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Alberto Fernández-Reina, José Luis Urdiales and Francisca Sánchez-Jiménez
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Preface to ”Biogenic Amines on Food Safety”

The study of biogenic amines (BA) in food is important for safety and quality reasons.

The consumption of foods with high concentrations of biogenic amines has been associated

with health issues. Biogenic amines also play an important role as indicators of food quality

and/or acceptability. This is especially important because biogenic amines are present in varying

concentrations in a wide range of foods and their formation is influenced by different factors.

The book consists of 11 chapters of original contributions and reviews aimed at gaining a better

understanding of biogenic amines and their impact on food quality and safety. It addresses the

presence of BA in different foods (fresh meat, milk, cheese, plants, fermented soybeans, etc.) and

provides a deeper understanding of the factors affecting the formation of these compounds in relation

to the raw material, amino acid levels, physicochemical characteristics, microorganisms, lactic acid

bacteria, animal feed, etc. It reviews the analytical techniques used to determine biogenic amines

(HPLC, GC, MS-MS, FIA, etc.) and the screening methods to evaluate amino acid decarboxylase

activity. It also describes different tools that can be used to reduce biogenic amines (biocontrols,

starters, etc.) and the impact of different processing (high hydrostatic pressure, etc.) and storage

conditions (chilled, packaging, MAP, etc.). Moreover, this book reviews the biogenic amines

derived from basic and aromatic amino acids involved in the pathophysiology of the gastrointestinal

tract. Furthermore, it outlines legal limits and legislation concerning biogenic amines in food

and beverages and the difficulties encountered in establishing BA toxicity ranges given the dual

importance of these compounds (quality and health implications). Lastly, it reports on the problems

of low-histamine diets of plant origin in relation to histamine intolerance (food histaminosis or

food histamine sensitivity) and the difference of these issues in comparison to the more established

histamine intoxication.

Claudia Ruiz-Capillas, Ana M. Herrero

Special Issue Editors
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Abstract: Today, food safety and quality are some of the main concerns of consumer and health
agencies around the world. Our current lifestyle and market globalization have led to an increase in
the number of people affected by food poisoning. Foodborne illness and food poisoning have different
origins (bacteria, virus, parasites, mold, contaminants, etc.), and some cases of food poisoning can
be traced back to chemical and natural toxins. One of the toxins targeted by the Food and Drug
Administration (FDA) and European Food Safety Authority (EFSA) is the biogenic amine histamine.
Biogenic amines (BAs) in food constitute a potential public health concern due to their physiological
and toxicological effects. The consumption of foods containing high concentrations of biogenic
amines has been associated with health hazards. In recent years there has been an increase in the
number of food poisoning cases associated with BAs in food, mainly in relation to histamines in fish.
We need to gain a better understanding of the origin of foodborne disease and how to control it if
we expect to keep people from getting ill. Biogenic amines are found in varying concentrations in a
wide range of foods (fish, cheese, meat, wine, beer, vegetables, etc.), and BA formation is influenced
by different factors associated with the raw material making up food products, microorganisms,
processing, and conservation conditions. Moreover, BAs are thermostable. Biogenic amines also play
an important role as indicators of food quality and/or acceptability. Hence, BAs need to be controlled
in order to ensure high levels of food quality and safety. All of these aspects will be addressed in
this review.

Keywords: biogenic amines; food products; food quality; food safety; quality control; quality indexes;
public health; legislation–regulation; analytical determination

1. Biogenic Amines and Food Safety

Food safety is one of the main concerns of consumer and health agencies around the globe
(European Food Safety Authority (EFSA), Food and Drug Administration (FDA), Food Safety
Commission of Japan (FSCJ), World Health Organization (WHO), etc.). According to the WHO,
more than 200 diseases are transmitted by food and the vast majority of the population will contract
a foodborne disease at some point in their lifetime. For example, in the U.S. 48 million people
(one in six) suffer a foodborne disease each year. Of these, 128,000 are hospitalized and 3000 die from
such diseases [1,2]. Moreover, the real numbers are higher as many cases of foodborne disease go
undetected and are not recorded as such, due to the difficulty in establishing a causal relationship
between food contamination and illness or death. This highlights the importance of making sure
that the food we consume is not contaminated with potentially harmful elements at any point along
the food chain. Because food can become contaminated at any point along the global supply chain
during production, distribution, and preparation–consumption, each individual along this chain,
from producer to consumer, has a role to play in ensuring that the food we eat does not cause disease.

