Toxoplasma gondii detection and viability assays in ham legs and shoulders from experimentally infected pigs.
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ABSTRACT
Epidemiological studies of toxoplasmosis show that infection in humans is mainly caused by the consumption of raw, undercooked or cured meat. Cured “Serrano” ham is a typical pork product from the Mediterranean area, highly valued for its flavour. The “Serrano” ham is prepared from pork meat and undergoes a process known as curing and a subsequent fermentation without thermal or smoking treatments.

The viability of Toxoplasma gondii in hams and shoulders from experimentally infected pigs that have been subject to different curing processes has been studied in order to evaluate the best method to completely eliminate the viable protozoa.
The different treatments include, i) freezing the legs and shoulders below -20°C for 3 days before salting with marine salt, ii) salting the meat with marine salt and nitrites, iii) salting only with marine salt (traditional process) and iv) salting with marine salt and then freezing at -20ºC for 3 days after the curing period. The ham leg samples were cured for 7 months and the shoulder samples for 5 months. 

The presence of T. gondii in the different treatments was studied by a “magnetic-capture” method for the isolation of T. gondii DNA and a quantitative real-time PCR to estimate the T. gondii burden in the ham legs and shoulders. The infectivity capacity of T. gondii in positive samples was assayed by bioassays in mice and some physicochemical parameters, such as pH, water activity (aw) and salt content, were evaluated at the end of the curing time. In all the cases where the samples were frozen the T. gondii infectivity was eliminated. In samples in which the meat was salted in marine salt plus nitrites, the parasite viability remained for longer than in the traditional salting process. The methods described here could be useful for producers to guarantee the safety of their products.
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1. Introduction
Toxoplasmosis is a disease caused by the Apicomplexa protozoan Toxoplasma gondii, a parasite with a sexual phase that takes place in the gut of felines and an obligate intracellular multiplication phase in nucleated cells of homeothermic animals in which tachyzoites multiply Webster 2001()
. Previous studies had demonstrated that the disease might affect a third of humanity ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Mittal et al. 1995; Montoya & Liesenfeld 2004; Bartolomé Álvarez et al. 2008)
. The prevalence of infection in humans varies from 16% to 80%, depending essentially on food habits, particulary the consumption of raw vegetables contaminated with oocysts Tenter et al. 2000()
, contact with felines and ingestion or handling of undercooked meat or derivatives Kijlstra & Jongert 2009()
.
The importance of the route of transmission is undetermined, since it is not yet possible to use analytic methods to discriminate between feline oocyst infection and infection caused by meat cysts ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Boothroyd & Grigg 2002; Dumètre & Dardé 2003)
. Epidemiological studies show that up to 74% of the adult cat population may be infected by T. gondii Tenter et al. 2000()
. In the USA, toxoplasmosis is considered the most common food-borne diseases with the highest number of cases in humans ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Mittal et al. 1995; Black & Boothroyd 2000; Alexander et al. 2005; Bradley et al. 2005)
.

T. gondii is one of the greatest opportunistic pathogens in immunocompromised patients and is also responsible for malformations in foetuses due to its vertical transmission in mothers with acute infections during pregnancy ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Carruthers & Vern 2006; Kijlstra & Jongert 2008)
.

For adults who are not gestating, primary infections of T. gondii do not produce any serious damage and remain subclinical Tenter et al. 2000()
. However, there is increasing evidence of a relationship between toxoplasmosis and mental disorders McAllister 2005ADDIN EN.CITE.DATA 


( ADDIN EN.CITE ; Wang et al. 2013; Fabiani et al. 2015)
. The parasite can alter human personality profiles Parlog et al. 2015()
; one consequence may be the bipolar disorder Hamdani et al. 2013ADDIN EN.CITE.DATA 


( ADDIN EN.CITE )
.
Primary infection with the parasite before pregnancy normally confers complete protection against congenital toxoplasmosis Montoya & Liesenfeld 2004()
, although few cases of re-infection during pregnancy are described in the literature Elbez-Rubinstein et al. 2009ADDIN EN.CITE.DATA 


