tamburrini

and Pozio, 1999
Cryptosporidium
oocysts can
survive for six
months in tap
water, river
water and cow
faeces
(Robertsonet al.,
1992.

Heat

Commercial
pasteurization
(71.7 °C, 15 s) ha
been
demonstrated to
be effective in
inactivating
Cryptosporidium
oocysts in apple
cider(Deng

and Cliver, 200},
whereas
blanching at 96
°C for 3 min has
been shown

to inactivate 93%
of
Cryptosporidium
oocysts
inoculated onto
greenpeppers
(Duhainet al.,
2012.No
infectivity of
oocysts treated
at 71.7 °C for 5,
10and 15sin
either water or
milk Harpet al.,
1996). Heating to
64.2 °C for 2 min
reducesto 0%

in water or buffer
(Fayer, 1994
Microwave
heating is
effective in
inactivating 93%
of
Cryptosporidium
oocysts
inoculated onto
green peppers
and microwaved
in a domestic
microwave oven
(2450 MHz; 850
W) for 5 min.
Pretreatment
with chlorine
increases the
efficacy of
inactivation to
98% Duhainet
al., 2019.

pH

Oocysts lose
>85% viability at
either 4 °C or 22
°C in orange juice
at pH 3.9, orin
carbonated beer
or cola both at
pH 3.9 Friedman
etal., 1997.
Malic, citric and
tartaric acids
have been found
to reduce
infectivity by up
to 88% Knielet
al., 2003.
Ethanol and low
water activity
also reduce
infectivity
(Dawsonet al.,
2004).

Freezing

Freezing at70 °C
is enough to
render oocysts
non-infective.
Over a 7day
trial, infectivity
declined but
viable oocysts
remained from
batches at15
and-20 °C fayer
and Nerad,
1996).

Disinfectant

Very resistant to
disinfectants; the
oocysts are very
resistant to
chlorine,
commonly used
in water system
disinfection
(Shrivastaveet
al., 2017. Ortega
et al. (2008)
found that basil
and lettuce
exposed to
relativelylow
concentrations of
gaseous chlorine
dioxide for 20
min (CT of

82 mg min/L) led
t0 2.6¢3.31 log
reduction in
infectivity of
Cryptosporidium
oocysts.
Exposure to
hydrogen
peroxide may
inactivate
Cryptosporidium
oocysts(Knielet
al., 2003.
Slitkoet al.
(2000)evaluated
the effects of
high-pressure
processing at 550
MPa for 0, 30, 45,
60, 90, and 120 s
onC. parvum
oocysts
suspended in
apple and orange
juice. HHP
inactivated C.
parvum oocysts
by 3.4 loggnd4.2
log after 30 sand
60 s of treatment
(Slifkoet al.,
2000.

Ozone isighly
effective
(Casemore,
1995.

Drying

Desiccation

F TFSOha
viability
dramatically: 95%
died within 4 h at
room
temperature
(Deng and Cliver,
1999. In another
study, 100ocysts
died within 4 h
when dried in air
at 1822 °C
(Robertson

etal., 1992.

UV light

UV light is
effective at
inactivating
oocysts at
current levels
used in water
treatment
(Hargyet al.,
2000.

Table8. Survival ofCryptosporidiunoocysts Adapted and modified from Dawson, 2086d
Gérardet al., 2019

Humansand foodborneoutbreaks caused by the consumption of fresh produeetozoa of the

genusCryptosporidiumhave a global distribution (Putignani and Menichella, 2010). Although in

recent years, the number of reported cases of cryptosporidiosis has increased worldhade, t

frequency of infection is likely to be significantly higher than the number of reported cases
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(Shrivastavat al., 2017).Cryptosporidium parvurand C. hominisfollowed byC. meleagridisare
responsible for the majority of infections in humans worldei In addition, several other
Cryptosporidiunspecies have been reported in humg@aihedi and Ryan, 2020).

In humans,Cryptosporidiumnfection is commonly found in children and immunocompromised
individuals and the incidence of cryptosporidiosis isi§icantly lower in industrialized countries
compared to developing countries in which the hygiene standards are generally poor (Stailitz
2016; Geracet al., 2019).

Among children from developing countries suffering from diae#, cryptosporidios represents
between 3% and 13% of the cases whereas in children from developed countries who experience
diarrhoea, Cryptosporidiunrelated diarrtoea ranges between 1% and 4% (Shrivastid, 2017).
Cryptosporidiosis in the case of humanmunodeficiency virus is registered with the highest
prevalence in India and in African countries where it reaches peaks of 56.5% (Veinath201 D)

and 73.6% (Tumwinet al., 2005) whereas in developed countries the reported prevalence ranges
between 8% and 39% in Europe and between 3.5% and 11.9% in North America{(lah&012).

The distributionof Cryptosporidiumin different countries of the world between 198D13 is
represented inFigurel8.

Cryptosporidiums a major cause of waterborne and foodborne outbreakdto date more than

40 foodborne outbreaks have been documentétryptosporidium parvumvas responsible for
96.5% of foodborne cryptosporidiosis outbreaks worldwide angdasteurised milk, unpasteised

apple cider, and fresh produce, including salad iteomsons, parsley, carrotgre among the most
common food items implicated in foodborne outbreaksxonet al., 2013;Zahedi and Ryan, 2020).

In 2005, an outbreak of diardea linked to the consuption of salad (peeled carrots, grated carrots,

red pepper) affected a group of 99 company employees who consumed it at the company canteen
near Copenhagen (Ethelbeeg al., 2009). In 2008, €. parvunoutbreak in Sweden was linked to
chanterelle sauce ith fresh parsley added after the preparation of the sauce (Insulaetie.,

2008), while in Finland a salad mixture was the suspected vehicl€oparvunoutbreak (Pdnka

et al,, 2009).

Outbreaks linked to RTE salads contaminated @Wityptosporidiunspp. have been documented in
Europe.Cryptosporidiunspp. was reported in 648 cases across England and Scotland during 2012;
C. parvunwas confirmed in 182 cases (McKetial., 2015). In Finland;. parvunwas suspected as

the causal agent of five (5.7%) of the 88 outbreaks notified during 2012 (&bakg2015).

48



The worldwide occurrence of foodborne outbreaks of cryptosporidiosis is representepiia 18
(round dots) §hrivastavat al, 2017).

Outbreaks ofcryptosporidiosis associated with different food matrices in the period ¢2847
have been documented by Ahmed and Karanis (2018) anekcent review gives detailed
information on the reported foodborne outbreaks of cryptosporidiosis for which molecular data is
available in the last 10 yea(8ahedi and Ryan, 2020).

h‘&.‘ % Waterborne outbreaks
- | ® Foodborne outbreaks
Cryptosporidiunpresence

Figurel18. Distribution of Cryptosporidiumnfection in immunocompetent people: distribution of
major cases ofryptosporidiosis reported in different countries of the world between 1:2843.
Waterborne outbreaks are represented with star symbol, round dots represent foodborne
outbreaks, yellow color in the map represents the presence of cryptosporidiosis ane ediar
represents no such reports are present (source: Shrivastaah 2017).

Fresh produceSurveillance studies have reported the presenc€myptosporidiunmn fresh produce
worldwide (Dixonet al., 2013; Liet al., 2020).The contamination of vegetables and fruits with
Cryptosporidiumspp. has been documented in many countries and the average prevalence is
estimated to be 6.0%. Among tl@yptosporidiunspeciesC. parvum, C. hominiandC. ubiquitum

were detected in containated vegetable and fruit sample€. parvumwas detected in fresh
vegetables in Ghan®(eduet al., 2014) C. parvunandC. ubiquitunwere isolated in RTE salads in
Italy (Caradonnat al., 2017),C. parvumor C. hominisvere found on fresh produceasples in
Poland w1 S 0 elzil.]2D10)and, recentlyC. parvunwas identified on the surfaces of vegetables
and fruits in China (Let al., 2019) Two recent reviews provide detailed information on the
contamination of diferent food matrices, including vegetable and fruits, wittyptosporidiunand

its geographical distribution (Ahmed and Karanis, 2018t &k, 2020).
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2.3.3.5Detection methods in fresh produce

Elution, extraction, isolation and detection @&ryptosporidiumspecies (by nomnolecular or
molecular methods) are the usual steps for detect@ryptosporidiumn or on food items (Ahmed

and Karanis, 2018).

