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Abstract 

Raw and dry-cured meats have been identified as a potential source of Toxoplasma 

gondii infection for humans. The present study evaluated the efficacy of an alternative 

non-thermal food-processing treatment, high hydrostatic pressure, on the viability of T. 

gondii bradyzoites in raw and dry-cured ham. Meat of pigs experimentally exposed to 

4,000 oocysts of T. gondii VEG strain was vacuum-packaged and subjected to high 

pressure processing (HPP). Tap water (6ºC±1ºC) was used as the pressure-transmitting 

fluid, and its temperature during HPP increased 2.7ºC per 100 MPa. The effect was 
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evaluated by bioassay in mice followed by qPCR. In raw ham, 100-400 MPa/1 min did 

not inactivate T. gondii, whereas 600 MPa/20 min was effective. In dry-cured ham, 600 

MPa for 3 or 10 min were not effective and a 20-min treatment was required to render 

the bradyzoites non-infectious for mice. Our results point toward the potential use of 

HPP as a tool for risk control of T. gondii and as a food safety guarantee. 

Key words: Toxoplasma gondii; High-hydrostatic pressure processing; HPP; Pork 

meat; Dry-cured ham. 

 

1. Introduction 

Toxoplasma gondii is a food-borne parasite that causes human and animal 

toxoplasmosis. Human toxoplasmosis can be life-threatening in immunocompromised 

subjects. In addition, transplacental transmission during primary infection in pregnancy 

can result in blindness, congenital defects, mental retardation, or even fetal death 

(Robert-Gangneux, Aubert, & Villena, 2015). Furthermore, T. gondii infection has been 

implicated in different forms of behavioural alteration and neurological disorders in 

humans, suggesting that the infection is potentially more serious than previously 

supposed (Webster, Kaushik, Bristow, Glenn, & McConkey, 2013). 

The main route of T. gondii transmission is via consumption of food and water 

contaminated with sporulated oocysts, or meat containing tissue cysts. Ingestion of 

undercooked or cured meat containing viable cysts has been suggested to be a major 

source of T. gondii infection (Buffolano et al., 1996; Cook et al., 2000; Jiang et al., 

2018; Kapperud et al., 1996; Thaller, Tammaro, & Pentimalli, 2011).  

Dry-cured ham is a ready-to-eat product (RTE) widely consumed in the Mediterranean 

area. It is a nonsmoked pork meat product cured with salt and nitrites, and stabilized 

through decreased aw. The entire process takes at least 7 months, although in some cases 

the hams may be aged for more than 1 year. Curing has traditionally been regarded as 

an effective technology against T. gondii (Genchi et al., 2017; Franssen et al., 2019). 

Several studies have pointed out; however, that curing may not be enough to inactivate 

T. gondii bradyzoite cysts (Gómez-Samblás, Vilchez, Racero, Fuentes, & Osuna, 2015; 

Herrero et al., 2017; Warnekulasuriya, Johnson, & Holliman, 1998). 

Additional treatment of meat to eliminate viable T. gondii tissue cysts would provide a 

means to protect consumers. Certain food-processing techniques, such as heat treatment, 

freezing, high hydrostatic pressure processing (HPP), and irradiation have parasite-

inactivating potential (Franssen et al., 2019). 

HPP is a technology that is receiving a great deal of attention worldwide. For the meat 

sector, HPP offers a valuable alternative to thermal pasteurization. Three main reasons 

make the HPP technology beneficial for meat products: the inactivation of pathogens 

such as Listeria monocytogenes or Salmonella, which allows the export of meat 

products to countries that require the absence of L. monocytogenes; an increase in shelf-
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life by inactivating spoilage microorganisms; and the preservation of nutritional quality 

of raw and dry-cured meat without heat treatment (Bajovic, Bolumar, & Heinz, 2012; 

Hayman, Baxter, O’Riordan, & Stewart, 2004; Jofré, Aymerich, Grèbol, & Garriga, 

2009; Rendueles et al., 2011).  

The effectiveness of HPP treatment depends primarily on the applied pressure and on 

holding time. To pasteurize meat and meat products, pressure levels of 400-600 MPa 

and holding times of 3-10 min are applied at low temperatures, of 6-12ºC. In most 

cases, these treatments have led to an inactivation of more than four log units for the 

most common vegetative pathogenic and spoilage microorganisms, resulting in 

improved safety and increased shelf-life (Bajovic et al., 2012; Hugas et al., 2002; 

Hygreeva & Pandey, 2016; Rendueles et al., 2011). Although it is well known that the 

resistance of microorganisms is highly variable, depending on the type of organism and 

the food matrix involved (Rendueles et al., 2011), scant information is available on the 

subject of parasites in different food products, particularly in dry-cured ham.  

Studies on the effectiveness of HPP in eliminating foodborne parasites have shown the 

sensitivity of T. gondii (Lindsay, Collins, Jordan, Flick, & Dubey, 2005; Lindsay, 

Collins, Holliman, Flick, & Dubey, 2006; Lindsay et al., 2008), Cryptosporidium 

parvum (Collins et al., 2005), Anisakis larvae (Brutti et al., 2010; Molina-García & 

Sanz, 2002), Trichinella spiralis (Noeckler, Heinz, Lemkau, & Knorr, 2001), Ascaris 

(Rosypal, Bowman, Holliman, Flick, & Lindsay, 2007), and Trichuris vulpis (Rosypal, 

Zajac, Flick, Bowmand, & Lindsay, 2011) in low pressure ranges (100-400 MPa).  