( ADDIN EN.CITE ; Delhaes et al. 2010; Valdès et al. 2011)
.
Nowadays, in most European countries, pregnant women are informed of the risks of toxoplasmosis. They are recommended to avoid raw and cured pork consumption and getting into contact with cats or gardening. If a pregnant woman shows titers of anti-toxoplasma IgG in the absence of IgM specific for the parasite it will mean a chronic infection, making vertical transmission to the foetus unlikely. Epidemiological studies show that 30% to 60% of infections in humans are caused by the consumption of raw, undercooked or cured meat ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Lunden & Uggla 1992; Cook et al. 2000; Boyer et al. 2005)
. All warm-blooded animals, including poultry, are susceptible to being infected, especially herbivores and pigs Kijlstra & Jongert 2008()
. A good review on T. gondii in livestock animals and their role in the transmission of T. gondii to humans in the USA was made by Dubey & Jones (2008)
. Studies in sheep Fusco et al. 2007()
, goats Tenter et al. 2000()
, and cows ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(van Knapen et al. 1995; Moré et al. 2008; Holec-Gąsior et al. 2013)
 show 92% of sero-prevalence. In the USA, the risk of T. gondii infection due to consumption of various products has been determined (Jones et al. 2009) in raw ground beef, lamb and locally produced cured, dried or smoked meat, showing a probability of infection of 7%, 20% and 22% respectively. In the EU, pork is the main source of contamination by T. gondii Tenter et al. 2000()
.

Most of the parasitic load in pigs occurs in the brain and skeletal muscles, while samples from the fore and hind limbs presented very low infection burdens Juránková et al. 2014a()
.
The ingestion of tissue cysts from infected pork meat is considered an important source of T. gondii infection in humans Dubey 1986()
. Skeletal muscle is the main source of infection, especially when this type of meat is eaten raw.
Ham legs and shoulders have been used in the experiments, the shoulders are highly consumed and are cured following the rules approved in the Royal Decree-Law 4/2014 (Ministerio de Agricultura, Alimentación y Medio Ambiente 2014) for ham legs, shoulders and Iberian pork loins.

The definition of “Serrano” ham is a product elaborated from the rear limbs of adult pigs, cut at the ischiopubic symphysis, with leg and bone, (including the whole musculo-skeletal cut), then subject to salting, curing and ageing. The “paletilla” (shoulder) is elaborated from the front limbs, cut at the humerus scapula joint up to the radial humerus, including the whole musculo-skeletal cut, and is then subject to salting, curing and ageing.

Cured ham is a traditional pork product from the north-western Mediterranean basin, mainly from Italy and Spain, where it is widely appreciated for its organoleptic and nutritious properties, especially when the pigs are raised and fed in the traditional way, where compound feed and housing are avoided. In contrast to other cured meats, no thermal or smoking treatments are used during the curing process. “Serrano” ham has protected designations of origin and protected geographical indications regulated by The Council Regulations 509/2006 and 510/2006 (European Community 2006a, b) and is regulated in Spain by the Royal Decree-Law 4/2014 Ministerio de Agricultura, Alimentación y Medio Ambiente 2014()
. Its production has traditionally been artisan with origins from more than 2,000 years prior to the Roman Empire. The process involves a salting and subsequent drying process in cold and dry conditions in mountainous areas, followed by a curing fermentation process where the ham acquires its special “bouquet”.
The Ministry of Agriculture defines a minimum curing period of 600 days for ham legs of between 5.75 kg and 7 kg, and a period of 365 days for pork shoulders.
There are three different designations depending on the curing time, “Jamón de Bodega”, “Jamón Reserva” and “Gran Reserva” with 12 months, between 12 to 15 months, or more than 15 months of curing time respectively. The production of the “Serrano” ham involves a bleeding and salting process, where the legs are covered in marine salt and kept at 1°C to 5°C. This is followed by a further salting process in which the temperature is raised to 15°C to allow dehydration and salt penetration. Following this second salting step, the pork legs are then washed with warm water, dried and matured with a rigorous control of the ventilation and temperature, with temperatures ranging from 15°C to 20°C. Finally, the hams are cave-cured in a cool, dry place from 6 to 18 months.

As a result of this process cured ham is obtained, with a water content of around 50% Ventanas et al. 2007()
. In the case of "Serrano" ham, Ministerio de Agricultura, Alimentación y Medio Ambiente (2014)
 defines a maximum water content of 50% and a maximum humidity gradient of 12% between the external and internal parts of the ham leg. During the above mentioned curing time there is an estimated weight loss of 33% Antequera et al. 2007()
, showing differences in salt and water levels amongst different types of ham, with the Iberian ham having a higher fat content and generally a lower salt content than white pig ham Ventanas 2012()
.
The traditional speciality guaranteed (TSG) )(European Community 2006a defines a maximum of salinity (NaCl content of 15%) of the dry total weight for “Serrano” ham.
Survival capability of T. gondii intracellular cysts in the presence of NaCl was studied by Sommer et al. (1965) and Hill et al. (2004)
. These authors concluded that a hypertonic concentration of 6% NaCl the parasite survival is dramatically affected. Dubey (1997ADDIN EN.CITE.DATA 