Elution (i.e., extraction/wash) is the firstegt in any protocol for detectinGryptosporidiunoocysts

that have been suspected in food and it is, in fact, crucial for the success of all the subsequent steps.
Different buffers, includingAlconox®, Glycine 1 M solution, 1 M sodium bicarbonate, PBS pH 7
deionized waterhave beersuccessfullysedfor recovering oocysts from fresh produ¢@hieldset

al., 2012); Alconox® was superior to all the other reageiitso, differentmethods were used to

elute oocysts, i.e., stomaching, orbital shaking, rolling, rotating drum, sonication, kneading and
pulsification, and, among those, stomaching is considered an effective method to extract oocysts
from the surface of different food matres including fresh produce (lettuce and raspberries)
(reviewed by Ahmed and Karanis, 2018)

The most sensitive methods for the detectionQryptosporidiunin food products are based on the
separation of the oocysts from the sample matrix, employing rodth such as flotation or
immunomagnetic separation (IMS), and detection by imnflumescence microscopy (IFM) and
molecular methods (EFSA, 2018). The ISO method (ISO 2016) currently represents the gold standard
for the detection and enumeration @ryptogoridiumand Giardiain foodstuff and is based on IMS

and IFA. However, with this method it is not possible to determine the species or
genotypesAssemblages of th€ryptosporidiunoocysts andsiardiacysts; in order to do that, this
method needs to be cobined with molecular tools (Ahmed and Karanis, ZEFSA, 2018)

Different molecular approaches and PCR types have been tested over time in order to choose the
best PCR condition for each food matrix (EFSA, 2018). Recently, various molecular methods have
bSSy RS@St 2LISR T2 NAOryptdsSoridiirnSfyésh fproddde (suck? g5 neSELCR
assays (Ryan at al., 2003; Ripalztlial, 2004; Dixoret al,, 2013) andgPCR assays (Lalonde and
Gajadhar, 2011, 2016). Among the most common target€fgptosporidiunspecies identification

are: cowp gene (Ripabellet al., 2004),18S rDNAgene (Ryan at al., 2003; Lalonde and Gajadhar,
2011; Dixoret al, 2013), and the genencoding the glycoprotein 60 (gp60) protein is frequently
used as a target for genotyping within the species.

Additional molecular approaches for the detection Gfyptosporidiumin food matrices are

florescentin situhybridization (FISH) and logpediated isothermal amplification (LAMP).
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Detailed information on thenethods and techniques for the detection Gfyptosporidiumn food

samples are available in literatug@hmed and Karanis, 2018; EFSA, 2018).
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234 GIARDIA DUODENALIS

2.3.4.1 Classification and morphology
Giardiais an intestinal protozoan flagellate parasite belonging to the Phylum Zoomastigophora,

Class Zoomastigophorea, Order Diplomonadida and Family Hexamitidae.
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Giardiawas firstly observed by Van Leeuwenhoek in 1681 and fully described by iraf@59
(Ortega and Adam, 1997).

Species of the genuSiardiainfect numerous hosts, ranging from a wide range of mammals,
including humans, to amphibians and birds. A totaightGiardiaspecies are currently recognised:
Giardia duodenaligsyn.Giardia intestinalisndGiardia lamblid, which infects humans and animals,
Giardia agilisGiardia ardeagGiardia psittaciGiardia murisGiardia microti Giardiaperamelisand

Giardia cricetidarum which infect noshuman hosts including amphibians, birds, rodents and
marsupials (Ryan and Zahedi, 2019).

The specie$s. duodenalisncludes eight genotypes known as Assemblages designatedSdme
authors have recenyl suggested these Assemblages may represent separate species, but their
recognition has remained controversial (Thompson and Ash, Z0a8)e9). Assemblages A and B
have been reported in humans and a wide range of other mammalian laodtare potentialy
zoonotic (Feng and Xiao, 2011). There are three recognizedsagmblages within Assemblage A

(Al, All, Alll), with suBssemblage Al mostly found in animals (e.g., cattle, water buffalo, cats, pigs,
sheep) as well as in humans, stdsemblage Afiredominantly reported in humans, and Alll mainly
detected in wild ruminants3pronget al., 2009. In addition, numerous Assemblage B subtypes have
been identified (Feng and Xiao, 2011; Xiao and Feng, 2017). The zoonotic potential of such sub
Assemblageseeds to be further clarified. Oth&. duodenali®ssemblages are hosidapted, with
Assemblages C and D being found mainly in dogs and wild canines, Assemblage E in hoofed livestock
and wildlife, Assemblage F in cats, Assemblage G in rodents, and Asgenddh seals (Heyworth,
2016; Cacciet al., 2018)(Table9).
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Specics Major host(s)

Assemblage A (=0 duodenalis
SEOSU SIEICIO™ ) (o Humans, nonhuman primates,

domestic and wild
ruminants, alpacas, pigs,
horses, domestic and wild
caninges, cats, ferrets,
rodents, marsupials, other
mammmals

Assemblage B (=G. enterica™) ............ Humans, nonhuman primates,
cattle, dogs, horses, rabbits,
beavers, muskrats

Assemblage C (=G canii™) e Domestic and wild canines
Assemblage D (=G. canis?") ...............Domestic and wild canines
Assemblage E (=G. bovis?) oo Domestic ruminants, pigs
Assemblage F (=G. cali?™)oeeeeroocercoee.. Cats

Assemblage G (=G. simondi™)........... Mice, rats

Asgamblage T Seals

Table9. Giardia duodenaligissemblages (sourcéeng and Xiao, 20)1

Giardiahas two morphological stages:

-0KS GNBLK2T 2A0S 2N a@S3aSil GABS FT2N¥YE A& F2dzyF
are approximately 12 to 15 pm long and 5 to 9 pm wide. They are-gesgyed with a rounded
anterior end and a pointed posterior end. The dorsal surfac®iiwvex whereas the ventral one is
concave. They have a ventral or adhesive disk, that can adhere to the intestinal cells. They have four
pairs of flagella (2 anterior, 2 posterior, 2 caudal and 2 verdrad)two diploid nuclefreviewed by
Adam,2001)(Figurel9a).

The cys2 NJ & NIF 2 ANava In ¢hape and measure approximatel¢Bum in length x 20 pm

in width. The cyst wall is 0.3 to 0.5 um thick. Into the cytoplasm there are four nuclei clustered in
pairs at one end and axonemes thainrdiagonally through theyst (Scagliat al., 1987)(Figure

19b).
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8 um : 8 um

Figure19. Trophozoite (a) and cyst (b) Gf duodenalisstained with trichrome and iodine
(source: CDC, 2015)
2.3.4.2 Bology and life cycle
Giardia duodenalitas a direct life cycle and infection occurs when a susceptible host ingests the
cysts, infective stages of the parasfie. After exposure to the acidic environment of the stomach,
excystation occurs in the small intestine and each cyst releases twahdroites (2). The
trophozoites remain in the lumen of the proximal small bowel (mostly in thejajichum) and
adhere to the intestinal mucosa by their disk3) (reviewed by Adam, 2001)rophozoites
reproduce asexually by binary fissi@})in responseo the presence of bile salts and slightly alkaline
pH (Ankarkleet al., 2010).Encystation occurs as the parasites transit toward the colon, and the
cysts are passed into the faeqdsb). The cysts are the resistaiorms found in the faeces and they
are immediately infectious when passed into the faeces. Transmission of giardiasis occurs through
the faecaloral route and it may be either direct (i.e., perstmperson, animato-animal or
zoonotic) or indirect (i.e., waterborne or foodborne). Sexuatsraission of giardiasis has also been
documented (Escobedet al., 2014).

The life cycle ofs. duodenalids summarized ifrigure20.
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Figure20. Lifecycle ofG. duodenaligsource: Tayloet al., 201Q.