Foods 2019, 8, 62; doi:10.3390/foods8020062 www.mdpi.com/journal/foods1
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Furthermore, if we are to prevent such disease, we must gain a deeper understanding of the origin of
foodborne illness and the way to control it.

The origin of foodborne illness could be bacteria, virus, parasite, mold, contaminants, metals,
allergens, pesticides, natural toxins, etc., that can contaminate food and cause disease. In general,
most food poisoning is caused by bacteria, viruses, and parasites as opposed to toxic substances.
Nonetheless, there are cases of food poisoning that can be linked to chemical or natural toxins.
From among these toxins, the FDA and EFSA pay particular attention to aflatoxins, mycotoxins,
histamine, etc. Of these, it is worth noting that histamine, a biogenic amine, is present in most foods
but in greater abundance in fish and fishery products. This biogenic amine is the main component in
“scombrid poisoning” or “histamine poisoning” since these intoxications are related to the consumption
of fish of the Scombridae and Scomberesocidae families (tuna, mackerel, bonito, bluefish, etc.) containing
high levels of histamine. These species contain high levels of the free amino acid histidine in their
muscle tissue, which is decarboxylated to histamine. However, other non scombroid species also
contain high levels of free histamine in their muscle tissue [3,4], which is why this illness came to be
known as “histamine poisoning”. There have been recent cases involving vacuum-packed salmon.
The most common symptoms of histamine poisoning are due to the effects it has on different systems
(cardiovascular, gastrointestinal, respiratory, etc.) producing low blood pressure, skin irritation,
headaches, edemas, and rashes typical of allergic reactions [5,6]. Furthermore, histamine plays a role
in the health problem known as histaminosis or histamine intolerance associated with the increase
of histamine in plasma [4]. It is also important to point out that histamine is a mediator of allergic
disorders. Biogenic amines are released by mast cell degranulation (in response to an allergic reaction)
and the consumption of foods containing histamine can have the same effect. Since food allergy
symptoms are similar to those of histamine poisoning (food intolerance), physicians occasionally make
a faulty diagnosis. For all these reasons, histamine is the biogenic amine (BA) causing major concerns
in clinical and food chemistry. However, we would note that apparently histamine is not the only
agent causing scombroid poisoning [7–12]. Other amines, such as putrescine and cadaverine, are also
associated with this illness, although both seem to have much lower pharmacological activity on their
own but enhance the toxicity of histamine and decrease the catabolism of this amine when they interact
with amine oxidases, thus favoring intestinal absorption and hindering histamine detoxification [13,14].

Another important biogenic amine related to food poisoning is tyramine. In this case, intoxication
is known as the “cheese reaction” as it is associated with the consumption of foods with high
concentrations of tyramine, mainly associated with the consumption of cheese [10,14–17]. However,
high levels of tyramine have also been observed in meat and meat products [14,18–21]. As in
the case of histamine, this illness came to be known as “tyramine reaction” because of the main
compound involved. Typical symptoms of tyramine poisoning are migraines, headaches, and increased
blood pressure, since tyramine sparks the release of noradrenaline from the sympathetic nervous
system [5,6,10].