HPP could therefore be an appropriate tool for reducing the risk of T. gondii. Although 

previous studies have indeed evaluated the effect of HPP on oocysts of T. gondii 

(Lindsay et al., 2005, 2008), little has been published on the effects of HPP on tissues 

infected with T. gondii. Regarding raw meat, only the study conducted by Lindsay et al. 

(2006) has shown that T. gondii tissue cysts in ground pork have been successfully 

inactivated by applying 300-400 MPa for 30 s, whereas 100 and 200 MPa have been 

ineffective. The tissues, however, did not come from infected animals (naturally or 

experimentally), but had been intentionally spiked with parasites. 

The properties of the food matrix have been shown to have a great influence on the 

lethality of HPP. Dry-cured ham, a salted and dried product with low aw, has shown 

lower inactivation levels of some pathogens (Salmonella, L. monocytogenes, and S. 

aureus) and spoilage (lactic acid bacteria) microorganisms after HPP than other meat 

products (Jofré et al., 2009; Rendueles et al., 2011). 

To the best of our knowledge, no previous studies evaluating the effect of high pressure 

on dry-cured meat parasitized with T. gondii have been carried out to date. Therefore, 

the objective of the present study was to evaluate the potential use of the actual HPP 

treatments commonly employed by the meat industry for risk control of T. gondii in 

dry-cured ham. For this purpose, we evaluated the effects of HPP on the viability of T. gondii 

bradyzoites infecting raw and dry-cured ham made from experimentally infected pigs. 
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2. Material and methods 

2.1. Animal infection, raw and dry-cured ham sampling, and sample preparation for 

analysis 

Two T. gondii seronegative white pigs were used (~50 kg, 5 months of age). One pig 

was infected orally with 4,000 sporulated T. gondii oocysts (VEG strain). The other pig 

was left uninfected and was used as the negative control. Animal infection and slaughter 

was approved by the Ethics Committee of the Complutense University of Madrid (Ref. 

PROEX 415/15). The pigs were housed and maintained under Biosafety Class III 

conditions (in the VISAVET facilities of the Veterinary Faculty of Complutense 

University of Madrid) until the study was completed. Sixty days post infection, the 

animals were slaughtered and both haunches were collected. One haunch was analysed 

on day zero, and the other was cured for 12 months. The technological treatment of the 

ham was carried out in a cured ham processing facility as described by Herrero et al. 

(2017). Water activity was determined in final dry-cured hams by the Association of 

Official Analytical Chemists Official Method 978.18 (AOAC, 1998). Boneless raw and 

dry-cured ham were cut into small pieces, minced, homogenized and refrigerated.  

2.2. High pressure processing 

Fifty grams of prepared samples were placed in sealable plastic bags and vacuum-

packaged. The sealed bags were then placed in additional sealable bags and sealed 

again. These additional bags were used to prevent any potential contamination of the 

HPP unit. Samples were stored under refrigeration until HPP treatment and analysed 

thereafter. 

HPP process was performed in an industrial Hiperbaric 135 high pressure processing 

unit (Hiperbaric Burgos, Spain), equipped with a 135 L vessel, using tap water 

(6ºC±1ºC) as the pressure-transmitting fluid. The water temperature during HPP 

increased 2.7ºC per 100 MPa.  

A series of different HPP treatments were carried out. HPP was applied to raw meat at 

100, 200, 300, and 400 MPa with a holding time of 1 min at each pressure tested. In 

addition, a HPP treatment of 600 MPa was applied during a holding time of 20 min. 

High hydrostatic pressure was applied to dry-cured ham at 600 MPa with holding time 

of 3, 10, and 20 min. Each HPP treatment was replicated three times. Pressure buildup 

was 240 MPa/min, and decompression was instantaneous. 

A negative control and a positive control were included for each assay (raw and dry-

cured ham). The negative control did not contain T. gondii cysts, while the positive 

control did, but was not subjected to any HPP treatment. 

2.3. Mouse bioassay of tissues for T. gondii 

To determine viability, we performed bioassay on mice, followed by real time PCR 

(qPCR). After the inoculation to mice of the sample to be analysed, seroconversion 
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occurred if the parasite was contained in it. If the parasite was viable in the pork sample, 

the tissue cysts could form in the brain of exposed mice (Figure 1) and tissue cyst 

formation could be confirmed by PCR. For each HPP-treated or control sample, a 

concentration bioassay technique with an acid pepsin digestion procedure was applied 

to raw and dry-cured ham, as described elsewhere (Bayarri et al., 2010; Dubey, 1998). 

A 0.5 ml aliquot of digestion extract was inoculated intraperitoneally into each of eight 

20-25 g CD1 Swiss female mice per sample (Janvier Labs, Le Genest-Saint-Isle, 

France). All experiments included negative control mice. The mice came with a health 

certificate attesting that they were free from pathogens. They were kept at the Centro de 

Investigación Biomédica de Aragón (CIBA) in Zaragoza (Spain). The inoculation, 

maintenance, and euthanasia of the mice were performed under the standards of the 

Ethics Advisory Commission for Animal Experimentation and the Biosecurity 

Commission of the University of Zaragoza, as granted by Judgment No PI55/14. These 

guidelines are in accordance with the Protocol of International Guiding Principles for 

Biomedical Research Involving Animals (Directive 2010/63/EU). 