2.3.4.3Pathogenesis and clinical signs

Giardia duodenalis a noninvasive parasite which colonizes the lumen and epithelial surface of the
small intestine (Certacet al, 2017). The trophozoites covering the epithelial cells lining the
duodenum and the jejunum witltheir ventral sucking diskre responsible for the shortening of
YAONROGATEtAS OSttaQ |LRLI2aArAa FyR o6F NNFetSNJ Re &
2017; Allain and Buret, 2020 addition, theycreate a physical barrier between the enterocytes

and the intestinaf dzYSy s AYUSNFSNAY3I GAGK ydziNASYyd | o0az
nutrients for their own sustenance and growth: glucose appears to be the primary energy source,
but also amino acids such as alanine, arginine and aspartate (Adam, 2001). Aoihetd suggest

that Giardiais incapable of surviving in the small bowel in the absence of bile acids.
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Giardia duodenaligrophozoites have occasionally been identified in the stomach, distal small
intestine, caecum, and pancreas (Halliez and Buret, 2013).

The symptoms of giardiasis set in following-2 tveek incubation period. The main symptoms
associated with the infection are diarrhoea, abdominal pain, flatulence, bloating, nausea,
malabsorption, weight loss and vomiting (Certatdal., 2017; Allain andBuret, 2020). Fever is
occasionally present at the beginning of the infection (Ortega and Adam, 1997).

An acute phase of giardiasis generally lasts f8rleeks, after which it may resolve spontaneously

or last for months. Patients with chronic giardegpresent the following symptoms: chronic
diarrhoea, profound malaise, and diffuse epigastric and abdominal discomfort. Chronic giardiasis is
also responsible for malabsorption of lactose, vitamin B12, anddhible vitamins, which results

in weight los, nutritional deficiencies, and failure to thrive in children (Gardner and Hill, 2001).
Children and immunocompromised subjects are the most susceptible to symptoms (Thompson and
Ash, 2016).

The postinfection phase can be associated with intestinal e.g., irritable bowel syndrome and
functional dyspepsia and/or extiatestinal complications (Leungt al., 2019; Allain and Buret,
2020) The causes of such exitnatestinal complications have nhget been established (Halliez and
Buret, 2013).

2.3.4.4Epidemiology
Giardiacysts are infectious when shed in the fae@@sl immediately infective when excreted
(Dawson, 2005). The infectious dose is low: humans can be infected with as few as 10rtggts (

and Adam, 1997). The factors affecting the surviv&iafdiacysts are summarized Table10.
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Factors affecting survival dbiardiacysts

Environment

Infective cysts
survive >2veeks
in a cool moist
environment.
Vegetative
trophozoitesdo
not survive
outside the

host Casemore,
1995 Smith,
1993 Meyer
and Jarroll,
1980.

Heat pH

Heating regime No information.
of 71.7 °C for 15 ¢
will destroy
sufficient
numbers of cysts
(WHO, 2003

It has been
shown that air
drying ofGiardia
cysts on lettuce
results in viability
abrogation within
less than 24 h
with almost 50%
die-off of Giardia
cysts recorded
within the first 24
h (Utaakeret al.,
2017).

Freezing

Cysts killed at
-18 °C

after 1 h
(Mahbubani
etal., 199).

Disinfectant = Drying

Resistant to
chlorineroutine.
Chlorination of
water usually has
no effect
(depends on time
and
temperature).
Susceptible to
phenotbased
commercially
available
disinfectants
(Smith, 1993
Lee, 1992
Undiluted
vinegar resulted
in complete
inactivation of
the cysts
following
incubation for 60
min at 21 °C
corresponding to
5.7 log reduction
(Costaet al.,
2009.

No information.

UV light

Work withG.
murisinfectivity
suggest that UV
doses of 3 mJ
cm?can
inactivate

4 log 10 of cysts
(Hayeset al.,
2003.

The sensitivity of
Giardiato UV
light has resulted
in this becoming
astandard
treatment for
drinking water

Tablel0. Survival ofGiardiacysts. Adapted and modified froBawson, 200and Gérarcet al.,

2019

Humans and foodborne outbreaks caused by the consumption of fresh prd@iszdia duodenalis

is one of the most common intestinal parasites in humans and has a global distribution with an
estimated 200 million people infected (Certatlal., 2017). Prevalence of giardiasis is very high in
developing countries, where it reaches peaks of 30%, wdgrieranges between 2% and 7% in
developed countries (Dixoet al., 2011). Highrisk groups include children, the elderly, traees,

and immunocompromised individuals (Cacei@l., 2018; Leunegt al., 2019).

In Europe, between 2013 and 2017 giardiasises were reported by 24 countries, with an overall
rate of 5.8 per 100,000 populationTéble 11). The highest number of confirmed cases was
registered in the United Kingdom, followed by Germany andlagority (60.1%) of giardiasis cases
were domestically acquired, with the exception of three Nordic countries (Iceland, Norway and

Sweden), where 71883% of the cases were travatsociated.
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Remana 328 - 798 - ] - 892 - 1060 - - 1060
Slovakia 180 33 166 31 228 42 28 52 150 3. 35 190
Slovania 42 20 35 18 30 13 54 28 64 3 33 B4
Spain 585 - 14857 - 167 - 2089 - 2853 - 2953
Sweden 1253 131 1260 131 1473 151 1491 151 1144 14 1.3 1144
Unied Kingdom 3880 60 3JE8 56 453% 70 4723 72 5225 T2 81 525
EUEEA 16538 55 17274 54 17978 55 19158 58 19437 55 56 19451

Source: Country raports,

ASR: age-standardised rate

.+ mo data reportad

-i no rate calculztad
Table 11. Distribution of confirmed giardiasis cases by country and year, EU/EEAG2P0T3
(source: ECQQ017).

In Italy,before the introduction of the Highly Active AfRietroviral Therapy (HAARG), duodenalis
infected 6.15% of Hhdositive persons (Angaranet al. 1997; Brandonisi@t al. 1999). In the
immunocompetent populationG. duodenalisvas recorded with prevalences ranging between
0.94% and 4.66% (Giangaspetal., 2007) and between 1.3% and 4.8% in NortHealy (Guidetti
et al., 2010) and in the midlands (Masuetial., 2017).
Similarly to other countries, potentially zoonotéssemblage A was more commavhereas

Assemblage B and mixed Assemblages (A + B) were less repre$iareghsperet al., 2007).

Giardia cysts are considerably less robust tha@ryptosporidiumoocysts Therefore, although

Giardiacysts may contaminate fresh produsich as salad,they are contaminated a considerable

period prior to servingndthey are exposed to ambient temperatures for soperiods, the cysts

may ruptureand will be less likely to result in th® 2 y & dzvifSchidia.On the other hand, fresh
58



foodsmay act as a transmission vehicle @iardiawhen they arecontaminatedduring handling
shortly before consumptiofUtaakeret al., 2017)

Very few outbreaks of foodborne giardiasis have been identified and investigateddfalar2019).
Currently, only 38 foodborne outbreaks of giardiasis have been reported, all in the USA éAdam
al.,, 2016; Ryart al., 2019). Th food type or source of outbreak was frequently undetermined.
However, a variety of foods have been implicated, with fresh prodockiding fresh vegetables
(lettuce, onions, tomatoes, lettuebased andnixed green salads) and fresh fruit contaminatethwi
Giardiacysts(Adamet al. 2016)beingthe most common food type and infected food handlers the
most common source.

In Italy, cases of giardiasis linked to fresh produce have not been documented.

The total number of giardiasis outbreaks is probably greatly underestimated. Wegderting of
giardiasis outbreaks is also likely due to the fact that many countries lack a system for reporting
cases and outbreaks of foodborne diseases, and for courttregsdo, many surveillance systems

do not include giardiasis.

Fresh produce Giardiacysts have been detected on a variety of foods, including vegetables and
fruits such as, leafy greens, herbs, berries, green onions, carrots, tomatoes, etc. (Dixon, 2020). The
presence ofGiardiacysts in frestproduce has been documented worldwide withpaevalence
ranging from 1.8% to 56% (Dixon, 2015).

Giardiaon fresh produce has been recorded in Ir&h&hnazi and JaféBiabet, 2010; Ezatpoet

al., 2013, Saudi Arabia (Ahegrinet al., 2010), in Egypt (Eraky al., 2014), Sudan (Mohamest

al., 2016).

