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Abstract: Plant-based meat analogues (i.e., plant-based meat alternatives or substitutes, or vegan
meats) are becoming more and more popular. The quality of the available products is constantly
increasing therefore their consumption is also increasing. The primary role of meat analogues is to
replace the meat component in meals while appropriate nutrient content and hedonic value will be
provided as well. The food safety aspects of these newly emerging food products are less investigated.
The aim of this study is to compare the microbial spoilage of identical meals prepared with meat and
meat analogues to evaluate the food safety risk of meat analogues. In this work, raw protein materials
were tested. Moreover, three pairs of meals prepared with or without meat were microbiologically
examined during a storage experiment. Microbial contaminants were low in raw protein sources. In
the case of hot meals, the microbial proliferation was faster in samples containing meat analogue,
especially if the meals were not cooled. The food safety risk of meals prepared with meat analogues
is slightly higher than their meat-containing counterparts, therefore more attention needs to be paid
to the preparation, processing, and storage of these foods.

Keywords: meat analogue; microbiological spoilage; aerobic colony count; food safety risk; meat
substitute; meat alternative; vegan meat

1. Introduction

Eating habits have considerable impact on the climate and on the efficient utilization
of natural resources. The food sector is one of the major environmental burdens, where the
majority of the products is of animal origin. Meat has been a significant food of mankind
for a long time, and it is an important component of the diverse and well-balanced diet.
Meat has an inevitable role in protein intake. The food consumption level of a country is
often related to the social development [1], so it can be concluded that social development
is usually manifested in elevated meat consumption [2]. Meat consumption in Europe is
69 kg/per capita/year on average [3].

The rapid increase in meat consumption shed light on the resource demand of meat
production. Cattle are responsible for about 6.52% of total anthropogenic greenhouse
gas emissions (3.19 Gigatons of carbon dioxide equivalents) [4,5] and the production
of 1 kg of beef causes 26.5 kg CO2 emission and needs 15,000 litres of water (equal to
50 days’ household water use per capita in EU) [6,7]. Many researchers suggest that meat
consumption need to be decreased to protect and preserve the environmental resources.
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Decreasing global meat consumption would cause a significant positive effect on the
environment [8–10].

Meat consumption also contributes to public health issues. Excessive meat consump-
tion may bring serious harmful health effects according to scientific literature. Red meat
consumption was shown to be a major cause of cardiovascular diseases (hypertension,
atherosclerosis, etc), chronic inflammatory conditions, and Type 2 diabetes [11–13]. Eating
less meat significantly decreases the risk of cardiovascular conditions, obesity, diabetes,
and cancer [14].

Plant-based nutrition is popular worldwide: 45% of the younger generation regularly
eat vegetarian and vegan food, and a full quarter of 25–34-year-old Americans are vegans
or vegetarians [15]. Although the number of vegans and vegetarians are rapidly increasing,
the plant-based market is driven by followers of the flexitarian diet. Meat reduction is
proving to be a bigger trend than meat avoidance [16].

However, many people are reluctant to change their diet to eat less meat [17–19]. A
survey conducted in Germany and New Zealand revealed that 14–18% of consumers are
willing to try innovative food and replace meat; however, 25–30% of consumers do not
think about meat replacement with meat analogue products [20].

There are many ways to decrease meat consumption level, and a common method is
the replacement of meat ingredients with some non-meat component, while keeping the
nutritional and hedonic characteristics almost the same. According to the literature, the cur-
rent meat consumption level could be decreased by the use of plant-based meat analogues,
insects, microorganisms, or in the near future, with laboratory grown meat (cultured meat
or in vitro meat) [21,22]. Nowadays, the most common means for meat replacement is the
use of plant-based meat analogues [23]; thus, we focus on these products in our present
research. Meat analogues are different from traditional vegetarian alternatives, promising
to be indistinguishable from animal-derived meat. Good-quality meat analogues should
reproduce the appearance, texture, smell, flavour, processing behaviour, nutritional values,
and enjoyment value of various meat types. Nowadays, several products that meet the
above-mentioned criteria are in the market.

The main task in meat replacement is to ensure adequate protein content and to
maintain the meat-like taste, texture, colour appearance, and consumer experience. The
most frequently used raw materials of meat analogues are cereals and legumes [24,25].
Previously, soybean and wheat gluten were the primary raw materials, but nowadays there
are many more alternatives such as maize, rice, barley, oat, sorghum, bean, lentil, pea,
lupine, etc. [26]. The protein is extracted from the plant resulting in a protein isolate, protein
concentrate, or protein texturate. Plant protein ingredients available for meat analogue
production include flours (10–20% protein), concentrates (55–60% protein), isolates (>80%
protein), and texturized protein (50–70% protein) [27,28]. The protein ingredients have sev-
eral key characteristics that primarily determine the consumer’s experience. For example,
water and oil-holding capacity, solubility, emulsification capacity, foaming property, gelling,
etc., influence key characteristics of protein ingredients such as flexibility, formability, shape
retention, etc. These attributes are related to amino acid sequence, secondary, or higher
structure, but environmental circumstances such as pH, temperature, and ionic strength
also can alter the protein structure [26].