 ADDIN EN.CITE ) and Pott et al. (2013)
 studied T. gondii viability in brains and muscles samples from infected mice at different salt concentrations and pH. They concluded that pH 5, 6 or 7 did not affect tissue cyst viability when they were kept 4°C - 20°C, whereas incubation in hypertonic solutions (2.5% and 3% of NaCl) led to the death of the protozoa. Dubey (1998a)
 confirmed that freezing tissue cysts at -12°C for 3 days resulted in a complete loss of viability.
In 2010, Bayarri et al. (2010)
 studied, via a viability bioassay, the survival of T. gondii in "Serrano" ham samples from selected farms by bioassay, finding that T. gondii tachyzoites lacked infective capability in hams cured using the traditional method for at least 14 months. However, the infective capability of the protozoan remained when shorter curing times were used.
Recently, our research group demonstrated Gomez-Samblas et al. 2015()
, by using quantitative real-time PCR and bioassays that the T. gondii positive in commercial ham samples were positive to T. gondii and showed different parasite viability depending of the origin of the ham.  This paper shows the viability of T. gondii in ham legs and shoulders from experimentally infected animals which have been subject to different curing processes in order to evaluate what is the best method for completely killing the protozoa, and providing methods for the manufacturers that could guarantee non-viable parasites in cured products.
2. Materials and methods
2.1. Cell culture

Vero cells (ECACC no. 84113001) were cultured at 37°C in a moist atmosphere, enriched with 5% CO2, in Roux flasks (25 cm2 surface area), with RPMI 1640 (Sigma), supplemented with 10% of previously heat-inactivated (56°C, 30 minutes) foetal calf serum (IFCS), enriched with 2 mM glutamine, and supplemented with penicillin (1 U/mL) and streptomycin (1 μg/mL).
2.2. Parasite Strain and Culture

The T. gondii RH strain used was stored and maintained in our laboratory by cryopreservation and periodically injected into an in vivo model (into the abdominal cavity of Balb/c mice) and cultured in Vero cells as previously described ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(De Pablos et al. 2010; Gomez-Samblas et al. 2015)
. The tachyzoites obtained after the host-cell lysis (120 hours post infection of the cell cultures) were collected from the culture medium and purified by passing the suspension through a 27-gauge hypodermic needle and a 5 μm pore filter (Millipore). After filtration, the tachyzoites were concentrated by centrifugation at 1,000 × g for 10 minutes, counted in a Neubauer chamber, adjusted to the concentration needed, and re-suspended in MEM culture medium without IFCS.

2.3. Indirect ELISA
A suspension of 107 parasites were centrifuged at 1000 × g and washed three times in phosphate buffered saline pH 7.2 (PBS). The pellet containing the protozoan was washed in carbonate-bicarbonate buffer, pH 8.3, with protease inhibitors (Complete Mini, Ref: 11836170001, Roche) then frozen and thawed three times and sonicated in a Branson SLP Soniﬁer (at intervals of 15 seconds for a total of 2 minutes, with a 15 seconds pause). The sonicated suspension was centrifuged at 22,000 × g for 30 minutes, and the resulting supernatant was collected. The supernatant was used to coat (10 µg/well) Nunc-Immuno™ plates (F96 MaxiSorp™ 442404, Nunc®) in carbonate buffer pH 8.3 for 12 hours at 4°C. The plates were blocked with 2% skimmed milk in PBS containing 0.1% Tween® 20 (P1379, Sigma-Aldrich®). For ELISA toxoplasmosis determination, individual pig sera was diluted at 1:100 in PBS as primary antibody and anti-pig peroxidase labelled antibodies at 1:10,000 (ab6777, Abcam) used as secondary antibody. The reaction was developed with a peroxidase substrate solution (50% citrate buffer, one tablet of O-phenylenediaminedihydrochloride (P8287, Sigma-Aldrich®), 0.08% H2O2) for 15 minutes at 37°C and the reaction was stopped with 3 M HCl. Absorbance was determined at 492 nm in a Multiskan Spectrum (Thermo Fisher). All the incubations were performed at 37°C for 1 hour. Between each incubation step, plates were washed three times with PBS containing 0.5% Tween® 20. A negative pool sera (from 10 young pigs kept in a biosafety laboratory and tested for T. gondii by quantitative real-time PCR and by immunological methods after slaughter) was used as negative control to calculate the cut-off value (OD mean ± 3 x SD) and a positive pool sera was used as positive control for the ELISA.

The sensitivity and specificity of the ELISA under assayed conditions were 98% and 100% respectively (previously assayed in 82 serum samples; data not shown).