Giardia duodenalifias also been reported in RTE salads in Canada by &tixdn(2013). These
authors recorded the presence &f. duodenali:n 10 (1.8%) out of 54RTEpackaged leafy greens;

G. duodenali®sssemblages A and B were identified in 7 (1.2%) and 2 (0.4%) samples, respectively.
In EuropeGiardiacysts have been found on vegetables in Norway (Robertson and Gjerde, 2001)
and in Spain (Amordé al., 2010). IlNorway, between August 1999 and January 2@l@rdiacysts

have been found in 10 (2.1%) out of 475 samples of fruits and vegetables examined. |GBpdia,

cysts have been detected on lettuce a@uinese cabbage (Amor@s al., 2010).

In Italy, the pesence of theGiardiacysts in vegetables is poorly documented. The first detection of
Giardiain vegetables is dated back to 1968 wh@rardiacysts were found on 48 (75%) out of 65
vegetables samples collected from local markets in the city of Rometr@gvidsea and Micarelli,

1968). Almost 40 years later, the presencezadirdiacysts has been documented in RTE salads by
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Di Benedettcet al. (2007) and by Caradoneaal., (2017). The first study was carried out in Palermo
and one sample out of 40 was fod positive forGiardiawhereas the latter was carried out in the
Apulia region and. duodenalisvas molecularly detected with a prevalence00633%

A recent review gives detailed information on the contamination of vegetables and fruitsGwith
duodenalisand its geographical distribution @fial., 2020). The average prevalence is estimated to
be 4.8%, and\ssemblages A and B were the most detedtiei@t al., 2020).

2.3.4.5Detection methods in fresh produce

Testing foods for the presence Gliardiacysts is very challenging due ipthe small numbers of
cysts likely to be present on foods and associated difficulties in detecting themiiartioe
inefficiencies in the methods available.

Elution, extraction, and concentration represent the first steps for detedBraydiain or on bod
items (Ahmed and Karanis, )1 Different elution methods for recovering parasites from
contaminated vegetables or fruits are available.

The detection ofGiardiaon food has been improved by the use of immunomagnetic separation
(IMS) methods to isolatcysts (Cookt al., 2007;Hohweyeret al., 201§. A standardised method
for the detection and enumeration @iardiacysts as well aSryptosporidiunoocysts on berry fruits
and fresh leafy green vegetables based on IMS has become available i((202816); however,
with this method it is not possible to determine tli&ardiaAssemblages and it would, therefore,
need to be combined with molecular tools and sequencing if that is thectibge

{G1F Ay Ay 3 sding i wifletizliged frithe detection @&. duodenalicysts, with light
microscopy used to view morphological featuréss method is economical and rapid, however, it
is labour intensive and lacks specificity and sensitivity (Soares and Tasca, 2016).
immunofluorescence assay is usually applied for the detecti@iaifdiacysts in food items and has
both greater sensitivity and specificity (Ryetral., 2018).

PCR detection is increasingly being used for the identificatioiafdiaon food as itoffers
improved sensitivity and specificity compared with microscopy and immunology based detection
methods (Dixoret al., 2013; Ramire¥artinezet al., 2015; Hohweyeet al,, 2016) and allows the
determination of the Assemblages through DNA sequencingd,atherefore, may provide
information for better understanding of the transmission patterns and the zoonotic potential of the

isolates (Thompson and Ash, 2016).
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vegetables such as conventional PCR (RanMi&zinezet al., 2015), nestedPCR (Dixoet al., 2013)
and PCHRFLP (Tiyet al., 2016).

Widely used genetic loci for the detection®fardiainclude glutamate dehydrogenasgdh), triose
phosphateisomerasetfi), R-giardin(bg), 16S rRNA gerend 18S rRNA (Feng and Xiao, 2GRyEn
and Caccio, 2013; Dixen al., 2013;Koehleret al., 2014).
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2.3.5 ECHINOCOCCUS MULTILOCULARIS

2.3.5.1 Classification amdorphology
Echinococcus multilocularsa cestode (tapeworm) belonging to the Phylum Platyhelminthes, Class

Cestoda, Order Cyclophyllidea and Family Taeniidae.

Order: Family:

Cyclophyllidea Taeniidae

Phylum: Class: Genus: Species:

Platyhel Cestoda

Eight recognised species belong to the gelghinococcuand, among thoseE multilocularis

Echinococcus E. multilocularis

causing alveolar echinococcosis (AE) represents a significant public health concern (R¢@lazes

2017).

An adultE. multilocularisneasures 1.5 to 3.5 mm in length. It consists of a head, or scolex, a neck,
and asegmented body, the strobila, formed by53proglottids. The last segment is the longest;
however, it measures less than half of the whole cestode body. The rostellum has 2 rows of hooks
(28 to 30) and four suckers. The gravid proglottid, found at the @mithe strobila, contains the

developed uterus, full of eggs. The gravid proglottid or the eggs are passed with the faeces into the

environment Figure21a; 21b).

Figure21. Photomicrographs of an aduli. multiloculariga) and gravid proglottid (b). Scdiars:
p nn Seolfce:Heidaet al., 2019)

Echinococcus multiloculareggs are indistinguishable from the eggsTafeniaspp. and other
members of the family Taeniidae. The eggs measw&s30m indiameter and are radially striated.

The internal oncosphere contains 6 refractile hooks.

62



.,.:.g": ? ,_,?Ef-“

- ol oty

30 pm

Figure22. Eggof Echinococcusp. in an unstained wet mount of concentrated stool from a dog.
Image taken at 400x magnification. (Soureps://www.mcdinternational.org)

2.3.5.2Biology and life cycle

Echinococcus multiloculais commonly maintained in a wildlife life cycle where the definitive and
the intermediate hosts are predators and preyed species, respectively. The main definitive hosts are
foxes, particularly red foxes ulpes vulpeés however, wolves, raccoon dogdydereutes
procyonoide} golden jackalsGanis aureysdogs and, to some extent felid species, can also serve
as competent definitive hosts (Romgg al., 2017). The intermediate hosts are lagomorphs and
rodents and, among the latter order, the members thie subfamily Arvicolinae (voles and
lemmings) are the ones most commonly involved. Humans, on the other hand, represent the
aberrant intermediate hosts and become infected by ingesting eggs (Rbrlig2017) Beingdead

end hosts, humans do not contute to the maintenance of the parasite lifecycle.

The adult stages dE. multilocularisare intestinal parasites of carnivores (definitive hogig)that
release eggs, each containing an infectious larva (oncosphere), with their faeces into the
environment (2). Intermediate hosts ingest eggpntaining faeces, or ingest the eggs dispersed into
the soil or onto the plants (Tamarozti al., 2020).Following ingestion, the oncospheres hatch in
the small intestine, penetrate the intestinal wél),and migrate through the circulatory system into

the liver or, rarely, disseminate into other organs, where they develop into the metacestode stage
represanted by a muliOK | Yo SNBE R 6 & Y dzfaliell {aeOldrf dysik Inside thdSe\ v
cysts, protoscolices are produced in large numi§gysShould infected organs of the intermediate
host be consumed/ingested by a definitive host, the protoscolicay develop into adults in the
RSTAYAGADS K2 B)iAker a @wwebks, tha gtllltSvaring) sfast producing eggs that

will be eventually released into the environment with the faeces (Thomgsah, 2017).
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QDPDX Alveolar Echinococcosis

Echinococcus multilocularis
Protoscolex
from cyst

3
o Scolex attaches to intestine

o Adult in small intestine
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Intermediate Host ﬁ\ eqg in feces Oncospheres
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- /\5’J ‘ / /ﬁ\ Infective stage
o Alveolar hydatid 9 Oncosphere hatches;

" cyst in visceral organs penetrates intestinal wall _ﬁ Diagnostic stage
ﬁ {usually liver)