Other Bas, such as spermidine or spermine, have also been associated with food allergies [6,22,23].
Tyramine and β-phenylethylamine are suspected of triggering hypertensive crises in certain patients
and of producing dietary-induced migraines. Although tryptamine has toxic effects on humans
(causing blood pressure to increase, thus leading to hypertension), the maximum amount of tryptamine
permitted in sausages is not regulated in some countries [23]. It is worth noting an additional
toxicological risk associated with BAs, mainly secondary BAs (putrescine and cadaverine), which are
involved in other kinds of food poisoning, such as the formation of nitrosamines, that are believed to
be cancer causing compounds [24,25]. This risk is greatest in meat products with high biogenic amine
levels and which contain nitrite and nitrate salts used as curing agents, and also with heat treated
products, as these factors favor interaction between BAs and nitrites to form nitrosamines [25,26].
However, under normal circumstances, the human body possesses detoxification systems to take care
of these BAs, mainly in the intestine through the action of monoamine oxidase (MAO; CE 1.4.3.4),
diamine oxidase (DAO; CE 1.4.3.6), and polyamine oxidase (PAO; CE 1.5.3.11). However, in certain
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cases this mechanism can be hindered by a variety of factors or circumstances, and BAs could
accumulate in the body and cause serious toxicological problems and a high risk of poisoning [4,14].
Factors that could alter the detoxification mechanism include the consumption of amine oxidase
inhibitors (mono and diamine oxidase inhibitors (MAOI/DAOI)), alcohol, immune deficiency of
the consumer, gastrointestinal disorders, large amounts of BA, for example in the case of spoiled or
fermented foods, etc. [5,13,27]. When calculating BA intake, one must consider that foods are not
typically consumed in isolation but rather in the context of a meal where several foods are eaten
simultaneously (meat, fish, cheese, wine, vegetables, etc.). Therefore, the aggregate amount of BA
consumed would be the sum of all the amines from the different foods rather than one food considered
individually. The potential toxicological effect would be the sum of the amines in all of the different
foods, the synergies between them, and the other personal factors mentioned above. The role of
various substances that enhance the toxicity of BA and the existence of synergic effects have been
demonstrated. For example, in Europe approximately 20% of the population regularly takes MAOI
and/or DAOI antidepressant drugs. In such circumstances, not even low amounts of biogenic amines
can be metabolized efficiently, the result being increased sensitivity to BAs [14]. Some authors [28,29]
have suggested that ripened meat products (“chorizo”, “salchichón”, “salami”, etc.) contain enough
tyramine to poison people taking MAOI even with low levels of tyramine (in the 6–9 mg/kg range).
The consumption of 100 g of any of these products would interact with MAOI, while in the absence
of MAOI none of these processed meats would be toxic if ingested in normal amounts, always
depending of course on individual susceptibility. A new generation of MAOI has been developed
that diminishes this sensitivity. The ingestion of even small amounts of tyramine has been known
to cause severe migraines with intracranial hemorrhaging in patients treated with classic MAOIs,
while tyramine between 50 and 150 mg is better tolerated by patients treated with a new generation
of MAOIs, i.e., the so-called RIMA (reversible MAO-A inhibitor) [4,30]. The market is currently
offering pharmaceutical preparations based on the DAO enzyme for the treatment of migraines whose
fundamental function is to mitigate deficiencies of this enzyme (DAO), thus favoring the metabolism
of histamine. It is very difficult to establish toxicity parameters for BAs considering the number of
factors that affect their toxicity.

2. Biogenic Amines and Quality Control of Food Products

It is important to control and monitor biogenic amines not only for toxicological and health
reasons as mentioned above, but also because they may play an important role as quality and/or
acceptability indicators in some foods, and managing this quality is also a way to guarantee and ensure
food safety. Food quality refers to main characteristics having to do with safety, nutrition, availability,
convenience, integrity, and freshness [31].