2.3.1. IFA of mouse sera 

Blood samples were drawn from mice that survived 60 days after inoculation. Sera 

samples of mice were analysed by IFA to detect antibodies against T. gondii with 

polyclonal rabbit antimouse immunoglobulins (DakoCytomation). Serum from each 

mouse was diluted 1:10, 1:20, 1:40, 1:80, 1:160, and 1:320. A positive and a negative 

control serum from previous studies in our laboratory were included in each test. Final 

preparations were examined with an Eclipse 80i fluorescence microscope (Eclipse 80i, 

Nikon instruments INC, Netherlands). Sera samples with a titer of 1:10 were considered 

positive. 

2.3.2. DNA extraction and identification of T. gondii 

Analysis of T. gondii DNA from brains of serologically positive mice was performed by 

qPCR to determine viability of the parasite. Fifteen mg piece of each brain were 

homogenated through hand pistel plastic rotating plungers in an eppedorf. The DNA 

extraction was performed using UltraClean® Tissue & Cells DNA Isolation Kit Sample 

Catalog No. 12334-S (Mobio Laboratories, Inc.) according to the manufacturer’s 

instructions. Two sets of primers for DNA amplification targeting specific sequence of 

529 repeat element were used (ToxoRoc F TAGACGAGACGACGCTTTCC, ToxoRoc 

R TCGCCCTCTTCTCCACTCT, and ToxoRepeat 500 F 

CGCTGCAGGGAGGAAGACGAAAGTTG, ToxoRepeat 500 R 

CGCTGCAGACACAGTGCATCTGGATT) and another set of primers for the surface 

antigen marker genes (SAG) (ToxoSG1 F TCATCGGTCGTCAATAA, ToxoSG1 R 

CTTTGACTCCATCTTTCC). A CFX Connect real time PCR instrument (Bio-Rad 

Laboratories) was used for the amplification and detection of T. gondii using Gotaq 

Sybergreen Master Mix (catalogue # A6002) from Promega. The reaction volume was 

20 ml, and samples were run in triplicates. The protocol consisted of 7 min at 94 ºC for 

enzyme activation (hot start), and 40 cycles of denaturation at 94 ºC for 5 s, annealing at 
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55 ºC for 30 s, and extension at 72 ºC for 10 s. The program ended with a dissociation 

curve from 60 to 94 ºC with a 0.5 ºC increase interval. Each PCR run included a 

negative control, a positive control, and a separate reaction for Actin DNA copies as 

internal control (IC). A sample was considered positive if at least two of the triplicates 

were positive with both markers. The threshold cycle (Ct) value used was indicated by 

the marker 529 repeat element (Ct must be lower than 38), and the SAG marker served 

to confirm the result. Calibration curves were prepared using 15 mg of homogenate 

negative tissues spiked with a known number of tachyzoites (10
4
, 10

3
, 10

2
, 10

1
, and 

10
0
). The samples were subsequently homogenized and processed with the commercial 

DNA extraction kit following the manufacturer’s instructions in the same way as the 

rest of the samples. 

3. Results and Discussion 

The results of the effect of high-pressure processing on T. gondii tissue cysts in raw 

ham are presented in Table 1. High-pressure processing of raw meat at pressures of 100, 

200, 300, and 400 MPa with holding time of 1 min was not effective in reducing 

infectivity of T. gondii. Treatment with HPP at 600 MPa for 20 min completely 

eliminated infectivity for mice. None of the mice inoculated with non-infected raw meat 

became infected with T. gondii. Infection was observed in mice inoculated with non-

pressure-treated T. gondii tissue cyst containing ground pork. 

Our results differ from those described by the only study that has previously evaluated 

the application of HPP treatments against T. gondii inoculated in raw meat (Lindsay et 

al., 2006). According to those authors, the HPP treatment has achieved the inactivation 

of the parasite with pressures at 300-400 MPa and a holding time of 30 s. These results, 

differing from ours, could be due to the fact that the authors have worked with ground 

pork intentionally spiked with mouse brains containing viable tissue cysts; later samples 

have been digested in acid pepsin solution and bioassayed in mice. Since the parasite is 

contained in the mouse brain tissue and not in pig muscle, it is possible that the 

digestion process may have affected the viability of bradyzoites to a greater extent 

(Dubey et al., 1995; Dubey, 2010; Mendoça, Domingues, da Silva, Pezerico, & 

Langoni, 2004). Our study, on the contrary, used experimentally infected animals, 

which implies that T. gondii tissue cysts were located in the muscle tissue, which is 

more resistant to the digestive process. As the first investigation to evaluate HPP in 

meat from animals experimentally infected with T. gondii, this study holds special 

relevance, since it more faithfully reproduced the conditions in which the parasite is 

found within the muscular tissues. 

Another possible reason for our discrepancy with the results of the research carried out 

by Lindsay et al. (2006) is the technique we used to confirm viability. Bioassay is 

regarded as the gold standard for the evaluation of treatment efficacy of parasites in 

food (Franssen et al., 2019). Both Lindsay et al. (2006) and our own study have used 

bioassay; however, we confirmed viability by analysing the mouse brain by q-PCR, 

unlike Lindsay et al. (2006), who have used histology. PCR has more specificity and 
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sensitivity in detecting the presence of T. gondii than histological detection (Esteban-

Redondo et al., 1999; Opsteegh, Schares, & van der Giessen, 2016). Research on 

foodborne parasites should be improved with the goal of standardizing experimental 

approaches for the evaluation of inactivation methods, but also in order to standardize 

methods designed to monitor inactivation (Franssen et al., 2019). 