Figure23. Echinococcus multiloculatige cycle
(Source: https://www.cdc.gov/parasites/echinococcosis/epi.html)
Humans can acquire the infection by ingesting viable eggs in many different ways (Tamitaabzzi
2020):
o water- or foodborne transmission (vegetablésiits/berries);
0 handto-mouth transmission after contact with multiloculariseggs in the environment;

o birds and flies could be possible vectors (Lawson and Gemmell, 1990);

o direct contact with the definitive hosts when their coats is contaminated wih
multilocularisS33a A ®Sd®> | FGSNI R234a KI @S 06SSy NPT f
Also, proglottids oE. multilocularidiave been found and documented in the perianal region
of a naturally infected dog (Deplazes$ al., 2004).Dog ownership is one of the most
important risk factors for humans to be infected with multilocularigAlvarez Rojast al.,

2018).
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2.3.5.3Pathogenesis and clinical signs

Echinococcus multiloculakauses AE, a chronic and severe disease characterized by slow growing,
destructive parasitic tumors in the liver and, occasionally, other organs. After ingestion of viable
eggs, the oncospheres reach the liver where they establish a germinal layer r@&L)wihich
protoscolices will be eventually produced, and form a cyst (Gottgteath, 2017). After 710 days a
laminated layer, that protects the parasite from host immunity, is formed. The parasites generate
additional cysts that typically remain attaeth to the parent one, but occasionally detach from it
FYR F2NXY | a&aYdz A évivediy Whidey avidSMiller@828)i 2 RS 6 NJ

In the early stages, the infection is usually asymptomatic thedonly symptoms that the patient

may show areabdominal pain and biliary obstructiort. takes years before lesions and related
symptoms become evident (Keet al., 2017).The incubation period is estimated to be-18 years

in most cases (Ammann and Eckert, 1996).

Abdominal pain, jaundice and cholasis are the main symptoms associated withwkich is often
misdiagnosed as liver candgfernet al., 2017).

It has been reported that the severity of the disease mainly depends on the location of the lesions
in the liver (Bressoidadniet al., 2000):if the parasite is located centrally, the infection typically
manifests with milder symptoms, whereas lesions situated close to the hepatic veins or inferior vena
cava can result in a Budchiarilike presentation; in addition, in the latter scenario, tkas a higher

risk of metastasis and lesions spreaddtfferent organs(i.e., lungs,spleen, brain,and heart)
Untreated infections have a high fatality ratBeath is mainly associated witiver failure septic

shock, biliary cirrhosis leading to gastitestinal bleeding or cerebral AE (Kextral.,, 2017).

2.3.5.4 Epidemiology
In large parts of Central Europe, included It&y multilocularigs present in red fox populations
with average prevalence ranging between 0.1% and 50%. Besidesdoresstic dogs with patent
infections have been found in several areas and may play an important role for parasite transmission
to humans. Cats, with low worm burdens and low egg excretion, are probably of negligible zoonotic
significance in the maintenar®f theE. multilocularigife cycle (reviewed by Deplazetal.,, 2017).
The infectious dose fdE. multilocularisn humans is unknown; it has been reported that 231D
eggs oft. multilocularigollected from faecesf infected carnivores were needed to ensure the
establishment of the parasite in rodents (Hildreth & Granholm 2003; Matsumabtal., 2010);
K26 SOSNE (KS K2aGaQ adzaOSLIWiAoAtAGE (2 GKS AyT
even betveen different strains of mice (Hildreth & Granholm, 2003).
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Factors affecting the survival Bf multiloculari®ggsare summarized ifable12.

Factors affecting survival dE. multiloculariseggs

Environment
Echinococcus
multilocularis
eggs are able to
survive
temperatures of
4 °C for 478 days
(Veitet al.,

1995.

They are more
resistant to
elevated
temperatures
when suspended
in water than in
environments
with 70% relative
humidity
(Federeret al.,
2015.

E. multilocularis
eggs remained
viable in their
natural
environment in
Germany for 240
days in
autumn/winter
and for 78 days in
summer Yeit et
al., 1995.

Heat pH
Echinococcus No information.
multilocularis
eggs can survive
temperatures of
65°C for 2 h, but
they are killel
after 3 h at 65°C
at or at 70°C,
75°C and 80°C fo
30 min, 15 min or
7.5 min,
respectively
(Federeret al.,
2015.
Echinococcus
multilocularis
eggs appear to
lose infectivity

at temperatures
even as low as 43
°Cinlow

humidity
conditions Yeit
etal., 1995.

Freezing
Echinococcus
eggs remain
viable at
temperatures
below zero for
long periods of
time (-18°C for
240 days)They
were found to be
still infective to
voles after
storage for 54
days at27°C
(Sdiller, 1955.
Very low
temperatures
(-70°C to-80°C
for 96 and 48 h,
respectively),
inactivate the
eggs Eckertet
al., 2002.
EFSA
recommend
deep freezing at
-80 °C for a
minimum of

24 h in order to
inactivate
potentially
contaminant
Echinococcus
eggs

(EFSA, 2018

Disinfectant
Echinococcus.
multilocularis
eggs are sensitive
to higher
temperatures
and also to
desiccation in in
vitro conditions
(Laws, 1968Veit
etal., 1995

Drying

Noinformation.

UVlight

No information.

Tablel12. Survival oE multilocularis(Source: EFSA, 20a48d Gérarcet al., 2019.

Humans and foodborne outbreaks caused by the consumption of fresh produce

The true distribution ofe. multilocularigs likely underdiagnosed and underestimated due (1:
limited knowledge of the parasité]l) misdiagnosis with other similar diseases (e.g., liver cancer)
(N limited availability of advanced diagnostic technig®sitton et al., 2015).

Echinococcus multiloculaisrestricted to the Northern hemisphere, with no known endemic areas
further south than Tibet and the Sichuan province in Cieplaze®t al., 2017;Fenget al., 2015).
Echinococcus multiloculaiswidespread in several gotries across northern Asia including Russia,
the Japanese island of Hokkaido, central Asia (particularly Kyrgyzstan) (Pateetaste2020) and
western China (Torgersat al., 2010). China is estimated to be responsible for over 90% of AE cases
worldwide (Torgersoret al., 2010). In some districts of Siberia, numerous human AE cases have
been registered, whereas only sporadic cases have been reported from northern India or Pakistan.
Based on data on human Afpst parts of the Russian Federation aansidered endemic foE.

multilocularis(Bessonov, 1998).
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Central Europe has been a core endemic area for AE since the end of the 19th century (Eckert and
Thompson, 2017). In fact, between 1982 and 2000, 599 AE cases (42% in France, 24% in Germany,
21% inSwitzerland, 13% in other countries) were registered in this area (&eah, 2003). An
expansion of the Central European endemic area has been observed to the north, west and to the
east (Gottsteinet al., 2015).The emergence of AE has been documentedhe Baltic region
(Marcinkuteet al., 2015) with an increasing number of human AE cases wh&weaihern Europe

is regarded as free even though studies focusing omultilocularigre lacking in most areas. As of

the end of 2015, no autochthonous A&ses have been described in Western and Northern Europe,
however, single imported cases in humans were reported from Denmark, United Kingdom, and
Sweden (Wahlstromat al.,, 2015) During the past three decades, the implementatioroddl rabies
vaccination(ORV) programmes in 24 countries has led to the elimination efmfediated rabies

from vast areas of Western and Central Eurdpe=@linget al., 2013).This successful campaign has

led toan ncrease of the red fox population in many partsafrope and, as a consequence, to the
increase ofE. multilocularigirculation and distribution (Takuneit al., 2008).In addition, the red

fox population is spreading in Europe in all habitats, including urban areas (reviewed by Deplazes
al., 2017).

A recent review by Deplazest al., 2017 gives detailed information on the global distribution of
alveolar echinococcosis. Theagraphical distribution oE. multilocularisnd AE is summarized in
Figure24.
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Figure 24. Geographical distribution oE. multilocularisand alveolar echinococcosis (Source:
RodriguezZMoraleset al., 2015).

The global burden of disease of AE is estimated to be 18,200 cases per annum, resulting in
approximately 666,000 DALYs (37 DALYs per case) (Torgeedor2010). However, 91% of cases

and 95% of the DALYs were estimated to be in China. Thus, therp@mximately 1600 cases of

AE per annum in Europe, Russia and central Asia resulting in 33,000 DALYs or 21 DALYs per case.