BAs have been frequently employed as quality indexes in various foods (meat, fish, wines,
etc.) to signal their degree of freshness and/or deterioration and also to control the processing and
development of food and beverages. Individual BAs, such as histamine, tyramine, cadaverine, or a
combination of various amines (putrescine–cadaverine, spermidine–spermine, etc.), have likewise
been used as a quality index [19,26,32–40]. Also, different BA-based quality indexes have been
proposed, such as the traditional one developed by Miet and Karmas [32] used as an indicator of the
decomposition of fish. This index is based on the increase in putrescine, cadaverine, and histamine
levels and the decrease in spermidine and spermine levels throughout the fish storage process.
Scores of 0 and 1 are indicative of good quality fish, between 1 and 10 are tolerable, and a score
of over 10 indicates decomposition of the product. However, in the case of other foods, such as
cheese, meat, and meat products, this index has not yielded good results mainly because it does
not include levels of tyramine, the main biogenic amine in these products. An alternative biogenic
amine index (BAI) has been proposed for meat that consists of the sum of putrescine, cadaverine,
histamine, and tyramine [40,41]. Hernández-Jover et al. [41] also suggested quality ranges for the
index: BAI <5 mg/kg indicating good quality fresh meat, between 5 and 20 mg/kg for acceptable
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meat but with signs of initial spoilage, between 20 and 50 mg/kg for low quality meat, and >50 mg/kg
for spoiled meat. However, the usefulness of BAs as a quality index depends on many factors,
mainly concerning the nature of the product (fresh, canned, modified atmosphere, fermented, etc.).
For example, BA indexes have proven to be more satisfactory in fresh meat and meat products and
heat-treated products than in fermented products [40]. This is at least partly because biogenic amine
concentrations vary much more in fermented products than in fresh and cooked meat products owing
to the number of different factors involved in their processing (ripening, maturation, starter, additives,
etc.) [13,14,20,21,42–44]. Therefore, establishing a biogenic amine index that reliably predicts product
quality is no simple matter. It is important to note that sometimes foods with toxic levels of BAs,
such as histamine or tyramine often appear organoleptically “normal”. This could be the case of tuna,
salmon, or fermented chorizo where unacceptable and toxic levels of histamine are undetectable prior
to consumption and therefore consumers are unable to reject products based on sensorial parameters.
This is another important reason to control these compounds.

3. Biogenic Amines in Food

Biogenic amines are compounds that are commonly found in food and beverages such as meat,
fish, cheese, vegetables, wine, etc. The most important BAs found in food are histamine, tyramine,
putrescine, cadaverine, β-phenylethylamine, agmatine, tryptamine, serotonin (SRT), spermidine,
and spermine. These dietary amines are classified according to their chemical structure as aromatic
amines (histamine, tyramine, serotonin, phenylethylamine, and tryptamine), aliphatic diamines
(putrescine and cadaverine), and aliphatic polyamines (agmatine, spermidine, and spermine) [33,45].
In terms of origin or synthesis, they are classified as polyamines when they are endogenous and formed
naturally by animals, plants, and microorganisms, which play an important role in physiological
functions (neurotransmitter, psychoactive, vasoactive, regulating gene expression, cell growth and
differentiation, gastric secretions, immune response, inflammatory processes, etc.), and biogenic
amines, when formed mainly by the decarboxylation of free amino acids (FAAs) from the action of
decarboxylase enzymes, which are mainly of microbial origin (Figure 1).

BA formation is influenced by numerous factors (Figure 1) that can be divided into three
groups: raw materials (composition, pH, ion strength, etc.), microorganisms (decarboxylase activity
is attributed chiefly to Enterobacteriaceae, Pseudomonadaceae, Micrococcaceae, lactic acid bacteria, etc.),
and processing and storage conditions (fresh, cured, fermented, refrigerated, modified atmosphere,
etc.) [9,14,17,43,46–48]. These factors do not act in isolation but rather have combined effects that
determine the final concentration of BAs in food. Therefore, to ensure food quality from the perspective
of BAs, it is vital to use suitable raw materials to limit the presence of BAs in the end product and
hence assure better quality. It should be noted that these BAs are thermostable. In other words,
once these biogenic amines are produced they are very difficult to destroy by subsequent processing
(pasteurization, cooking, etc.) meaning that if they are present in the raw material or product, they will
still be present in the final product.

In the case of factors such as microorganisms, it is necessary to control not only the microbial
load in the product but also the type of microbiota constituting that load (bacterial species and
strain), that in turn depends on factors associated with the raw material and processing and storage
conditions [40]. These conditions directly or indirectly affect substrate and enzyme concentrations and
determine the presence of other compounds or conditions that modulate (favor or not) decarboxylase
activity (pH, temperature, co-factors, etc.). Therefore, there are many factors to be considered,
especially in connection with the technology applied (thermal treatments, additives, fermentation,
refrigeration, packaging, etc.). Hence, suitable raw materials are not enough to limit BA formation.
Processing conditions must also be optimized as they are responsible for the specific profile of
the biogenic amine in the different products. For example, fermentation generally promotes BAs,
and in fact, this is the group of meat products with the greatest amount and diversity of these
compounds. This has to do with several factors, such as the raw material, temperature of the medium
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(assuring conditions favorable to starter growth), the presence and concentration of additives (sugar,
salt, antimicrobial agents, etc.), the microorganisms present, etc. The large quantities of microorganisms
in these products, accompanied by proteolysis, gives rise to high concentrations of the amino acids
constituting the nutrients required by the bacteria and the substrate on which decarboxylase enzymes
work. In some cases, the presence of BAs in fermented products has been attributed to the poor quality
of raw materials and defective processing.