In the course of the HPP process, pressure is transmitted uniformly and instantly 

(Hugas, Garriga, & Monfort, 2002) with little variation in temperature, independent of 

food shape or size (Rendueles et al., 2011). This aspect is of particular interest when 

investigating pathogens such as T. gondii, for which the distribution of cysts in tissues is 

thoroughly random. It has been estimated that the number of T. gondii cysts per gram of 

tissue from food animals such as pigs may be less than 1 cyst/50 g of tissue, and one 

cyst may contain a few to 1000 individuals (Esteban-Redondo et al., 1999; Opsteegh et 

al., 2016). 

High hydrostatic pressure usually exerts a stronger destructive effect on organisms with 

a higher degree of organization and structural complexity. Prokaryotes are usually more 

resistant than eukaryotes (Yuste, Capellas, Fung, & Mor-Mur, 2001), and it is assumed 

that the destruction of parasites is achieved with relatively low pressures (Rendueles et 

al., 2011). However, the pressures and times required to inactivate T. gondii are higher 

than those used in previous studies against tissue cyst (Lindsay et al., 2006) or oocysts 

(Lindsay et al., 2008). They are also superior to those used against other parasites 

(Brutti et al., 2010; Collins et al., 2005; Molina-García & Sanz, 2002; Noeckler et al., 

2001; Rosypal et al., 2007, 2011). 

The application of HPP to meat modifies quality parameters such as colour, texture, and 

water holding capacity (Bajovic et al., 2012). Meat colour is one of the most important 

quality characteristics for consumers in a purchase situation. HPP affects quality 

parameters of raw meat, particularly depending on the pressure level applied, and thus 

typical characteristics associated with raw meat such as texture and, especially, colour 

can be modified to a remarkable degree. The meat becomes more gel-structured and 

paler, losing the typical appearance of raw meat (Bajovic et al., 2012). Thus hampers 

the commercialization of HPP-treated raw meats due to the loss of the typical raw meat 

colour from a consumer perspective (Cheftel & Culioli, 1997). These changes are 

indeed relevant if the products are further processed or even directly consumed; they 

would, however, be safer and more nutritious than cooked meat, since HPP has no 

negative impact on nutritional value (Bajovic et al., 2012). Regarding the 

physicochemical effect of HPP technology on food, it is softer and preserves flavour 

better than a thermal treatment (Schindler, Krings, Berger, & Orlien, 2010). Such 

changes in colour and texture may even be desirable in some cases, when the purpose is 

to elaborate new products and new forms of presentation. 

The chemical composition of food has been identified as an important factor that can 

influence the greater or lesser resistance of microorganisms to HPP. The efficacy of 
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HPP decreases with reduced aw (Jofré et al., 2009; Rendueles et al., 2011), as is the case 

of the dry-cured ham samples evaluated in this study (aw ~0.85).  

For our study of the effect of HPP on T. gondii tissue cysts contaminating dry-cured 

ham, we assayed three different HPP treatments. We first applied two treatment 

conditions (600 MPa/3 min and 600 MPa/10 min) commonly used by the food industry 

to control L. monocytogenes and fulfil the requirements of USDA and Health Canada 

(Bover-Cid, Belletti, Garriga, & Aymerich, 2011; Hayman et al., 2004; Hugas et al., 

2002). These holding times are directly related with the water activity and fat content of 

the dry-cured products and, depending on these two characteristics, HPP is modulated 

between 3 and 10 min of treatment (habitually 5 min) (Hereu et al., 2012). We then 

applied a longer treatment, of 600 MPa/20 min. As described in Table 2, while HPP at 

600 MPa for 3 and 10 min did not eliminate T. gondii infectivity for mice, 600 MPa for 

20 min guaranteed its inactivation. None of the mice inoculated with non-infected dry-

cured meat became infected with T. gondii. Conversely, infection was observed in mice 

inoculated with non-pressure-treated T. gondii tissue cyst containing ground pork.  

Such extended times do not tend to be employed at the industry (Bajovic et al., 2012; 

Hygreeva & Pandey, 2016; Rendueles et al., 2011); instead, times of 3-10 min are more 

common (Bover-Cid et al., 2011; Hayman et al., 2004; Jofré et al., 2009). Six hundred 

MPa for 10 min of holding time have been necessary to reach 3 log-inactivation of 

pressure-resistant L. monocytogenes in Spanish dry-cured ham (aw 0.880; pH 5.84) 

(Bover-Cid et al., 2011). This inactivation level is relevant for fulfilling the 

requirements of USDA and Health Canada regarding the control of L. monocytogenes in 

RTE food products. To the best of our knowledge, ours is the first study to have 

evaluated the effect of HPP on the inactivation of T. gondii in dry-cured ham from 

experimentally infected animals. 

It is generally accepted that cured meat colour is particularly resistant to HPP. The 

majority of studies have reported no change in redness, thereby supporting the 

protective role of nitrification on meat colour (Bak, Bolumar, Karlsson, Lindahl, & 

Orlien, 2019). The colour of meat is strongly related to its water content (Ferrini, 

Comaposada, Arnau, & Gou, 2012), and HPP applied for up to 10 min have had a 

negligible effect on dry-cured ham. However, with more extended treatment times, 

visible changes could appear in the products (Bajovic et al., 2012; Bak et al., 2019). 