As to foodborne outbreaks caused by the consumption of fresh produce, although no cases of
human infection withEchinococcuspp. hae been linked to contaminated fresh produce, several
cases of AE in zoo primates in Switzerland seem to have been causeddmymption of fresh

vegetables contaminated with. multiloculari®ggs (Federest al., 2016).

It is similarly impossible to assewhethelE. multilocularisnfections occur following the foodborne
route and what the source of infection diie to the long incubation periqavhich varies between

5 and 15 years (Eckert and Deplazes, 208dyvever, a systematic review and mesaalyss by
Torgersoret al. (2020)showsthat the foodborne transmission is a relevant route of infection and
empirical evidence shows thabntaminated foodand contaminated environment would, between

them, account for 41% of the pathwsgf transmission.

Fresh produce

The presence of taeniid eggs aBdhinococcuPNA has been documented in food and it has been
demonstrated that fresh produce represents pdential transmission vehicle for taeniid eggs
(Malkamakiet al., 2019).

Contamination of vegetables by taeniid eggs has been identified microscopy, mainly in Asia and
Africa, with contamination rates ranging between 0.9 and 18.3% (Alvarez &@hs2018). One

study in Poland used PCR to assess the presengertiltiloculariDNA in 103 samples of fruits,
vegetables, and mushrooms and 23.3 % of samples were found to be positivet(@ag615). This
publication opened a debate in which the findingpmsitive raspberries collected from plants at
some distance from the ground raised some questions (Rober$al, 2016). However, such
contamination could not be excluded, as it has been reported that flies can transport such eggs
(Lawson and Gemmell990).In addition, an investigation into the presence of cestode eggs in the
washwater of fresh produce (vegetables, fruit) used as feed for primates kept at a zoo was carried

out in Switzerland andaeniidDNA was detecte(Federeret al., 2016).
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2.3.5.5 Detection methods in fresh produce

There is no standardised method for the isolationBahinococcusggs present on fresh produce
(EFSA, 2018). However, methods for the isolation of taeniid eggs from faecal samples (Conraths and
Deplazes, 2015) can be applied for food samples.

After a washing stage that can be performed using different detergents ssiSD& (1%) and/or
Tween 80 (0.1%), the parasites eluted in the washwater can be concentrated by flotation,
sedimentation, and/or sieving steps, and then detected by microscopy. As all taeniid eggs have very
similar morphologies, microscofibased detectionof taeniid eggs should be accompanied by
molecular tools in order to identify them #e species level. The sensitivity of PCR amplification is
high and the limit of detection is described to be as low as one egg. This is not unexpected, as taeniid
eggs ontain between 18 and 56 cells (Alvarez Rejaal., 2018) and a single taeniid egg contains
around 7,000 mitochondrial targets (Trachsehl., 2007).

Various methods have been developed for the detectioBadfinococculsom fresh produce. These
include a nested PCR based on the mitochondrial 12S rRNA genet(hhs2015; 2017), a real

time PCRnethodtargeting a 77 base pair region of the 48ene in the mitochondrial genome Bf
multilocularis(Isakssoret al., 2014) and a novel multiplex redime PCR for the detection .

multilocularis,as well ag'. gondij andC. cayetanensisn berries (Temesgegt al., 201D).
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3. EXPERIMENTAL PART

3.1 MATERIALS AND METHODS

3.1.1 Sample size estimation

A pooling design, based on testing homogenous groups of samples (pools) (@ alii®99), was

used as a costfficient sampling strategy to keep the sample size manageable. The number of pools
and the poolsize were established according to Worlund and Taylor (1983) based on the expected
prevalence of contaminated RTE or berries bas;ht lower than 1%, desired precisiohl.15%

and desired level of confidence of 95% using the formula provideduation 1below.

A pool size of 9 packages per month was established for each fresh product, for a total of 54 samples
and 6 pools per math and 72 pools for the whole yeargblel3). This sampling protocol was aimed

at providing the highest confidence of detecting contamination, even for parasites with low

expected prevalence.

Equation 1
m= (Z*(tp)/(ek)P*((1-p)*-1)
Where: m is theaumber of pools, p is the expected prevalence, k is the pool size, e is the desired

precision and Z is the desired level of confidence.

Fresh Produce No. No. Total No. Total No. Pools/Year
Samples/Month  Pools/Month = Samples/Year
RTE mixed salads 9 1 108 12
(Brand A)
RTE mixed salads 9 1 108 12
(Brand B)
RTE mixed salads 9 1 108 12
(Brand C)
Subtotal 27 3 324 36
Imported blfalckbernes 9 1 108 12
(Mexico)
Imported blueberries 9 1 108 12
(Peru)
Local raspberries 9 1 108 12
(Italy)
Subtotal 27 3 324 36
Total 54 6 648 72

Table13. Sampling protocol
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3.1.2 Sampling plan

From January to December 2019, a total of 648 samples of fresh produce were purchased from
supermarkets located in Foggia and Bari towns (Apulia region, southern lItaly). The samples
consisted of 324 RTE locally produced mixed salad packages belongireetbrdnds (A, B, and C)

and 324 berries packages. Two brands of-8&d (A and B) contained sugarloaf chicory, radicchio,
rocket salad, and grated carrots, and the third brand (C) contained red cabbage, frisée salad, leek,
rocket salad and grated carmtThe berry packages contained either blueberries or blackberries,
imported from Peru and Mexico, respectively, or raspberries grown in Italy.

Therefore, each month, per each fresh product, nine individual packages (not less than 100 g each)
belonging tothe same lot were bought and, aftéreing mixed together, analed together as a

single pool. After the purchase, the samples were transported to the laboratory in a cooler bag and
stored in the refrigerator. The pooling and the washing procedures wemgedaout before the

LINE RdzOG & Q NBaLISOGAPS SELANE RIGSao

3.1.3 Sample processing

Each month, the nine packages of each of the six produce types (thresaRTE and three berries)

were opened and the same produce types were mixed together by hand ttecagaool of 900 g.
These mixed pools were then divided into nine filter bags (BagPage®+ 400ml filter bags,
Interscience, Sant Nom, France), with 100 g of produce per bag, before further processing. The
samples were processed according to the U.S. Foodmgs Administration Bacteriological
Analytical Manual (BAM) chapter 19b (Murp#iyal., 2017), withslight modifications as follows.

To each filter bag was added 200 ml of 1% Alconox (AlcormoxNY USA), which was then sealed
with a clip, placed on a rocker platform (Vibramax 100, Heidolf), and agitated for 30 minutes at room
temperature at 150 rpm. The wash solution from each bag was then transferred into four 50 mi
tubes for concentrationby repeated cycles of centrifugation, removal of supernatant, and
combination of pellets. The resultant pellets were transferred into a single 2 ml microfuge tube and
OSYUNRTFAdASR d mnZInnn R 3 F2NJ n YAydzi $aats | yF
removed by aspiration. Thus, for each type of pooled sample, nine pellets that were representative
of the whole pool were obtained~gure25). Of these, two were stored in the refrigerator at 4°C

for analysis by microscopy and seven were store@@tC pending DNA extraction.

As well as different approaches being used for investigation of contamination, these were also
conducted in different laboratories on samples from the same pools, providing interlaboratory

strength to the results obtained.
71



[

EACH MONTH
9 PACKAGES

(SAME LOT/100g EACH)

WHOLE POOL

9 ALIQUOTS
FDA WASHING
PROCEDURE BAM 19b REPRESENTATIVE OF THE
(100g/hag)

POOL RANDOMLY
DIVIDED INTO
S FILTER BAGS

[ >

Hgure 25. Flowchart of sample processing: blackberries

3.1.4 Microscopy investigation

The FLOTAC double technique was used for the analysis by microscopy (Erialgak010) and

was carried out at the Regional Center for Parasitkiaitoring (CREMOPAR) at the University of
Naples Federico I, Italy. In this approach, to 6 ml of saturated ziplcagelsolution (specific gravity

' MmPop0OX 2yS FtAljd2id 2F GKS 02y OSYyiNI GSR LR2f
was homognized by shaking on a vortex mixer, and then transferred to one of the FLOTAC
chambers. Once both chambers had been filled with two different samples, the FLOTAC apparatus
was centrifuged for 5 min at 120 x g and examined by light microscopy at 100x0&wxd 4
magnification on a DM1000 LED microscope equipped with a ICC50 HD Qhemneap For each
sample, suspected findings were enumerated, measured using a calibrated graticule, and

photographed. The microscopy investigation steps are summariziglire 26.