Since a direct link was discovered between human health and animal health, meat
safety has been of interest, and since then, meat safety systems have been constantly
evolving [29]. Meat analogues are becoming more and more similar to real meat, but it
is still questionable whether their food safety risks are the same. Although good-quality
products are available on the market, their food safety aspects are less investigated. The aim
of this work was to evaluate the microbial food safety risk of plant-based meat analogues.
For this purpose, the microbial status of raw materials and the microbiological spoilage of
hot meals were studied.
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2. Materials and Methods
2.1. Sample Material

Two sample types were involved in the experiment. At first, raw materials suitable
for meat analogue production were investigated. Secondly, three types of hot meals were
prepared with meat and a meat analogue.

2.2. Protein Raw Materials

Five raw protein materials were investigated as follows:

1. Wheat gluten powder.
2. Textured soy protein.
3. Soy protein powder.
4. Textured pea protein (70% protein content).
5. Textured pea protein (55% protein content).

The products were acquired from various manufacturers (Vestkorn, Dupont), all of
which were within their shelf-life period.

2.3. Hot Meals

Three kinds of hot meal were prepared, all in two versions, with and without meat, so
six samples were involved in our experiments. The meat analogues used were prepared
from textured pea protein (55%) according to our own recipe. The hot meals and informa-
tion on their ingredients and nutritional characteristics are shown in Table 1. The meatless
foods are marked with the vegan prefix.

Table 1. Food samples, ingredients, and nutritional data.

Food Energy (kJ) Protein (g) Fat (g) Carb (g)

1.

Spaghetti Bolognese
(minced beef, salt, tomato
puree, onion, carrot, olive
oil, spices)

528 11.05 2.55 13.15

2.

Vegan spaghetti Bolognese
(textured pea protein 55%,
salt, tomato puree, onion,
carrot, olive oil, spices)

613 11.57 3.33 21.96

3.

Cabbage casserole
(minced pork, cauliflower,
rice, egg, onion, sour cream,
olive oil, salt, spices)

456 8.60 2.93 10.89

4.

Vegan cabbage casserole
(textured pea protein 55%,
coconut fat, corn fiber, corn
starch, methyl-cellulose,
cauliflower, rice, sour cream,
olive oil, salt, onion, spices)

471 13.61 1.22 10.07

5.
Meat ball
(minced beef and pork, egg,
salt, onion, garlic, spices)

817 20.26 6.73 15.97

6.

Vegan meat ball
(textured pea protein 55%,
coconut oil, corn fiber, corn
starch, methyl-cellulose, salt,
fat, onion, garlic, spices)

689 10.98 9.57 9.37

The six food samples were prepared simultaneously. The sauce of spaghetti Bolognese
was gentle boiled for 75 min, pasta was cooked in boiling water for 12 min, then the
pasta and sauce were mixed, and additional ingredients (e.g., parmesan) were not added.
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Cabbage casserole was heat treated for 40 min at 170 ◦C in a combi oven. Meatballs were
prepared in a deep fryer at 170 ◦C for 10 min. All products were heat treated only once.

After preparation, 100 g portions were distributed into sterile containers. Samples
were stored at ambient temperature and at 5 ◦C.

2.4. Storage

Some of the food samples were stored at ambient temperature (20–22 ◦C). These
samples were taken for microbial investigation every 12 h.

The other part of the samples was quickly cooled after preparation and stored at
5 ± 2 ◦C. Samples were taken for microbial investigation every 24 h.

2.5. Microbial Investigation

Sample preparation: Ten grams of the food sample were mixed with 90 mL peptone
water and homogenized in a stomacher. Ten-fold dilution series were then prepared. The
diluted samples were then surface plated on agar-plates.

Aerobic colony count: The samples were plated onto plate count agar according to
ISO 4833-2:2013 [30]. Briefly, 0.1 mL test samples of each dilution were transferred and
spread with a sterile spreader on plate count agar (PCA) plates and incubated at 30 ◦C
for 72 ± 3 h. After the incubation period, colonies were counted and the results were
expressed as log10CFU/g.

Yeast and molds: According to ISO 21527-1:2008 [31] and ISO 21527-2:2008 [32] stan-
dards, the diluted samples were transferred and spread on DRBC (dichloran rose bengal
chloramphenicol agar) or DG18 agar plates (depending on the food matrices) and incubated
at 25 ◦C for five days. The developed colonies were counted, and the results were expressed
as log10CFU/g. Yeasts and molds were distinguished according to colony morphology.