These changes might vary according to the meat’s initial textural characteristics and 

depending on its protein system, its temperature, the pressure applied, and the duration 

thereof. Juiciness, springiness, and chewiness are increased by HPP depending on 

treatment time (Coll-Brasas et al., 2019). Longer treatments increase production costs, 

since they limit the number of treatment cycles per hour and reduce the kilo production 

rate per hour. In order not to exceed those times, one of the solutions applied both in the 

meat sector and in other sectors (juices and beverages, prepared dishes, etc.), consists in 

applying multi-pulsed pressure cycles (compression and decompression rates). Multi-

pulsed HPP could be used to inactivate spoiling and pathogenic agents, thereby helping 

to improve food safety and quality. An optimized balance between ideal pressure, 
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temperature, pulse number, pressure holding time, and compression and decompression 

rates can increase the effectiveness of such treatments. Depending on the product, such 

an application of pressure pulses could be more effective than a longer continuous 

treatment, since the same level of inactivation could be attained while achieving certain 

gains in terms of sensory quality (Buzrul, 2014). More studies are needed to evaluate 

the costs and the technical characteristics of the equipment required to apply multi-

pulsed HPP treatments. It would likewise be interesting to evaluate shorter holding 

times at 600 MPa to ascertain their effectiveness. Further research is needed to evaluate 

the applicability of HPP to inactivate T. gondii in food of animal origin. 

4. Conclusions 

In conclusion, both raw and dry-cured ham treated for 20 min with HPP at 600 MPa 

were rendered free of viable T. gondii tissue cysts, thereby confirming high hydrostatic 

pressure technology as an alternative capable of guaranteeing the commercialization of 

safe meat products. Further research is needed to evaluate other HPP process conditions 

in the inactivation of T. gondii in food of animal origin. 

 

Declarations of interest: none 

Acknowledgments 

This project has been cofinanced by the Spanish National Institute for Agriculture and 

Food Research and Technology (INIA), the Spanish Ministry of Economy and 

Competitiveness (MINECO), and the European Regional Development Fund (FEDER) 

(Project RTA2014-00024-C04-02). The authors wish to thank the Government of 

Aragón and FEDER 2014-2020 (Grupo A06_17R grant) for financial support. Special 

thanks to Hiperbaric, SA, who facilitated a Hiperbaric 135 unit to conduct the HPP 

treatments applied in this study. Thanks likewise go to Grupo VISAVET for having 

housed the pigs in their biosafety facilities. 

References 

AOAC (Association of Official Analytical Chemists). (1998). Official methods of 

analysis (16th ed.). Gaithersburg, USA: AOAC International. 

Bajovic, B., Bolumar, T., & Heinz, V. (2012). Quality considerations with high pressure 

processing of fresh and value added meat products. Meat Science, 92, 280-289. 

DOI: 10.1016/j.meatsci.2012.04.024 

Bak, K. H., Bolumar, T., Karlsson, A. H., Lindahl, G., & Orlien, V. (2019). Effect of 

high pressure treatment on the color of fresh and processed meats: A review. 

Critical Reviews in Food Science and Nutrition, 59(2), 228-252. DOI: 

10.1080/10408398.2017.1363712 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Bayarri, S., Gracia, M. J., Lázaro, R., Pérez-Arquillué, C., Barberá, M., & Herrera, A. 

(2010). Determination of the viability of Toxoplasma gondii in cured ham using 

bioassay: influence of technological processing and food safety implications. 

Journal of Food Protection, 73(12), 2239-2243. DOI: 10.4315/0362-028X-

73.12.2239 

Bover-Cid, S., Belletti, N., Garriga, M., & Aymerich, T. (2011). Model for Listeria 

monocytogenes inactivation on dry-cured ham by high hydrostatic pressure 

processing. Food Microbiology, 28(4), 804-809. DOI: 10.1016/j.fm.2010.05.005 

Brutti, A., Rovere, P., Cavallero, S., D’Amelio, S., Danesi, P., & Arcangeli, G. (2010). 

Inactivation of Anisakis simplex larvae in raw fish using high hydrostatic pressure 

treatments. Food Control, 21, 331-333. DOI: 10.1016/j.foodcont.2009.05.013 

Buffolano, W., Gilbert, R. E., Holland, F. J., Fratta, D., Palumbo, F., & Ades, A. E. 

(1996). Risk factors for recent Toxoplasma infection in pregnant women in Naples. 

Epidemiology and Infection, 116, 347-351. PMCID: PMC2271422 PMID: 8666080 

Buzrul, S. (2014). Multi-pulsed high hydrostatic pressure treatment of microorganisms: 

A review. Innovative Food Science and Emerging Technologies, 26, 1-11. DOI: 

10.1016/j.ifset.2014.07.004 

Cheftel, J. C., & Culioli, J. (1997). Effects of high pressure on meat: A review. Meat 

Science, 46(3), 211-236. PMID: 22062123 

Coll-Brasas, E., Arnau, J., Gou, P., Lorenzo, J.M., García-Perez, J.V., & Fulladosa, E. 