2.4. Animal infection and maintenance

Animal infection and slaughter was approved by the Ethics Committee from the Complutense University of Madrid (10/124962.9/11).
A total of 20 female pigs, of approximately 20 kg in weight, were selected as T. gondii negative (as they showed an antibody titer lower or equal to the cut-off from ELISA negative pig sera). Antibody titer was determined by ELISA every 15 days. Positivity was also tested by quantitative real-time PCR after slaughter.
Ten selected animals were housed and maintained under bio-safety class III conditions (Visavet, Veterinary School, Complutense University of Madrid) until the study was completed. After adapting the animals to the new habitat and once they had reached 60 kg of body weight, the antibody titer was evaluated once again using ELISA. Ten ELISA negative pigs were infected by oral administration (as tachyzoites are resistant to gastric juice for at least 2 hours Dubey 1998a()
), with one purified tachyzoite suspension with 105 parasites obtained through a cell culture. A month after infection, the immune response was determined to T. gondii in the infected animals.
Sixty days post infection, when the animal reached 100 kg body weight, they were slaughtered following the prevailing sanitary legislation (European Community 2004). The tongue, heart, brain and striated muscles between the ribs were extracted (300 g of each) to confirm the successful infection and viability of the parasites by quantitative real-time PCR.
2.5. Processing of the ham legs and shoulders 

Ham legs and shoulders were marked for tracking, and transported from the slaughter-house to the quartering/carving room in the Andalucian Technological Centre for the Meat Industry (TEICA), where the curing processes took place. Transport was carried out following the sanitary legislation (European Community 2004) in vehicles with a temperature below 3°C. The ham legs where cut into a "V" shape, with a minimum thickness of 0.8 cm fat in the convergence point between the lateral broad muscle and the tip of the ischium bone, in such a way that they are completely covered in fat. All of the cuts were kept below 3°C prior to preparation.
The meat cuts were subjected to pressure to eliminate any blood remaining in the blood vessels in accordance to the specifications of the TSG. After that, meat cuts were subjected to a process of salting, washing, re-salting, drying, maturing and an ageing process no less than 210 days.
The 20 ham legs and 20 shoulders, were grouped and treated under four different procedures: i) treatment A, the cuts were frozen below -20°C for 3 days before curing and salting with marine salt; ii) treatment B, the cuts were salted with marine salt and nitrites; iii) treatment C, the cuts were salted with marine salt (traditional process), and iv) treatment D, the cuts were salted with marine salt and cured for 7 months (ham legs), or 5 months (shoulders) and frozen at -20°C for 3 days afterwards. Five ham legs and 5 shoulders were used in each treatment.
The ham legs and shoulders were salted with marine salt for the equivalent of 1 day per kg of meat and 150 mg of NaNO2 per kg of marine salt.
Regardless of the method used, the curing process was performed at temperatures between 0°C and 4°C and a relative humidity of between 75% and 95%. During the curing period, air temperature and humidity were registered on a daily basis.
In order to determine the number of T. gondii per 100 grams of sample and the viability of the parasite, quantitative real-time PCR and intra-peritoneal inoculation into Balb/c mice were performed. One hundred gram samples were taken for analysis before the curing treatment and after 1, 3, 5 and 7 months (only for ham legs).
2.6. DNA extraction and calibration curve

DNA from tachyzoites was extracted using the Purification of Total DNA kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. Once the DNA was extracted it was frozen at -20°C until use.

To determine the parasitic load in tissue samples, the methodology based on a capture system using magnetic beads previously described by ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Opsteegh et al. 2010; Juránková et al. 2014b; Gomez-Samblas et al. 2015)
 was used. Meat samples went through an enzymatic digestion using a solution containing SDS and proteinase K (from Tritirachium album; Sigma, P2308) (100 mM Tris HCl, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 40 mg/L proteinase K (one unit of Proteinase K will hydrolyze urea-denatured hemoglobin to produce colour equivalent to 1.0 µmole of tyrosine per minute at pH 7.5 at 37 °C) pH 8.0) for 12 h at 55°C. After digestion, samples were centrifuged at 3,500 × g for 40 min, and 12.5 mL of the supernatant fraction were heated at 100°C for 12 min. The biotin present in the samples was removed by incubation at room temperature in an orbicular shaker (60 cycles/minute) with streptavidin sepharose (GE Healthcare, union capacity of 300 nmol/mL of gel). After 1 h, the sepharose was removed by centrifugation at 3,500 × g for 15 min. The biotin-free samples were frozen until the parasite DNA purification was performed.
Parasite DNA purification was carried out by capturing T. gondii DNA using magnetic beads (M-270 Streptavidin Dynabeads; Invitrogen), with the biotin labelled primers Tox-CapF biotin-TEG and Tox-CapR biotin-TEG Opsteegh et al. 2010()
. To do so, 10 picomoles of each biotin labelled oligonucleotide, were added to the biotin-free meat digestion. DNA samples were denatured by heating at 95°C for 15 min and incubated with agitation for 45 min at 55°C to allow annealing and left to cool down (with agitation) to 20°C for 15 minutes for DNA re-naturalization with the biotinilated primers. Then, 2 mL of NaCl 5 M and 80 µL of a suspension of Streptavidin magnetic beads (M-270 Streptavidin Dynabeads, Invitrogen), with a union capacity of 650-1,350 pmol of biotin/mg, was added to the DNA solution. The magnetic beads and the DNA solution were kept for 60 minutes at room temperature in an orbicular shaker (10 rpm), and then captured in a neodymium magnet rack. Magnetic particles were washed twice with 1.5 mL of binding-buffer (5 mM TrisHCl pH 7.5, 0.5 mM EDTA pH 8.0, 1 M NaCl), re-suspended in 50 µL of Milli-Q water, boiled for 10 min to separate the captured DNA from the magnetic beads and kept at -20°C until use.