» W7 : -_‘EJ' - I y E | ’H

Figure26. Microscopy investigation using the FLOTAC apparatus

3.1.5 Molecular investigation

3.1.5.1DNA isolation
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DNA was isolated from 72 aliquots (one aliquot per each pool) using DNeasy PowerSoil extraction
Kit (DNeasy PowerSoil®, Qiagen, Italy). The manufacturer's instructions were followed with slight
Y2ZRAFAOIGAZ2Yyad ! FGSNI (GKI ¢ Ay Hon was Kétrifggednand>ttie & | Y
AdzLISNY FGFyd NBY2OSR® ¢KS LISttS0 ¢ a NBAdALISYR
beating tube with the appropriate volume of lysis buffer (C1 solution) and subjected to 2 cycles of
beadbeating (FastPrep 24G, MioBiedicals, France) of 4 m/s for 60 s with 45 s pause between
OeldtSad ¢KS ftealdsS gl1a GKSYy OSYUGNRFddzZASR G wmn
the supernatant was used for the next steps of the protocol in which spin columns were used to
OF LIWidzNB GKS 5b! 2y &aAtAOlF YSYONIrySad CAylLffes
of elution buffer (C6 solution). Samples were storee2& °C pending further molecular testing.

The complete DNeasy PowerSoil Kit protocol has been includ&ohiex 1

3.1.5.2Reaitime PCR and quantitative analysi®CR)

1 SimplexgPCR foCyclospora cayetanengissay 1)

At the Department of Infectious Diseases of the Istituto Superiore di S&vtae, Italy), a redime

PCR assawprgeting the multicopy 18S ribosomal RNA gevas used for detection afyclospora
(Murphyet al., 2017). The assayges an internal amplification control (IAC), which is a synthetic 200

bp ultramer DNA sequence (Destral., 2010), to monitor for potential matrigerived inhibition of

the reaction. The assay also provides a traceable synthetic positive control that allows identifying
false positives, possibly originating from laboratory contamination. This positorgrot
(HMgBlock135m) is a 998 bp doulsiganded synthetic gBlocks® Gene Fragment that corresponds

to the sequence at positions 28200 of theC. cayetanensik8S rRNA gene but contains traceable
mutations (T885A and C886G) within the amplicon generbiethe realtime PCR.

The PCR conditions were as described by Musgghgl. (2017). In brief, primers Cyclo250F (5'
TAGTAACCGAACGGATCGRB A Cyclo350RN {BATGCCACGGTAGGCCAAWere used in
combination with the probe Cyclo281T{8CGGCGATAGATCATTCAAGTTTCIBAD=d with

PO Cla NBLIZ2NISN ReS GKy R yRZAdFAITSNYI dzS ywAOKS Rj diS Yy OK ¢
guencher.

Amplification of the IAC target was achieved using the primers-IAGC OpQ
CTAACCTTCGTGATGAGCAATCG-AGWR RGATEAGCTACGTGAGGTGETAC:E | YR G KS
dd-IAG/ & p -AGQTAGTCGATGCAGBICTCTCAN, labelSR ¢gAGK pQ [/ &p NBLR
lowa Black® RQp quencher.
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Master Mix All reaction mixtures contained the primers/probe to detect 1Edopies of thesynlAC
target. In eachgPCR experiment, a negative control (no template control, NTC) and plosetve
controls (the HMgBlock135m, used at 5%Hopies/ul, and DNA extracted from human stool
sample positive foCyclosporand from avegetable matrix spiked with 200 oocystsg¢re used.
Isolated DNA from each of the pools (i.e., 36 from RTE mixed salads and 36 from berries) was tested
in triplicate using this assay.
1 MultiplexgPCR fo€yclospora cayetanensigxoplasma gondiandEchinococcus multilocularis

(Assay 2)
A multiplex reatime PCR assay for the simultaneous detectio@ ofayetanensig. gondiiandE.
multiloculariswas performed on one aliquot of all pools according to the protocol of Temespen
al. (201%) at the Parasitology Laboratory, at the Norwegian University of Life Sciences (Oslo,
Norway).
In this multiplex, the primers, CylITS1-HTIATGTTTTAGCATGTGGTGI@Gd CyITS1 -RT
(GCAGCAACAACAACTCCTCATC), and probe, CRTSHERTACATACCCGTCCCAACCETCGA
MGBEQ), were used for the detection©f cayetanensito amplify a product of 141 bp from the
ITS1 region (Temesgeet al, 201%0 @ |  LINE RdzO i KXF pwo oTboNEGRESY (1 2
amplified with the primers Te2F (AGGAGAGATATCAGGACTGTAGLIRo(GCGTCGTCTC
GTCTAGATCG) and probe-TB% (CYECGGCTTGGCTGCTTTVIGBEQ) (Opsteegtt al., 2010).
A forward primer, EmMMGB_F (GTGCTGCTYATAAGAGTTTTé®)sa primer, EmMMGB_R
(CTATTAAGTCCTAAACAATACCATA), and an EmMMGB_P prateAGBMTATTCCTATCAATGT
aD.9v0 6SNB dzaSR G2 FYLXtATFTE I LINRBRdzOU 2BF 717
multilocularis(Isakssoret al., 2014).
The g°PCR was perfored using the Stratagene Mx300%PCR System (Agilent Technologies,
DSNXIye0 Ay | FAYylLf @2t dzyYS 27F gROR ReadyMix timét RGX3 ™.
6{A3AYlI TERNAOKOX FtYR H >f 2F 5b! GSYLXIGSo®
concentations according to Temesgenal. (20190 ® / @ Ot Ay3d O2y RAGA2ya g ¢
0 YAY OAYAGAIfT RSYFGdz2NFYGA2y0S F2t{t26SR o0& np
cn c/ F2N) on & 0602Y0AYSR | yydastarrgictenck yiyie foSE (i S
normalization of the fluorescent signal. Each sample avedysedn triplicate and @ values were

analysedafter each run.
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To investigate whether the PCR Ermultilocularisnight also amplif§e. granulosuBDNA, we tested
DNA isolated fronk. granulosugggs kindly provided by Prof. Laura Rinaldi, University of Naples
Federico Il, Naples, Italy, using the sagR€CR assay.

3.1.5.3Conventional PCR and DNA sequencing

1 Conventional nested PCR foyclosporgAssay 3)

At the Department of Infectious Diseases of the Istituto Superiore di Sanita, a conventional nested
PCR assay targeting the 18S rRNA gefeldret al, 1996) was also used for detection and
characterisation of Cyclospora In the primary PCR amplification, the primers F1g-Q

¢!/ / /11 ¢D!'! IHYR DWAACGAPAAGCCAAGGTAGE) ¢ SNB dzaSR (2
bp DNA fragment. In the secondary PCR #oation, the primers CC719 fQ

D¢! D/ / ¢¢/ / DNMPRE ¢ vD@BPOT TOAPACCCCCTACTGAWG ¥ SNBE dza SR i
an internal 298 bp DNA fragment.

PCR reactions were performed on a Perkin ElImer 9700 apparatus (Life Technologies, Carlsbad, USA),
using 25>| of 2XHotStarTaq® Master Mix (Qiagen) with additional M@sla final concentration

of 2.0mM, 10 pmol of each primer, 58 of DNA, and nucleadece water up to a final volume of

50>l. Negative and positive controls were included in eaxperiment.

PCR conditions for the primary amplification were as follows: initial denaturation at 94°C for 15 min,
followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 53°C for 30 sec and extension at
72°C for 90 sec followed by a final @xsion step at 72°C for 10 min.