(2019). Effect of high pressure processing temperature on dry-cured hams with 

different textural characteristics. Meat Science, 152, 127-133. DOI: 

10.1016/j.meatsci.2019.02.014 

Collins, M. V., Flick, G. J., Smith, S. A., Fayer, R., Croonenberghs, R., O’keefe S., & 

Lindsay, D. S. (2005). The Effect of High-Pressure Processing on Infectivity of 

Cryptosporidium parvum Oocysts Recovered from Experimentally Exposed Eastern 

Oysters (Crassostrea virginica). Journal of Eukaryotic Microbiology, 52(6), 500–

504. DOI: 10.1111/j.1550-7408.2005.00059.x 

Cook, A. J. C., Gilbert, R. E., Buffolano, W., Zufferey, J., Petersen, E., Jenum, P. A., 

Foulon, W., & Semprini, A. E. (2000). Sources of Toxoplasma infection in pregnant 

women: European multicentre casecontrol study. The BMJ, 321, 142-147. DOI: 

10.1136/bmj.321.7254.142 

Directive 2010/63/EU of the European Parliament and of the Council of 22 September 

2010 on the protection of animals used for scientific purposes. Official Journal of 

the European Union L 276 of 20 October 2010. 

Dubey, J. P., Weigel, R. M., Siegel, A. M., Thulliez, P., Kitron, U. D., Mitchell, M. A., 

Mannelli, M., Mateus-Pinilla, N. E., Shen, S. K., Kwok, O. C. H., & Todd, K. S. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

(1995). Sources and reservoirs of Toxoplasma gondii infection on 47 swine farms in 

Illinois. The Journal of Parasitology, 81(5), 723-729. DOI: 10.2307/3283961 

Dubey, J. P. (1998). Refinement of pepsin digestion method for isolation of Toxoplasma 

gondii from infected tissues. Veterinary Parasitology, 74(1), 75-77. DOI: 

10.1016/S0304-4017(97)00135-0 

Dubey, J. P. (2010). Toxoplasmosis of animals and humans (Second edition). Boca 

Raton: CRC press. DOI: 10.1186/1756-3305-3-112 

Esteban-Redondo, I., Maley, S. W., Thomson, K., Nicoll, S., Wright, S., Buxton, D., & 

Innes, E. A. (1999). Detection of T. gondii in tissues of sheep and cattle following 

oral infection. Veterinary Parasitology, 86, 155-171. DOI: 10.1016/s0304-

4017(99)00138-7 

Ferrini, G., Comaposada, J., Arnau, J., & Gou, P. (2012). Colour modification in a 

cured meat model dried by Quick-Dry-Slice process and high pressure processed as 

a function of NaCl, KCl, K-lactate and water contents. Innovative Food Science and 

Emerging Technologies, 13, 69-74. DOI: 10.1016/j.ifset.2011.09.005 

Franssen, F., Gerard, C., Cozma-Petruţ, A., Vieira-Pinto, M., Jambrak, A. R., Rowan, 

N., Paulsen, P., Rozycki, M., Tysnes, K., Rodríguez-Lázaro, D., & Robertson, L. 

(2019). Inactivation of parasite transmission stages: Efficacy of treatments on food 

of animal origin. Trends in Food Science & Technology, 83, 114-128. DOI: 

10.1016/j.tifs.2018.11.009 

Genchi, M., Vismarra, A., Mangia, C., Faccini, S., Vicari, N., Rigamonti, S., Prati, P., 

Marino, A. M., Kramer, L., & Fabbi, M. (2017). Lack of viable parasites in cured 

‘Parma Ham’ (PDO), following experimental Toxoplasma gondii infection of pigs. 

Food Microbiology, 66, 157-164. DOI: 10.1016/j.fm.2017.04.007 

Gómez-Samblás, M., Vilchez, S., Racero, J. C., Fuentes, M. V., & Osuna, A. (2015). 

Quantification and viability assays of Toxoplasma gondii in commercial "Serrano" 

ham samples using magnetic capture real-time qPCR and bioassay techniques. Food 

Microbiology, 46, 107-113. DOI: 10.1016/j.fm.2014.07.003 

Hayman, M. M., Baxter, I., O’Riordan, P. J., & Stewart, C.M. (2004). Effects of high-

pressure processing on the safety, quality, and shelf life of ready-to-eat meats. 

Journal of Food Protection, 67(8), 1709–1718. DOI: 10.4315/0362-028x-67.8.1709 

Hereu, A., Bover-Cid, S., Garriga, M., & Aymerich, T. (2012). High hydrostatic 

pressure and biopreservation of dry-cured ham to meet the Food Safety Objectives 

for Listeria monocytogenes. International Journal of Food Microbiology, 154, 107–

112. DOI: 10.1016/j.ijfoodmicro.2011.02.027 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Herrero, L., Gracia, M. J., Pérez-Arquillué, C., Lázaro, R., Herrera, A., & Bayarri, S. 

(2017). Toxoplasma gondii in raw and dry-cured ham: The influence of the curing 

process. Food Microbiology, 65, 213-220. DOI: 10.1016/j.fm.2017.02.010. 

Hugas, M., Garriga, M., & Monfort, J. M. (2002). New mild technologies in meat 

processing: high pressure as a model technology. Meat Science, 62(3), 359–371. 