Quantification of the parasite DNA was carried out by quantitative real-time PCR using Taqman probes with the FAM fluorochrome. The oligonucleotides Tox-9F (5’ aggagagatatcaggactgtag 3’) and Tox-11R (5’ gcgtcgtctcgtctagatcg 3’) and the taqman probe Tox-TP1 (5’ 6-Fam ccggcttggctgcttttcct BHQ1 3’) Opsteegh et al. 2010()
 were used. Amplification was performed in a CFX96 thermal cycler (Bio-Rad) in a final volume of 20 µL. The quantitative real-time PCR conditions used were the same as previously described by Gomez-Samblas et al. (2015)
. Each reaction contained 4 µL of 5x Taqman master mix (Roche), 0.7 µM of each oligonucleotide (Tox-9F and Tox-11R), 0.1 µM of Tox-TP1 and 10 µL of template DNA. Samples were heated at 95°C for 10 min, followed by 45 cycles with a denaturation step at 95°C for 15 s, an annealing step at 58°C for 1 min and an extension step at 72°C for 1 min. The temperature at the end of the programme was set at 12°C. Three quantitative real-time PCR reactions were performed on each sample. For each step, the temperature transition rate was 4.4°C/s when the temperature increased and 2.2°C/s when the temperature dropped. Fluorescence was measured at 530 nm after the extension phase. A standard curve with the DNA obtained from cultured T. gondii was used to calculate the efficiency and error in the method.

2.7. Tissue cyst viability analysis
The viability of the parasites in quantitative real-time PCR positive samples was carried out as previously described Gomez-Samblas et al. 2015()
. Fifty grams samples were minced, digested in an acid pepsin solution (5.2 g pepsin (P7000-25 G; Sigma), 10 g NaCl and 14 mL HCl (Scharlau, Ac0741000, 37%), pH 1.1) Dubey 1998b()
, for 1 hour at 37°C, under constant shaking at 60 rpm. The digested suspension was neutralized with a 1N NaHCO3 solution pH 8.3, filtered through 3 layers of gauze, and centrifuged at 1,200 × g for 10 min. Pellets were washed 3 times in PBS and re-suspended in 5 mL of PBS with antibiotic (1000 U penicillin and 100 mg streptomycin per mL).

One mL of the pellet suspension was inoculated intra-peritoneally into Balb/c mice. Mice were kept for 5 weeks, and then killed by cervical dislocation and brain samples were taken and stored at -80°C for subsequent detection of T. gondii by quantitative real-time PCR as previously described Gomez-Samblas et al. 2015()
. Nine of the inoculated mice with the positive samples died between day 12 and day 15 post inoculation, the brains were also kept -80°C and analyzed. All the viability assays were carried out in a level 3 biological containment laboratory at the University of Granada.

2.8. Physicochemical parameters

All analyses were performed in triplicate, taking samples from three different places on each piece at the beginning (t0) and at the end of the treatment (t5 or t7).
Water activity (aw) was measured at 25°C ± 0.3°C with a Novasina AW SPRINT TH 500 instrument (Axair Ltd., Pfäffikon, Switzerland). Immediately afterwards, the water content was analysed by drying at 103°C ± 2°C until reaching a constant weight.
Sodium chloride concentration content was determined by a EBRO SSX 210 salinometer, a device that measure the salinity based on electrical conductivity. Measures were performed after calibrating the device with a saturated NaCl solution (36 grams / 100 mL) in water at 60°C and subsequently cooling to room temperature.

