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ABSTRACT

Toxoplasma gondii is the causative agent of the parasitic disease toxoplasmosis, which is an
important food borne zoonosis. Eating undercooked meat of infected animals has been considered the
major transmission route of T. gondii to humans. The present study evaluates the efficacy of domestic
freezing on the inactivation of T. gondii bradyzoites in raw and dry-cured ham. Meat (raw and dry-cured
ham) of a pig experimentally orally inoculated with 4,000 oocysts of T. gondii VEG strain was subjected
to domestic freezing of -20 °C at different days. The effect was evaluated by bioassay in mice followed
by gPCR. In raw ham and dry-cured ham, temperature of -20 °C for 7 and 14 days respectively did not
inactivate T. gondii. More studies are needed to find the right temperature and time needed to render the
bradyzoites non-infectious for human. Meanwhile, the recommendations of freezing to inactivate T.

gondii in raw or dry-cured meats must be revisited considered that it does not reduce the risk of infection.

HIGHLIGHTS

Viability of T. gondii assessed by bioassay in mice followed by gPCR

T. gondii in raw ham was not inactivated at -20 °C for 7 days in a domestic freezer

T. gondii in dry-cured ham was not inactivated at -20 °C for 14 days

Adequate freezing is a potential tool for risk control of T. gondii by consumers
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One of the most common parasitic infections is caused by the protozoan Toxoplasma gondii
(13). It is estimated that approximately one-third of the human population worldwide harbour this
parasite (2). In most adults it does not cause serious illness. However, it exists risk of miscarriage of
seronegative pregnant women who acquire toxoplasmosis within the beginning of pregnancy, in
congenitally infected children, it can result in blindness and mental retardation; and can produce severe
disease in those individuals with depressed immunity (36). In addition, T. gondii may be associated with

an increase in the incidence of many relevant psychiatric disorders (43).

People can become infected through consumption of raw or undercooked meat containing tissue
cysts or by ingestion of oocysts contaminating food and water. Congenital transmission can occur when
a woman becomes primarily infected during pregnancy (36). Several studies have identified frequent
consumption of undercooked or of cured meat products as main risk factors for food-borne transmission
to humans (5, 6, 27, 28, 40). Uncooked pork and its derivatives have been the main foods implicated in

outbreaks of toxoplasmosis (35).

Prevention of toxoplasmaosis currently focuses on pregnant women or immunocompromised and
transplant patients. Currently, pigs are not tested for T. gondii infection at slaughter but several methods
can be applied to decontaminate or reduce risk from infected meat. These methods should be an essential
practice in the food industry. Different studies have indicated that T. gondii tissue cysts in meat are
susceptible to various physical procedures such as heat treatment, freezing, irradiation, high-pressure,

acidity and enhancing solutions (18, 24, 29).

Traditionally, freezing has been considered an effective process that can inactivate T. gondii
tissue cysts. According to the data in the literature, raw meat tissue cysts could be killed by freezing at
-12 °C (10, 30, 31) or -20 °C (9, 16, 32, 38) for 2-4 days. On the basis of these studies, different review
articles (18, 29, 33) and food safety organizations (Agencia Espafiola de Consumo, Seguridad
Alimentaria y Nutricion, European Food Safety Authority, European Centre for Disease Prevention and
Control, United States Department of Agriculture and Food Safety and Inspection Service) (1, 15, 41)

consider that T. gondii in raw meat is not resistant to freezing. Therefore, to protect the general
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population, authors recommend the freezing of meat destined for raw or undercooked consumption as
the most readily applicable option (29, 33). In this respect, food safety organisations provide adequate
temperatures and times to inactivate T. gondii tissue cysts (-20.6 °C / 82 hours or -17.8 °C / 106 hours
(41) and -12 °C for 2 days (15)). Nevertheless, some review studies suggest the contrary, that freezing
does not achieve total inactivation of the parasite (2, 12, 39). In this sense, it has been suggested that
some strains of T. gondii may be resistant to freezing (9,19, 30, 39). An analysis of the review papers
(18, 29, 33) and recommendations by food safety organisations (1, 15, 41) regarding the effectivity of
freezing reveals that these are based on the same original papers, with more recent studies lacking for
T. gondii. The use of more sensitive methodologies developed in recent years could possibly provide

more accurate information of the effect of freezing on the viability of T. gondii.