PMID: 22061612 

Hygreeva, D., & Pandey, M. C. (2016). Novel approaches in improving the quality and 

safety aspects of processed meat products through high pressure processing 

technology - A review. Trends in Food Science & Technology, 54, 175-185. DOI: 

10.1016/j.tifs.2016.06.002 

Jiang, R. L., Ma, L. H., Ma, Z. R., Hou, G., Zhao, Q., & Wu, X. (2018). Seroprevalence 

and associated risk factors of Toxoplasma gondii among Manchu pregnant women 

in northeastern China. Microbial Pathogenesis, 123, 398-401. DOI: 

10.1016/j.micpath.2018.07.041 

Jofré, A., Aymerich, T., Grèbol, N., & Garriga, M. (2009). Efficiency of high 

hydrostatic pressure at 600 MPa against food-borne microorganisms by challenge 

tests on convenience meat products. LWT-Food Science and Technology, 42(5), 

924–928. DOI: 10.1016/j.lwt.2008.12.001 

Kapperud, G., Jenum, P. A., Stray-Pedersen, B., Melby, K. K., Eskild, A., & Eng, J. 

(1996). Risk factors for Toxoplasma gondii infection in pregnancy. Results of a 

prospective case-control study in Norway. American Journal of Epidemiology, 

144(4), 405-412. DOI: 10.1093/oxfordjournals.aje.a008942 

Lindsay, D. S., Collins, M. V., Jordan, C. N., Flick G. J., & Dubey. J. P. (2005). Effects 

of high pressure processing on infectivity of Toxoplasma gondii oocysts for mice. 

Journal of Parasitology 91, 699–701. DOI: 10.1645/GE-425R 

Lindsay, D. S., Collins, M. V., Holliman, D., Flick, G. J., & Dubey, J.P. (2006). Effects 

of High-Pressure Processing on Toxoplasma gondii Tissue Cysts in Ground Pork. 

Journal of Parasitology, 92(1), 195-196. DOI: 10.1645/GE-631R.1 

Lindsay, D. S., Holliman, D., Flick, G. J., Goodwin, D. G., Mitchell, S. M., & Dubey, J. 

P. (2008). Effects of high pressure processing on Toxoplasma gondii oocysts on 

raspberries. Journal of Parasitology, 94, 757–758. DOI: 10.1645/GE-1471.1. 

Mendoça, A. O., Domingues, P. F., da Silva, A. V., Pezerico, S. B., & Langoni, H. 

(2004). Detection of Toxoplasma gondii in swine sausages”. Parasitología 

latinoamericana, 59, 42-45. DOI: 10.4067/S0717-77122004000100008 

Molina-García, A. D., & Sanz, P. D. (2002). Anisakis simplex larva killed by 

highhydrostatic-pressure processing. Journal of Food Protection, 65(2), 383-388. 

DOI: 10.4315/0362-028x-65.2.383 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Noeckler, K., Heinz, V., Lemkau, K., & Knorr, D. (2001). Inaktivierung von Trichinella 

spiralis in schweinefleisch durch hochdruckbehandlung. Fleischwirtchaft, 81, 85-

88.  

Opsteegh, M., Schares, G., & van der Giessen, J. on behalf of the consortium (2016). 

Relationship between seroprevalence in the main livestock species and presence of 

Toxoplasma gondii in meat (GP/EFSA/BIOHAZ/2013/01) An extensive literature 

review. Final report. EFSA supporting publication 2016:EN-996, 294 pp.  

efsa.europa.eu/publications. 

Rendueles, E., Omer, M. K., Alvseike, O., Alonso-Calleja, C., Capita, R., & Prieto, M. 

(2011). Microbiological food safety assessment of high hydrostatic pressure 

processing: A review. LWT – Food Science and Technology, 44, 1251-1260. DOI: 

10.1016/j.lwt.2010.11.001 

Robert-Gangneux, F., Aubert, D., & Villena, I. (2015). Toxoplasmosis: A widespread 

zoonosis diversely affecting humans and animals. In: Zoonoses-Infections affecting 

humans and animals. Focus on Public Aspects. Editor: Andreas Sing, Springer. pp: 

355-376. DOI: 10.1007/978-94-017-9457-2_14 

Rosypal, A. C., Bowman, D. D., Holliman, D., Flick, G. J., & Lindsay, D.S. (2007). 

Effects of high hydrostatic pressure on embryonation of Ascaris suum eggs. 

Veterinary Parasitology, 145(1-2), 86-89. DOI: 10.1016/j.vetpar.2006.11.001 

Rosypal, A. C., Zajac, A. M., Flick, G. J., Bowmand, D. D., & Lindsay, D.S. (2011). 

High pressure processing treatment prevents embryonation of eggs of Trichuris 

vulpis and Ascaris suum and induces delay in development of eggs. Veterinary 

Parasitology, 181, 350-353. DOI: 10.1016/j.vetpar.2011.05.002 

Schindler, S., Krings, U., Berger, R. G., & Orlien, V. (2010). Aroma development in 

high pressure treated beef and chicken meat compared to raw and heat treated. Meat 

Science, 86, 317-323. DOI: 10.1016/j.meatsci.2010.04.036 

Thaller, R., Tammaro, F., & Pentimalli, H. (2011). Risk factors for toxoplasmosis in 

pregnant women in central Italy. Le Infezione in Medicina, 19(4), 241-7. PMID: 

22212163 

Warnekulasuriya, M. R., Johnson, J. D., & Holliman, R. E. (1998). Detection of 

Toxoplasma gondii in cured meats. International Journal of Food Microbiology, 45, 

211-215. DOI: 10.1016/s0168-1605(98)00158-5 

Webster, J. P., Kaushik, M., Bristow, G. C., Glenn, A., & McConkey, G. A. (2013). 