Enterobacteriaceae: Following the procedure of ISO 21528-2:2007 [33] standard, 1 mL
test samples of each dilutions were transferred to sterile Petri dishes and 12–15 mL violet
red bile glucose agar were poured into each Petri dishes. The inoculums were carefully
mixed with the medium and allowed to solidify. The plates were incubated at 37 ◦C for
24 h and the colonies were counted. Typical colonies were confirmed by means of tests for
the fermentation of glucose and the presence of oxidase.

All microbiological media were provided by Neogen.
While Enterobacteriaceae are significant in meat hygiene, yeasts and molds are food-

safety indicators for plant-based products. However, for comparability, these microorgan-
isms were tested in both product types.

2.6. Statistics

Three independent samples were taken from each food or raw material. The mea-
surements were carried out for each parallel sample. Means and standard deviations
were calculated from parallel measurements, and significant differences were evaluated by
Student’s t-test. Differences were considered to be significant at p = 0.05.

3. Results
3.1. Raw Materials

Wheat gluten powder showed a microbial load with the value of 3.32 log10CFU/g for
the aerobic colony count, which is considered as a medium-contaminated raw material;
however, it indicates elevated food safety risk. In all other raw materials, the aerobic colony
count was below 10 CFU/g. Yeast, mold, and Enterobacteriaceae were not detected in any of
the raw materials (Table 2).
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Table 2. Initial microbial load of protein raw materials.

Protein Raw Material Aerobic Colony Count Yeasts and Moulds Enterobacteriaceae

Wheat gluten powder 3.32 ± 0.91 log10CFU/g <10 CFU/g <10 CFU/g
Textured soy protein <10 CFU/g <10 CFU/g <10 CFU/g
Soy protein powder <10 CFU/g <10 CFU/g <10 CFU/g
Textured pea protein
(70% protein content) <10 CFU/g <10 CFU/g <10 CFU/g

Textured pea protein
(55% protein content) <10 CFU/g <10 CFU/g <10 CFU/g

3.2. Storage without Refrigerating

It was observed in meatless samples that the aerobic colony count started to increase
after 12 h; however, the spoilage of meat-containing meals started later (Figure 1, Table S1.)
In the case of spaghetti Bolognese, the samples after preparation showed no microbial
contamination, but 12 h later, microbial proliferation was observed in the meatless meals.
Twenty-four hours after preparation and later, the level of aerobic colony count was similar
in meaty and meatless dishes. The results were similar in cabbage casserole; however,
microbial spoilage started 36 h after preparation in meatless meals. In meatballs, the
differences in microbial load were constant during the whole experiment, but the meatless
dish showed higher levels of microbial contamination at all sampling times.
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Enterobacteriaceae was found only in vegan meatballs in two cases (sample stored for
36 h: log10CFU/g = 5.46; sample stored for 48 h: log10CFU/g = 7.26). Yeast was detected in
the vegan cabbage casserole sample stored for 24 h (log10CFU/g = 3.28).

3.3. Storage with Refrigerating

Bacterial counts in the refrigerated samples were less uniform. Microbes were found
in all meatless Spaghetti Bolognese samples; however, the contamination level was low
(log10CFU/g ranged from 1 to 2). Bacteria were undetectable in meat-containing samples
until the fourth day. The cabbage casserole showed low bacterial counts in all samples.
Microbial spoilage was detected only in meatball and vegan meat ball samples, but no
differences were observed between the two meal types (Figure 2, Table S2.).
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Figure 2. Changes in aerobic colony counts in refrigerated food. Mean values ± standard deviations
are shown. Asterisks indicate significant differences between meat-containing and meatless samples
at p < 0.05.

Enterobacteriaceae were undetectable in all samples, and mold was observed in only
one vegan spaghetti Bolognese sample (day 6, log10CFU/g = 3.64)

pH values are shown in Table 3. The pH value did not change during the seven-day
refrigerated storage. It can be observed that the pH values of vegan foods are higher and
the differences were significant in all cases.
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Table 3. The pH values of processed foods.

Food pH
Mean ± StDev *

Spaghetti Bolognese 5.3 ± 0.2
Vegan spaghetti Bolognese 5.5 ± 0.1

Cabbage casserole 5.9 ± 0.1
Vegan cabbage casserole 6.4 ± 0.1

Meat ball 6.2 ± 0.1
Vegan meat ball 6.6 ± 0.1

* Mean ± standard deviation of seven measurements of the seven storage days are shown.

4. Discussion

When we think about meat alternatives, typically plant proteins are considered be-
cause they are healthy, cheap, and are already a part of most diets [22].