PCR conditions for the secondary amplification were as follows: an initial denaturation at 94°C for
15 min, followed by 35 cycles of denaturation at 94°C for 15 s, annealing at 60°C for 30 sec and
extension at 70°C for 90 se

Aliquots of nested PCR reactions @Pwere loaded on a 1.5% agarose gel stained with ethidium
bromide. PCR products were purified using spin columns (QiaQuick PCR purification kit, Qiagen,
Milan, Italy) and sequenced on both strands by a commercaipany (BMR Genomics, Padua,
Italy). Sequence chromatograms were edited and assembled using the SegMan 7.1 software
package (DNASTAR, Madison, WI, USA). Nucleotide BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi)

was employed to compare the sequences againg GenBank database

1 Conventional nested PCR foryptosporidiunspp.
At the Department of Infectious Diseases of the Istituto Superiore di Sanita, for the identification of

Cryptosporidiunspp., a nested PCR assay was used to amplify a fragment of the small subunit rRNA
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(18S rDNA) gene, as described (Ryaret al, 2003). The primers 18SiCF2 p
GACATATCATTCAAGTTTCFGACE | Y R -@TMGAAGGAGTAAGBAACAACO ¢ SNB  dza
the primary PCRo amplify a 763 bp fragment.

C2NJ GKS ySaGSR NBI OliGFTATCAGCKTIACGANBGOADGE YNRy {Miy/{ QM V
TCTAAGAATTTCACCTCTGACTG 6 SNB dza SR G 2D5B7WHIE A F& | FNI IY:
Reactions were performed in a final volume of 50 pl containing 25 pl of 2x GoTaq Green€aster
(Promega, Madison, WI, USA), 1 ul of each primer (10 pmol/ ul), 5 pl of extracted DNA and 18 pl of
sterile water Negative and positive controls were inddd in each experiment.

Reactions were performed on a Perkin EImer 9700 apparatus (Life Teglasy Carlsbad, USA).

PCR conditions, for both primary and secondary amplification, were as follows: after an initial
denaturation at 94 °C for 3 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 58 °C for 30
sec and extension at 72 °C fomin were performed, followed by a final extension step at 72 °C for

7 min.

lfAljd2Ga 2F t/w NBFOGA2ya omn >f0 6SNB 2 RSR
and visualized under a UV transilluminator. Positive PCR products were pusifigdspin columns
(QiaQuick PCR purification kit, Qiagen, Hilden, Germanypiairéctional sequencing of the PCR
products was performed by a commercial company (BMR Genomics, Padua, Italy).

Sequence chromatograms were edited and assembled using the &e@M software package
(DNASTAR, Madison, WI, USA).

BLAST searcheistifp://blast.ncbi.nim.nih.gov/Blast.cyiagainst the GenBank database were used

to identify Cryptosporidiunat the species level.

71 Conventional nested PCR férardia duodenalis

At the Department of Infectious Diseases of the Istituto Superiore di Sanita, for the identification of

G. duodenalisa nestedPCRassay was used to amplify a fragment of the bgi@din gene, using a
previously described protocol (Lalleet al, 2005). The primers. DC2 NJ ™ op
CCCGACGACCTCACCCGCAXIOG | YR . eE3CETGGADOT TCLGAGAOGAre

used n primary PCR to amplify a 763 bp fragment. For the nested reaction, the pridnsFor

0 pPGAACGAGATCGAGGTECE) | Y R CDGCAUGAST TOQI G e used to amplify

a 511 bp fragment.

Reactions were performed in a final volume of 50 pl contegyr25 pl of 2x GoTaqg Green Master Mix
(Promega, Madison, WI, USA), 1 ul of each primer (10 pmol/ ul), 5 pl of extracted DNA and 18 pl of

sterile water Negative and positive controls were included in each experiment.
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http://blast.ncbi.nlm.nih.gov/Blast.cgi

Reactions were performed on a PerEEhmer 9700 apparatus (Life Technologies, Carlsbad, USA).
PCR conditions, for both primary and secondary amplification, were as follows: after an initial
denaturation at 94 °C for 3 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 530°C for
sec and extension at 72 °C for 1 min were performed, followed by a final extension step at 72 °C for
7 min.

lfAljdz2Ga 2F t/w NBFOGAZ2YA omn >f0 6SNB f2FRSR
and visualized under a UV transilluminatorsRiwe PCR products were purified using spin columns
(QiaQuick PCR purification kit, Qiagen, Hilden, Germanypiaiv@ctional sequencing of the PCR
products was performed by a commercial company (BMR Genomics, Padua, Italy).

Sequence chromatograms were edited and assembled using the SegqMan 7.1 software package
(DNASTAR, Madison, WI, UBAAST searches (http://blast.ncbi.nim.nih.gov/Blast.cgi) against the

GenBank database were used to identfiardiaAssemblages and genotype

1 PCR amplification dintamoebaspp.

At the Department of Agriculture, Food, Natural resources and Engineering (DAFNE) at the
University of Foggia, a protocol of conventional PCR was used to amplify the 18S rRNgpgetiias
fragment ofEntamoebaspp.,ranging from 622 to 667 bp, depending on tBatamoebaspecies.

The primers JVCBTTGATCCTGCCAGTATTA3parE DSPR2BACTATTGGAGCTGGAATBJAC

were used according to Santesal., 2010 Amplification wagperformed in a total reaction volume

2F W yHfl AYAY3d mMHodp >f 2F 5NBLFY¢ll] DNBSYy 5b! t
al!'z {106 m >t 2F SIOK LINAYSNE yop >t 2F g1l (S
follows: 2 min at 95°C followed by 40 cycles of 95 °C for 30 s,f68 3C sec, and 72 °C for 2 min

with a final extension step of 72°C for 5 min. A positive control and a negative control (PCR grade
water) were included in each experiment. The positive control was kindly provided by Prof. Federica

Berrilli, Tor Vergata Uversity of Rome, Italy. The PCR products were run on 2% agarose gel.

Purification and sequencing of PCR products witheth@vedescribedorimers (in both forward and
reverse directions) were performed by Eurofins MWG Operon (Ebersk®@egmany). The
sequences generated were edited and aligned manually using Geneious version 2020.0.5
(https://lwww.geneious.com) and compared with the sequences available in GenBank database

using Nucleotide BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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3.1.6. Statistical analyses

lylfeadayREBNE SORPcAYo 6w 5S@SEt2LIYSyid /2NBE ¢SIFY w
IANBdzL) G§SadAy3a FyR GKS { kNHE K2a(PRI T2 Nd d&ndpk G A ad A O
t NBOF f §yROSdp:: O2y FARSY OS AgNBHMNIG (A Ol RF I S & & £
/ £ 28INAE2Y YSUK2RAYHASROZAY2YALFf LINRBLERZ2NIAZ2Y S
G6SadAy3a GNAFE O0{OKIIFINBAOKYARGEZ Hnntoo®

C2NJ LI d KRIINSRBADLG ANKA BS &GBEGAAGAOLIT RAFFSNBYOS ¢
YR LINE RdeGAEHONINROS a0 o1& 0SEAGSR GKNRdAzZZK 3 NP dzLJ
O2y il YAYIF A2y &aidl idza 2FiKMRELRIZAS OLRAKOAGSkyYyR
INAzLIA Yy T T Ol 2NIPEH FHyEHInDHSX | Yy R
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4, RESULTS

n @ m MICROSCOPY INVESTIGATION
A total of 72 pools were examinethd the following parasites were identified:
A aCyclospordike oocyst (8 pm in diameter) in one pool of blueberrigig(re27a);
A ataeniid egg (32 pm in diameter) in one RSEEd pool (brand AF{gure27b);
A Giardialike cysts (12 um x 8 um) in two pools of berries (raspberriggh(e27c);
During the microscopy investigation, an additional parasite, not included in the original aims, was
detected:
A Entamoebdike cysts (15 pm) in six pools: two were RTE salad pools (brand B and C) and four
out of six were berries (two pools bfackberries, one pool of blueberries and one pool of

raspberries) Eigure27d);

15mm

15mm

CA JuwizlIe Of 2IAARNI 22 O a i oGiaddRlikerdys® YO O YRY®R SHBL D& a i

ORSGSOGSR 68 C[he¢!/ G§SOKYyAIldzsSo
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