The pH was measured with a pH penetration electrode (Crison 52-32) and a portable pH meter (Crison Ph 25, Crison Instruments, SA, Alella, Spain) in the minced homogenate. 
Five ham legs and five shoulders which had been cured for 10 months were used to study and monitor the evolution of pH and aw in the standard curing process.
2.9. Statistical analysis

To compare the values of the physicochemical parameters of the four treatments jointly and in pairs, considering ham legs and shoulders separately, one-way ANOVA and the Tukey-Kramer multiple comparison test were applied, respectively. Statistical significance was established at p<0.05.
3. Results

The values of pH and water activity (aw) were measured in the ham legs and shoulders throughout the 10-month traditional curing process. The average initial pH of the samples was 5.36 for the ham legs and 5.41 for the shoulders. Four months into the curing process, the pH increased by 0.11 units for the ham legs and by 0.22 for the shoulders; after 10 months, the pH rose by 0.63 units in the ham legs and by 0.56 in the shoulders.

Twenty ham legs and 20 shoulders from artificially T. gondii inoculated pigs were treated under four different conditions (Treatments A to D) as described in Material and Methods. The presence or absence of T. gondii in the samples taken from ELISA positive pigs was determined by quantitative real-time PCR, and the viability of the parasites was bioassayed in mice. The results obtained, together with pH values, water activity and NaCl concentration of the samples in the different treatments after 5 months (shoulders) or 7 months (ham legs) are shown in Table 1. The results show that in treatment A, after one month, 40% (2/5) of the ham legs and shoulders were positive for T. gondii while after three months, only 20% (1/5) of the shoulders show viable cysts. Compared to the other treatments, treatment A showed the highest parasite death-rate, as only one month after the beginning of the experiment 60% (3/5) of the samples tested negative for the parasite. Treatment A showed only 20% (1/5) protozoa viability in shoulders after 3 months and 0% viability after 5 months, in both the ham legs and shoulders.
In treatment B, it was observed that after 3 months, 60% (3/5) of ham legs and 20% (1/5) of shoulders were positive for T. gondii and that 7 months of curing to completely eliminate the parasite in the ham legs was necessary.
Treatment C showed similar results as treatment A, as all the samples were completely negative after 5 months. Three months of curing were not enough to completely remove viable T. gondii from the samples.
In Treatment D, samples taken from the ham legs and shoulders after 3 months of curing contained no viable parasites as 100% of the samples were negative in the bioassay.

The statistical analysis of the physicochemical values showed that there were no statistical differences concerning parameters such as the pH and aw values of the treatments at the end of the experiment. However, ANOVA analysis showed statistical differences concerning the NaCl concentration in ham legs (p=0.0001) as well as in shoulders (0.006) when the four treatments were compared together. After a Tukey-Kramer multiple comparison test the following differences concerning the NaCl concentration for each pair of treatments were observed: A>B (p=0.0001), A<C (p<=0.020), A>D (p=0.027), B<C (p=0.001); B<D (p=0.021) and C>D (p=0.0001) in legs and A<C (p=0.019) and B<C (p=0.008) in shoulders.

4. Discussion
T. gondii infection can occur by oocyst ingestion as a result of handling or becoming in contact with cat faeces, ingesting contaminated vegetables, fruit or water ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Dumètre & Dardé 2003; Kijlstra & Jongert 2008)
 or ingestion of cysts in raw or poorly cured pork and goat/lamb meat ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Lundén & Uggla 1992; Warnekulasuriya et al. 1998)
, although any warm blooded animal containing tissue cysts may transmit the infection Swierzy et al. 2014ADDIN EN.CITE.DATA 


( ADDIN EN.CITE ; Harker et al. 2015)
.
Although tachyzoite forms of the parasite may be affected by the acid and pepsine of the animal gastric juice, Dubey 1998a()
 showed that the tachyzoites are resistant to gastric juice for at least two hours, being used in animal experimental infections. Moreover the culture forms equalize the infective dose in the animal infections Liu et al. 2016()
.
In pork, for example, the prevalence of T. gondii can differ dramatically among the type of pigs surveyed (market pigs versus sows, indoor pigs with a bio-security system versus free range pigs). Some authors ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Dubey & Beattie 1988; Weigelt et al. 1995; Kapperud et al. 1996; Dubey & Jones 2008)
 determined, by conducting an epidemiological study, that ingestion of raw or uncooked meat is the main source of T. gondii contamination in women, Buffolano et al. 1996()
 also correlated T. gondii infection with the ingestion of raw or cured pork.

As a consequence of modern industrial pig breeding systems, where extreme hygiene measures are taken and contact with faeces from felines or rodents is completely avoided, the rate of T. gondii infection in pork meat has dropped dramatically ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(van Knapen et al. 1995; Davies et al. 1998; Tenter et al. 2000; Kijlstra et al. 2004; van der Giessen et al. 2007; Dubey & Jones 2008)
.