Toxoplasma gondii infection, from predation to schizophrenia: can animal 

behaviour help us understand human behaviour? Journal of Experimental Biology, 

216, 99-112. DOI: 10.1242/jeb.074716 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Yuste, J., Capellas, M., Fung, D. Y. C., & Mor-Mur, M. (2001). High pressure 

processing for food safety and preservation: a review. Journal of Rapid Methods 

and Automation in Microbiology, 9(1), 1-10. DOI: 10.1111/j.1745-

4581.2001.tb00223.x 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

5th December 2019 

Author statement 

Dear editors,  

Please, below you can find the individual contribution of authors to the paper 

IFSET_2019_1177, using CRediT roles: 

Susana Bayarri, as coordinator of the research project leading to this publication,has proposed 

the study, has dealt with the acquisition of the financial support, as well as the planning, 

execution and supervision of the research activity. She has coordinated the multidisciplinary 

team integrated by the authors of this work. (CRediT roles: Conceptualization; Data curation; 

Formal analysis; Funding acquisition; Investigation; Methodology; Project administration; 

Resources; Supervision; Visualization; Writing - review & editing). 

María Jesús Gracia, parasitology expert, has proposed the study and has participated on the 

planning of the trials. She has also contributed to experimental tasks related to pig infection 

and sample analysis (mouse bioassay). She has been responsible for writing the initial draft. 

(CRediT roles: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; 

Visualization; Writing - original draft; Writing - review & editing). 

João Luis Garcia, parasitology expert, has provided the Toxoplasma VEG strain for the study 

and has participated in the experimental pig infection design. (CRediT roles: Conceptualization; 

Formal analysis; Investigation; Methodology). 

Rafael Pagán and Sergio Ramos have provided expertise in food technology and 

instrumentation for HPP treatment, and have performed HPP experiments. (CRediT roles: 

Conceptualization; Formal analysis; Investigation; Methodology; Visualization; Writing - review 

&editing). 

Regina Lázaro and Consuelo Pérez-Arquillué, food safety experts, have participated in sample 

preparation for HPP treatments and have contributed to data analysis related with risk 

assessment. (CRediT roles: Conceptualization; Investigation; Methodology; Visualization; 

Writing - review &editing). 

Sincerely yours, 

Susana Bayarri (Corresponding author) 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Figure 1. Toxoplasma gondii cyst in mouse brain 
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Table 1. Effect of different HPP treatment conditions on Toxoplasma gondii tissue cysts 

in raw ham 

Treatment Exposure time 

(min) 

Seropositive 

mice 
a
 

Viability of 

T. gondii 
b
 

 

Infectivity 

of the 

sample 

Negative 

control 

 

0 0/8 - - 

Positive 

control 

0 4/8 4/4 

35.61 

33.83 

34.23 

35.02 

 

+ 

100MPa 

 

1 

 

2/8 1/2 

35.29 

+ 

8/8 2/8 

31.01 

31.43 

5/8 1/5 

35.75 

 

200MPa 

 

1 

 

2/8 0/2 + 

2/8 0/2 

3/8 2/3 

33.20 

31.45 

 

300MPa 

 

1 

 

4/8 2/4 

32.46 

32.42 

+ 

4/8 0/4 

5/8 2/5 

34.78 

31.51 

 

400MPa 

 

1 2/8 2/2 

33.88 

32.35 

+ 

3/8 0/3 

2/8 0/2 

 

600MPa 

 

20 

 

2/8 0/2 - 

3/8 0/3 

3/8 0/3 
a
Seropositive mice by IFA/Total of mice. 
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b
Positive mice brain by PCR/Total of seropositive mice by IFA; Ct values of positive 

mice brains (< 38). 
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Table 2. Effect of different HPP treatment conditions on Toxoplasma gondii tissue cysts 

in dry-cured ham 

Treatment Exposure 

time 

 (min) 

Seropositive 

mice 
a
 

Viability of 

T. gondii 
b
 

 

Infectivity of 

the sample 

Negative 

control 

 

0 0/8 - - 

Positive 

control 

0 5/8 3/5 

28.77 

29.77 

30.58 

 

+ 

600MPa 

 

3 

 

5/8 0/5 + 

3/8 0/3 

3/8 1/3 

34.84 

 

600MPa 

 

10 

 

4/8 1/4 

34.67 

+ 

2/8 0/2 

1/8 0/1 

 

600MPa 

 

20 

 

1/8 0/1 - 

1/8 0/1 

4/8 0/4 
a
Seropositive mice by IFA/Total of mice. 

b
Positive mice brain by PCR/Total of seropositive mice by IFA; Ct values of positive 

mice brains (< 38). 
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Highlights 

• First HPP study on T. gondii in raw and cured ham from experimentally 

infected pigs 

• Viability of T. gondii assessed by bioassay in mice followed by PCR 

• 600 MPa/10 min does not inactivate T. gondii in dry-cured ham while 600 

MPa/20 min does 

• HPP of raw and dry-cured ham is a potential tool for the risk control of T. 

gondii 

 

Industrial relevance text 

Under real production conditions, the usual HPP treatments applied by the food 

industry to control L. monocytogenes and other pathogenic bacteria are 600 MPa of pressure 

and holding times of 3-10 min. Our study demonstrated, however, that longer treatment times 

are required to inactivate the parasite and, thus, to guarantee the safety of raw and dry-cured 

meats in order to reduce the public health risk of toxoplasmosis. Further research is needed to 

evaluate other HPP conditions, including pulsed cycles, for the inactivation of T. gondii in foods 

of animal origin. 
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