Dry-cured ham, one of the meat derivatives made from pork, is a ready-to-eat product widely
consumed in the Mediterranean area being Spain one of its main producers, consumers, and exporters.
Dry-cured ham is a nonsmoked pork meat product manufactured according to two basic principles:
curing with salt and nitrites, and stabilization through decreased water activity (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, but data on the efficacy of
curing at inactivating T. gondii bradyzoites in meat products are limited. Some studies have pointed out
that tissue cysts of T. gondii are killed by commercial procedures of curing (21, 23). However, other
studies indicate that curing may not be enough to inactivate T. gondii bradyzoite cysts (22, 26, 42).
Ultimately, unless the salting procedures have been defined and tested for T. gondii infectivity, one
should assume that salting is not enough to kill all tissue cysts (12). Due to concerns that curing may
not be effective in eliminating T. gondii, procedures involving a combination of treatments may be
implemented to assure non-infectivity of dry-cured meat. In this sense, paediatricians and
gynaecologists (3, 37) recommend to seronegative pregnant women the freezing of dry-cured ham
before intake. The temperatures and times for effective inactivation of T. gondii has been shown in only

one study which indicates that freezing at -20 °C for 3 days inactivates the parasite (23).
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The goal of this study was to evaluate the use of a domestic freezer, under conditions used by
the consumer, to inactivate T. gondii in raw and dry-cured ham. For this purpose, we evaluated, by
bioassay in mice followed by gPCR, the effects of domestic freezing on the viability of T. gondii

bradyzoites infecting raw and dry-cured ham after experimental pig infection.

MATERIAL AND METHODS

Experimental pig infection. Two T. gondii seronegative white pigs were used (~50 kg, 5
months of age). One pig was left uninfected and was used as the negative control. The other pig was
infected orally with 4,000 sporulated T. gondii oocysts (VEG strain). Sporulated oocysts of the VEG
strain of T. gondii were provided by Dr. J. L. Garcia (Laboratory of Animal Protozoology, Department
of Preventive Veterinary Medicine, Universidade Estadual de Londrina, Brasi) and stored in 2% sulfuric
acid at 4 °C until used. The inoculation, maintenance and euthanasia of the pigs were carried out under
the regulations of the Regional Ministry of Environment, Local Administration and Territorial Planning
of the Community of Madrid (Ref. PROEX 415/15). These guidelines are in accordance with the
Protocol of International Guiding Principles for Biomedical Research Involving Animals (Directive
2010/63/EU). The pigs were housed and maintained under Biosafety Class Ill conditions (in the
VISAVET facilities of the Veterinary Faculty of Complutense University of Madrid) until the study was
completed. Sixty days post infection (20), the infected and uninfected animals were slaughtered and
both haunches of each were collected. One haunch was analysed on day zero, and the other was cured
for 12 months and analysed at the end of the curing period. The technological treatment of the infected
and uninfected hams was carried out in the facilities of a commercial dry-cured ham industry as
described previously (25, 26). Boneless raw and dry-cured ham were cut into small pieces, minced, and
homogenized. Fifty grams of prepared samples were stored in refrigeration until analysis and freezing

treatment.

Confirmation of experimental pig infection. In order to verify the presence of T. gondii in the
infected pig, raw and dry-cured ham samples were analysed. Samples of uninfected pig were also