Nowadays plant-based products regularly enter the market, aiming at replacing
meats [34,35]. These products are mainly based on soy, wheat, or pea protein or a mixture
of them [36]. The most common meat alternatives are based on soy protein; however, pea
protein-based products are gaining more and more popularity [20], because soy and wheat
products cause food intolerances for a significant number of customers. Our experiments
focused mainly on pea protein-based products.

A consumer survey already revealed that freshness is the second most important food
choice criterion, and only the price proved to be more important [37]. However, another
important aspect is a long shelf-life. These consumer expectations make great demands
on effective management and control of food spoilage. The food microbial spoilage could
be caused by enzymatic or microbiological processes but the microbial spoilage affects
primarily the product shelf life [38].

Only a few data are available about the food safety risk of plant-based meat analogues.
Filho et al. [39] tested the microbial spoilage of soy- and wheat-based canned meat ana-
logues, and the usual heat treatment (121 ◦C/30 min) proved to be adequate for canned
plant-based meat analogues. Yadav et al. [40] compared the microbial spoilage of chicken
roll and meatless roll, but no differences were revealed. Due to their high protein and
moisture content, and almost neutral pH, the plant-based meat analogues are susceptible
to spoilage [41].

The aim of this work was the investigation of the microbiological quality of meals
that are directly consumed. If microbial contamination is detected, this is usually caused
by raw materials, therefore the evaluation of raw materials’ microbial quality is of great
importance. Our experiments were set up to observe the microbial spoilage caused only
by the intrinsic effects of ready-made meals [42], namely by the ingredients. Therefore,
the hot meal pairs were prepared identically, the only difference was in the meat/meat
analogue ingredient.

Typical food safety problem of households is the inappropriate storage of cooked food.
Samples stored at room temperature and at 5 ± 2 ◦C could be considered as a simulation
of common household situations [43].

The pH values of the vegan meatball and vegan cabbage casserole were higher
(0.5 more on the average) than their meat-containing counterparts. The pH values of
spaghetti Bolognese were similar, probably due to the significant amount of tomato sauce.

Enterobacteriaceae could be present in food as part of natural microflora, but post-
process contamination is the more significant factor regarding food quality. Members of
Enterobacteriaceae family are responsible for spoilage of variety of foods such as meats,
dairies, fruits, and vegetables, etc. They can be found also in soil or water so their control is
significant for food hygiene [44]. If Enterobacteriaceae are present in heat-treated food, a post-
process contamination is implicated. No Enterobacteriaceae were detected in refrigerated
samples. Two unrefrigerated samples contained Enterobacteriaceae, and both samples were
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the vegan meatball. It can be assumed that post-process contamination occurred, and
ambient temperature is adequate for Enterobacteriaceae proliferation [44].

Th presence of molds and yeasts in food is usually caused by raw materials or post-
process contamination, therefore mould and yeast counts can be used as a hygiene process
indicator primarily in the case of plant-based products. Yeasts were observed in cooled
vegan spaghetti Bolognese, probably caused by post-process contamination. Yeasts were
also observed in one sample of unrefrigerated vegan cabbage casserole.

The investigated protein raw materials do not pose microbial risk. Microbes were
detected only in wheat gluten powder, but microbial loads were below the threshold
(log10CFU/g = 5) [45]. Moreover, the raw materials were exposed to heat treatment so they
can be considered as safe in microbial aspects.

The obtained results show that in some cases, microbial spoilage is faster in vegan
food. The pH of these food is closer to 7 (Table 2), and the high water content and water
activity of protein raw material promote bacterial proliferation [38,46].

Yeast and Enterobacteriaceae were observed only in meatless foods, suggesting that
food safety risk of food prepared with meat analogues is slightly higher than that of meat-
containing food. Enumeration of yeasts, molds, and Enterobacteriaceae could be used as
process hygiene indicators in the production of meat analogues.

5. Conclusions

The current trends in meat production and consumption are environmentally un-
sustainable, therefore solutions are needed to reverse the trend. One solution could be
increasing the consumption of alternative protein sources such as insects, cultured meat, or
plant-based proteins. The latter case is boosted by plant-based meat analogue products.
Consumer demand for these products is rapidly increasing, but for food processors, it is
still difficult to produce good-quality products in the appropriate quantities. Therefore,
products must be further developed where the food safety aspects must be considered.
Our results show that protein raw materials appropriate for meat analogue production
do not pose microbial food safety risk; however, the meals where meat analogues were
used proved to be more perishable. An effective food safety management system should
be operated to support meat analogue production.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11188309/s1, Table S1: Changes in aerobic colony counts in food samples stored without
refrigeration; Table S2: Changes in aerobic colony counts in refrigerated food.
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