Pork is therefore no longer the main source of infection in many parts of the world ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Kijlstra et al. 2004; Schulzig & Fehlhaber 2005; van der Giessen et al. 2007)
. According to this data, it is highly improbable that pork is still the main means of transmission of T. gondii in the USA Dubey 2000()
 and EU, as infection rates in pigs in some countries of the UE and USA is around 1% Tenter et al. 2000()
.
Bayarri et al. (2012) found among the raw and cured meat samples obtained in the north east of Spain, that 4% of the samples were positive for T. gondii. Other authors Aspinall et al. 2002()
 found that the infection rate in meats analyzed in the UK reached even 38%. The authors emphasized the fact that bovine and other ruminants were also positive. It is the brains and not the skeletal muscle that is the preferred site of T. gondii in experimentally inoculated pigs as revealed by magnetic capture and quantitative real-time PCR Juránková et al. 2014a()
.

The traditional elaboration of “Serrano” ham legs and shoulders involves a salting and subsequent drying process under cold and dry conditions, followed by a curing period. The elaboration and commercialization is regulated by Spanish Royal Decree-Law 4/2014 Ministerio de Agricultura, Alimentación y Medio Ambiente 2014()
.

In 2013, pork production in Spain represented 3.4% of worldwide production, placing Spain as the fourth pork producer in the world, producing 254,000 metric tons of cured ham legs and shoulders.

The loss of infectivity of T. gondii in cured ham, made in the traditional manner, has been reported previously Bayarri et al. 2010()
. The study showed that the parasite in ham legs cured for 14 months were non-infective.
The protozoa's inactivation during the curing process is a complex process involving absorption of NaCl that produces dehydration, and may be as consequence of the modifications of the meat induced by fermentation including lypolisis and the action of proteolytic enzymes in muscles Gomez-Samblas et al. 2015()
.
This study was undertaken as there was no previous knowledge of the influence of shorter curing times or methods other than the traditional ones on T. gondii viability. The detection and quantification system used in this study is achieved by the magnetic capture of parasite DNA from total DNA using a highly repeated sequence (529 bp repeat element) from T. gondii genome, followed by a quantitative real-time PCR. The technique is very sensitive, showing a detection limit of 1 parasite per 100 g of sample, and 94.6% efficiency Opsteegh et al. 2010ADDIN EN.CITE.DATA 


( ADDIN EN.CITE ; Juránková et al. 2013; Juránková et al. 2014b; Gomez-Samblas et al. 2015)
.

It can be concluded from our work that after 7 months of curing T. gondii was not viable in all the treatments tested. Even more, with the exception of treatment B, T. gondii was inactive after 5 months. We also observed that when meat was frozen below -20°C before (treatment A) or after (treatment B) the curing process, the viability of the parasite was eliminated in only 3 months. This observation could be explained by the NaCl content on frozen pieces. The normal NaCl content after a traditional curing process ranges from 5% to 8%, (although higher concentrations can be found in cured hams from 8% to 9%). ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
Toldrá (1998); Barat et al. (2006)
 found that frozen/thawed hams had a higher salt absorption than non-frozen hams. One of the factors affecting the speed of salt penetration is the formation of a NaCl layer on the surface of the meat, which explains why moist salt penetrates faster than dry salt. That is the reason why relative humidity must be strictly controlled in salting chambers, as well as temperature, although this is avoided during salting and post salting processes to prevent excessive microbial growth Arnau 1993()
. Other factors that also affect salt diffusion were studied by Poma (1989)
. Among these factors can be mentioned i) surface; ii) presence of fat and layers of fat; iii) presence or absence of bone; iv) pH (more acidic increases the speed of diffusion in the sample); v) the way of placing the meat cuts and their position in the salting pile; vi) and previous freezing and thawing of the meat, due to ice breaking up cell structures, especially due to the recrystallization that occurs at temperatures slightly below freezing point.
Although Poma (1989)
 concluded that acid pH favors the penetration and diffusion of NaCl, in our case, we found that final salt concentration in group A decreased compared to group C, even showing similar pH at the end of the curing process. It is likely that the freezing and thawing process prior to the curing process in group A, creates micro ruptures in the ham surface favouring water escape and the dehydration process. More physicochemical studies are necessary to understand the process.

Differences observed in salt content in shoulders may be due to the position during the salting process or the presence of bone in the samples as previously described Poma 1989()
.
Storage of T. gondii cysts at -20°C has been proved to result in loss of infectivity ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Jacobs et al. 1960; Callaway et al. 1968; Work 1968; Dubey 1974)
, although it has also been reported that freezing is not a completely effective method to kill encysted T. gondii Frenkel & Dubey 1973()
.