analysed in order to confirm the absence of parasite. A total of 50 g from each sample was used and a
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concentration technique with an acid pepsin digestion procedure was applied, as described elsewhere
(4,11). An intercalating dye (Sybr Green) gPCR assay was performed to analysis the presence of T.
gondii DNA from meat A 200 pL volume of the concentrated samples was added to 300 pL of lysis
buffer and homogenated using a pestle with rotating plastic plungers in a microcentrifuge tube. The
DNA extraction was performed using an UltraClean Tissue & Cells DNA Isolation Kit Sample (Catalog
No. 12334-S Mobio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions.
Two sets of primers for DNA amplification, ToxoRoc and ToxoRepeat 500, targeting specific sequence
of 529 repeat element were used (ToxoRoc F 5"-TAGACGAGACGACGCTTTCC-3", ToxoRoc R 5™~
TCGCCCTCTTCTCCACTCT-3, and ToxoRepeat 500 F 5-
CGCTGCAGGGAGGAAGACGAAAGTTG-3', ToxoRepeat 500 R 5-
CGCTGCAGACACAGTGCATCTGGATT-3") and another set of primers for the surface antigen
protein-1 gene (SAG1l) (ToxoSGl F 5 -TCATCGGTCGTCAATAA-3, ToxoSGl1 R 5'-
CTTTGACTCCATCTTTCC-3"). A CFX Connect real time PCR instrument (Bio-Rad Laboratories,
Hercules, CA, USA) was used for the amplification and detection of T. gondii using Gotaq Sybr Green
Master Mix (catalog # A6002 from Promega, Madison, WI, USA). Each reaction was performed in a
final volume of 20 pL containing 10 pL of Master Mix and 2.5 pL of DNA template. The forward and
reverse primers concentrations were adjusted to 0.4 pumol 1-1. All samples were run in triplicate. The
amplification protocol consisted of an initial incubation at 95°C for 7 min, followed by 40 cycles of
94°C for 5 s (denaturation), 55°C for 30 s (annealing) and 72 °C for 10 s (extension). The program ended
with a dissociation curve from 60 to 94 °C with a 0.5 °C increase interval. Each gPCR run included a
negative control, a positive control, and a separate reaction for Actin DNA copies as internal control
(1C). 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 < 38 was
considered positive), and the SAG marker served to confirm the result. To calculate the efficiency of
the gPCR calibration, curves were performed using 15 mg of homogenate negative tissues spiked with
a known number of tachyzoites (Serial dilutions from 10% to 10° copies of DNA/0.01 mL were achieved).

The samples were subsequently homogenized and processed with the commercial DNA extraction kit
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following the manufacturer's instructions in the same way as the rest of the samples. Efficiency and the

correlation fit value were calculated by the CFX Master Manager 2.0 software.

Freezing treatment. The samples were placed in sealable plastic bags, then vacuum packed
and a thickness of approximately 2-4 cm was obtained. Samples were stored chilled prior to freezing.
Freezing process was performed in a domestic freezer (Balay 3GF8601B, A++). Different freezing times
were carried out. Freezing was applied on raw meat at -20 °C for 1, 2, 3, 6 and 7 days. While in dry-
cured ham, freezing was applied at the same temperature for 5, 7 and 14 days. The temperature of the
freezing chamber as well as the centre of the meat was measured with a temperature sensor (ALMEMO
2590-3S v5) during the assay. Each freezing treatment was replicated three times. 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 (raw and dry-cured ham from non-infected pig), while the positive control
did (raw and dry-cured ham from infected pig). Both controls were not subjected to any freezing

treatment.

Mouse bioassay of tissues for T. gondii. For each freezing treated or control (negative and
positive) sample of raw and dry-cured ham, a concentration bioassay technique with an acid pepsin
digestion procedure was applied, as described elsewhere (4, 11). A 0.5 ml aliquot of digestion extract
was inoculated intraperitoneally into each 20-25 g CD1 Swiss female mice (Janvier Labs, Le Genest-
Saint-Isle, France). Three replicates were carried out for each freezing treatment (5 mice per replicate,
15 mice per treatment) while only one replicate was carried out for each control (5 mice per replicate).
The mice came with a health certificate attesting that they were free from pathogens. They were kept at
the Centro de Investigacion Biomédica de Aragén (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 (Ref. PI55/14). After the inoculation of the sample to be analysed, mouse seroconversion
occurs if the parasite is contained in it. If the parasite is viable, the cysts infecting the brain can be

confirmed by gPCR.
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IFA of mouse sera. Blood samples were drawn from mice that survived 60 days after
inoculation. The blood was collected by puncture of the mandibular vein. Sera samples of mice were
analysed by IFA to detect antibodies against T. gondii with polyclonal rabbit antimouse
immunoglobulins/FITC (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 titre of 1:10 were considered

positive (26).

DNA extraction and identification of T. gondii. Analysis of T. gondii DNA from brains of
mice was performed by qPCR to determine viability of the parasite. Fifteen mg piece of each brain were
homogenated through pellet pestles in a microcentrifuge tubes. DNA extraction and identification of T.
gondii by gPCR was performed using the same protocol and primers indicated in the confirmation of

experimental pig infection section.

RESULTS AND DISCUSSION

Prior to the freezing treatment, experimental pig infection was confirmed in raw (Ct = 35.09)
and dry-cured-ham (Ct = 33.74) samples from the positive control pig, while the analysis of samples
from the negative control pig revealed the absence of the parasite (Ct >38). It is well-known that the
distribution of T. gondii cysts within the muscle is completely 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 that one cyst may contain a few to 1000 bradyzoites (17, 34). The natural transmission
of parasites would be through ingestion of contaminated meat; however inoculation is a very effective
route of infection used in mice bioassays. Although the exact number of parasites eventually inoculated
into the mice cannot be known, and maybe the dose used could be above of natural infection, we were
able to confirm the viability of Toxoplasma as the inoculated mice with positive samples of raw or dry-
cured ham (positive control) were infected (titre value >1:10) and viable parasites were detected in mice

brain (Ct = 33.83-35.61 in raw inoculated mice and Ct = 28.77-30.58 in dry-cured ham inoculated mice).
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While mice inoculated with negative samples of raw or dry-cured ham (negative control) did not show

seroconversion (titre value <1:10) nor the presence of parasites in their brains (Ct >38) (Tables 1 and

2).

The results of the effect of domestic freezing on T. gondii tissue cysts in raw ham are presented
in Table 1. Freezing of raw meat at -20 °C with holding duration of 1, 2, 3, 6 and 7 days was not effective
in reducing infectivity of T. gondii. Mice seroconverted and the Ct in the brains of mice infected with

frozen samples ranged from 27.69 to 35.22.

When we compare our results with others, we observe discrepancies with studies carried out in
raw meat, where freezing was effective in inactivating T. gondii. It is especially striking that in our study
it was not possible to inactivate T. gondii with the use of lower temperatures (-20 °C) and longer freezing
time (7 days) than those used in other studies (-12 °C / 2-4 days) (10, 30, 31). We also observe differences
with studies that inactivate the parasite with temperatures similar to ours, but where the times were much
lower (2-3 days) (9, 16, 32, 38). Unlike other review studies (2, 12, 39), in our work it does not appear
as there has been a decrease in the viability of the parasite as a result of freezing. That is to say, we
cannot assure that freezing times diminish the infectivity of the sample as it happens with the study
carried out by Djurkovié¢-Djakovi¢, and Milenkovi¢ (9). In any case, although freezing could have

reduced the parasitic load, the samples after 7 days of freezing at -20 °C still contained viable parasites.

A review of the published literature shows that most of the studies are quite old and that there
are no recent studies evaluating the effect of freezing against T. gondii tissue cyst. Probably, the use of
more sensitive methodologies developed in recent years could provide more accurate information on the
effect of freezing on the viability of T. gondii. In published studies, although the viability confirmation
is performed by bioassay, the presence of cysts in the brain is performed by histology and not by qPCR.
Because of that, since the tissue cysts are not uniformly distributed in the edible tissues, a negative result
obtained by a direct detection method cannot exclude the presence of infectious cysts in other edible
portions. PCR has more specificity and sensitivity to detect the presence of T. gondii than histological

detection (7, 17, 34). In our study, highly sensitive methods for the detection of the parasite within
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freezing tissues were applied (mouse bioassay and qPCR). Bioassay is regarded as gold standard for
evaluation of treatment efficacy of parasites in food (18). The mouse bioassay results were based on two
criteria: detection of anti-T. gondii antibodies in the mice and positive qPCR results for parasite DNA
in mouse brains. This is the first study as far as we know that uses qPCR to confirm the viability of T.

gondii after subjecting the raw meat to a domestic freezing.