El-Nawawi et al. (2008)
 found that freezing at either -10°C for 3 days or -20°C for 2 days was enough to kill the parasites and Dubey (1988)
 described how freezing at -12°C during 3 days would inactivate the tissue cysts. Intracellular freezing is lethal for the cell, particularly depending on the number and size of the ice crystals formed in the cytoplasm. Normally, rapid freezing creates small intracellular crystals that can be harmless to the cell, but these can join together and grow during thawing in a process known as recrystallization, forming large intracellular crystals capable of destroying intracellular organelles Holt 2000()
. This water crystal growth phenomenon is especially significant when slow thawing occurs Mizukami et al. 1999()
. Perhaps the reason for the positive result obtained in one of the shoulders after 3 months of curing in treatment A was such fast freezing and thawing processes. However, in treatment D, frozen samples at -20°C for 72 hours after the curing process, were all negative after 3 months.
The survival of intracellular T. gondii cysts in the presence of NaCl was studied by ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
Sommer et al. (1965) and Abdulmawjood et al. (2014)
. The parasites can survive for 4 days after incubation in 8% salt concentration, however, no viable T. gondii parasites where found in infected pork after the curing process ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Work 1968; Pott et al. 2013)
. The survival time of meat cysts depends on salt concentration and temperature. The tissue cysts were killed when incubated in a hypertonic solution of 6% NaCl at all the temperatures studied (4 to 20°C) but survived for several weeks in isotonic solution of 0.85% NaCl. Only the injection of hypotonic solution of 0.2% NaCl and/or 1.4% lactate salt solutions into experimentally infected pork was able to kill the parasites, probably as a consequence of hypotonic lysis. ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
Dubey (1997) and Mie et al. (2008)
 studied the effect of the length of the treatment depending on temperature and salt concentration, finding that after 35 days at 10°C the tachyzoites died in an hypertonic solution of 2% NaCl as results of a osmotic dehydration. In our study, there were no salt injections but a NaCl diffusion that could induce a slow osmotic dehydration. T. gondii cysts were still viable after 5 months in the samples subjected to treatment B, which showed the lowest NaCl content (in both ham legs and shoulders) as demonstrated in the statistical analysis of physicochemical parameters.
One of the phenomena that occur in maturing ham is the lypolisis process, consisting of the enzymatic hydrolysis of muscle lipids by lipases. These lipases are most active from 3 to 8 months in the curing process ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Antequera et al. 1993; Motilva et al. 1993)
. This lipid digestion produces a series of compounds, some of them volatile and responsible for the bouquet and aroma ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
(Motilva et al. 1993; Buscailhon et al. 1994)
. Lipid degradation causes the formation of fatty acids susceptible to oxidation Shahidi et al. 1986()
, forming hydroperoxides which are very unstable and capable of reacting with proteins and nucleic acids. However, the presence of nitrite in the ham, caused by the process of adding nitrates, have a certain antioxidant effect Toldrá 1998()
. This might be caused by the effect of the nitrites on the microbial flora that helps the fermentation of the meat during the curing process. 

(Gomez-Samblas et al. 2015)
These data suggest that T. gondii elimination in traditionally cured hams may be related to the formation and accumulation of fatty acids that would act as detergents for the parasite and to the formation of hydroperoxides, rather than the effect of NaCl during salting.
Treatment D, consisting of traditional curing followed by freezing at -20°C, produced very similar results to treatment A, where first the samples were frozen and then subjected to the curing process. Complete inactivation of infective T. gondii at 3 months, with the exception of one shoulder, was observed. Although traditional curing causes inhibition of T. gondii infectivity, these controlled freezing steps and a guaranteed curing time longer than 7 months in the case of ham legs and 5 months for ham shoulders as the regulations state, will assure manufacturers the production of safe products for people for whom acute toxoplasmosis implies a serious health risk, thus giving added value to the product.
5. Conclusions
From our research we can deduce that the traditional "Serrano" ham curing, which ensures adequate ageing times, will eliminate the infective capability of T. gondii. Furthermore, treating the ham with nitrites, in order to control microbiota that originates in the ham, delays the T. gondii inactivation process, possibly as a consequence of delaying the intramuscular lypolisis and the formation of fatty acids and hydroperoxides that form part of the aroma of the ham.
The traditional processing and curing using dry salting followed by curing and maturing for at least 7 months, in the case of ham legs, and 5 months for ham shoulders, leads to the loss of the infective capability of T. gondii. The meat manufacturers can guarantee the elimination of T. gondii by freezing and slowly thawing the meat, either before or after the salting and curing process, thus giving added value to their products.
We can conclude that all treatments tested led to the loss of viable tissue cysts after 7 months.
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