Although there is no evidence that strains of T. gondii differ in regard to susceptibility to
freezing (19), some authors point out the possibility of freezing resistant strains (39). There is very little
information on studies of strains resistant to freezing and we are only aware of the study of Kotula et
al., (30) where working with the Aldrin strain indicates that its survival at -20 °C for 16 days was
probably related to chance rather than the strain. Another study conducted by Djurkovi¢-Djakovi¢, and
Milenkovi¢ (9) working with the Me49 strain observed its inactivation at -20 °C in 72 hours. In our work
the VEG strain was used, but there are no published data on whether this strain has a greater resistance

to freezing than other strains that could support our results.

Current regulations do not establish criteria for detection of T. gondii during meat inspection
(14). Therefore, the information provided to the consumer on preventive measures is of particular
importance to avoid toxoplasmosis. In this respect, food safety organisations pronounce different
guidelines considered effective in inactivating T. gondii (1, 15, 41). However, in view of our results it
is essential and of particular relevance to know exactly the temperatures and times that are necessary to
inactivate the parasite and to provide the consumer with adequate information so that they can apply
this technology with guarantees. Whilst consumption of raw meat occurs in several culinary cultures,
more common is consumption of rare meat (cooked briefly to a temperature below 60 °C). This may be
insufficient to inactivate tissue cyst of T. gondii. For this reason, at the moment, complete heat treatment

of parasitized meat is the safest method to inactivate T. gondii (1, 15, 18, 41).

With regard to the freezing treatment in dry-cured ham and in view of our results obtained in
raw meat, it was decided to increase the freezing times in the treatment. In relation to freezing treatment

in dry-cured ham, freezing at -20 °C for 5, 7, and 14 days did not eliminate T. gondii infectivity for mice

10
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(Table 2). Mice seroconvert and the Ct in the brains of mice infected with frozen samples ranged from

32.52 to 34.77.

As was the case with raw meat, in the freezing of dry-cured ham it does not seem that the
parasitic load decreases as times increase. There does not appear to be a decrease in the number of
seroconverted mice or the number of mice in which the parasite is detected in the brain. In any case,
although freezing could have reduced the parasitic load, the samples after 14 days of freezing at -20 °C

still contained viable parasites.

In our trial we observed a higher resistance of the parasite to freezing than the results reported
by Gomez-Samblas et al (23), which indicate that the traditional curing, followed by freezing at -20 °C
for 3 days, inactivates T. gondi in only 3 months of curing. This discrepancy is surprising since, although
the temperature applied was the same in both studies, both the freezing times (14 days) and especially
the curing times (> 12 months) are much higher in our study than those used by these authors. Both
studies used experimentally infected meat and used gPCR so we believe that the difference in results
could be due to the different procedure in sampling. In our work the freezing treatment is performed on
samples obtained from the homogenization of the whole ham while in the work of Gomez-Samblas et
al., (23) the samples are obtained from a small portion of it (100 grams). As noted above, since the tissue
cysts of T. gondii are not uniformly distributed in the edible tissues, a negative result obtained from a

small sample cannot exclude the presence of infectious cysts in other edible portions.

Our study demonstrated that T. gondii is resistant to the dry-cured processed as well as the
freezing temperatures and times used in the experiments. Because of that, it is necessary to continue
evaluating the temperatures and times needed to inactivate T. gondii in dry-cured ham for safe
consumption. A controlled freezing step and a period of curing >12 months (25) could ensure consumers
the consumption of safe products for people in whom toxoplasmosis may pose a serious risk to their

health.

In conclusion, domestic freezing at -20 °C for times less than 7 or 14 days in raw meat or cured

ham respectively is not effective in inactivating tissue cysts of T. gondii. Although the infective dose for

11
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T. gondii has not been established for humans, there is likelihood that freezing of raw and cured meat
under the conditions that the present study has been carried out contains viable cysts and, therefore,
poses a risk to consumers. Freezing could inactivate the T. gondii tissue cysts, but more studies are
needed to find proper timing and temperature for a 100% parasite killing efficiency in fresh and cured
meat. Meanwhile, we must be cautious in the recommendations made for the use of this technology in

at-risk populations.
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TABLE 1. Results of freezing on Toxoplasma gondii tissue cysts in raw ham.

Treatment Freezing Seropositive mice Viability Infectivity
time (days) (positive/total) 2 of T. gondii of the
(positive/total) ° sample
Negative control ¢ 0 0/5 - -
Positive control © 0 4/5 4/4 +
(1:40, 1:40, 1:180, 1:10) 35.61
33.83
34.23
35.02
-20°C 1 1/5 1/1 +
(1:10) 33.31
4/5 1/4
(1:10. 1:20, 1:20, 1:40) 31,56
2/5 2/2
(1:80, 1:40) 33.53
33.49
-20°C 2 2/5 212 +
(1:10, 1:20) 33.89
35.01
3/5 1/3
(2:10, 1:20, 1:20) 31.48
5/5 1/5
(2:40, 1:20, 1:20, 1:10, 1:40) 27.69
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-20°C

-20°C

-20°C

5/5

(1:20, 1:40, 1:40, 1:80, 1:20)

0/5
4/5

(1:10, 1:10, 1:10, 1:20)

3/5

(1:20, 1:40, 1:20)

1/5
(1:80)
4/5

(1:20, 1:80, 1:20, 1:10)

3/5

(1:80, 1:10, 1:40)

2/5

(1:40, 1:80)

5/5

31.19

31.09

31.18

30.40

28.91

0/0

4/4

32.64

30.44

31.78

33.16

2/3

30.66

34.44

1/1

30.83

3/4

35.22

32.47

29.67

3/3

30.33

29.67

31.69

172

31.31
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1/5 1/1

(1:40) 30.13

& Seropositive mice by IFA/Total of mice (Serological titers).

® Positive mice brain by PCR/Total of seropositive mice by IFA; Ct values of positive mice brains (<
38).

¢ Infectivity of the sample was scored as + or -; + indicates that the procedure did not kill all parasites

and - indicates a 100% killing effect of the procedure on the parasite
¢ Inoculated with raw meat from non-infected pig

¢ Inoculated with raw meat from infected pig
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TABLE 2. Results of freezing on Toxoplasma gondii tissue cysts in dry-cured ham.

Treatment Freezing time Seropositive mice Viability of T. Infectivity of
(days) (positive/total) 2 gondii the sample °
(positive/total) °
Negative control ¢ 0 0/5 - - %
Positive control © 0 5/5 3/5 + é%
(1:10, 1:10, 1:20, 1:40, 1:80) 28.77 é;
29.77
E
30.58 %
-20°C 5 1/5 1/1 + Z§
(1:20) 32,52 §
3/5 1/3 g
(1:20, 1:20, 1:10) 34.18 %
1/5 0/1 E
(1:10) E;
>
-20°C 7 3/5 2/3 + 2};
(1:20, 1:20, 1:10) 33.91 %
33.97 %;
4/5 2/4 g
(1:20, 1:40, 1:40, 1:10) 33.32
33.09
1/5 0/1
(1:10)
-20°C 14 3/5 1/3 +
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(1:10, 1:10, 1:20)
4/5
(1:10, 1:20, 1:20, 1:40)
1/5

(1:10)

34.77

1/4

33.34

0/1

& Seropositive mice by IFA/Total of mice. (Serological titers)

® Positive mice brain by PCR/Total of seropositive mice by IFA; Ct values of positive mice brains (<

38).

¢ Infectivity of the sample was scored as + or -; + indicates that the procedure did not kill all parasites

and - indicates a 100% killing effect of the procedure on the parasite
¢ Inoculated with dry-cured ham from non-infected pig

¢ Inoculated with dry-cured ham from infected pig
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