Figure 1. Formation of biogenic amines and factors influencing their formation. FAAs are free
amino acids.

The storage temperature of final products is also one of the critical factors in the formation of
BAs. Freezing temperatures inhibit microbial growth and therefore the production of biogenic amines.
In contrast, higher chilled storage temperatures (>5 ◦C in fresh meat or fish) or poor temperature control
foster the growth of microorganisms in products, which results in an increase in proteolysis in muscle
tissue and an increase in decarboxylase enzymes and activity. Hence, low storage temperatures can
make for improved quality and longer shelf-life of products. However, an increase in BAs is also related
to processing and packaging conditions (modified atmosphere, vacuum, high hydrostatic pressure,
irradiation, cooking products, etc.) that have an important influence on microbial flora. Controlling all
of these factors improves the quality and shelf-life of food [14,34,48–50]. Today’s lifestyle and global
markets have led to the massive consumption of food and with this the development of new production
and conservation systems and a complex food chain, that in many cases requires a deeper knowledge
of how these foods are handled and forces us to face new challenges and problems in supplying
safe foods.
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4. Legislation Concerning Biogenic Amines in Food and Beverages

While it is very difficult to establish BA toxicity ranges owing to the many factors involved as
described in the foregoing, given the dual importance of BAs (quality and health implications), efforts
are being made to control BAs in food products and all countries have enacted legislation in this
respect [4]. However, specific legislation only covers histamine in fishery products and no criteria have
been established for other BAs or other food products, such as meat, dairy, or other products, despite
the presence of important levels of BA in all types of food and the potential health risk in certain sectors
of society where these products are consumed. However, in general the same legislation applicable to
fish is applied to these products [19,22,40,44,51,52]. European Commission Regulations (2073/2005,
144/2007, 365/2010) set food safety criteria for histamine in fish. This legislation applies to particular
fish species within the Scombridae, Clupeidae, Eugraulidae, Coryphenidae, Pomatomidae, and Scomberesocidae
families throughout their shelf life with a sampling plan comprising nine units, two of which may be
between 100–200 mg/kg of histamine and none above the limit of 200 mg/kg. This legislation also
covers histamine levels in the processing (brine, enzyme maturation, curing, etc.) of these species with
a sampling plan comprising nine units, two of which may be between 200–400 mg/kg of histamine
and none above the limit of 400 mg/kg. The Australian and New Zealand standard codex feature
similar levels between 100 mg/kg and none may exceed the limit of 200 mg/kg. In the U.S. the Food
and Drug Administration [3] has set histamine limits in food in general at 50 mg/kg. This legislation
is more advanced than its counterpart in the EU insofar as it applies to all food products.

Notwithstanding the difficulties and limitations in determining the real risk of toxicity for
consumers posed by BAs in food, we should be aware that this legislation has its limitations. It is
designed for one single biogenic amine (histamine) that, while admittedly one of the most important
amines from a toxicological point of view, is not the only cause of toxicity. Limits should also be
established for other amines, particularly tyramine, that have toxic effects, while also bearing in
mind the other factors contributing to toxicity such as toxicity enhancers (individual susceptibility,
consumption of MAOI, synergies resulting from the consumption of different foods during the same
meal, etc.), with a view to establishing more restrictive legislation in certain cases. Although these
aspects are truly difficult to address, they should be studied and included in future regulations to
guarantee food safety and consumer health.

5. Analytical Determination of Biogenic Amines

As noted above, from the point of view of food safety and to assess the potential toxic effect of
BAs, it is important to control and determine which BAs should be addressed. A number of swift
and accurate analytical methods have been developed to determine BA levels in different foods and
they were collected in various reviews [36,53–58]. These methods range from the more traditional
colorimetric and fluorometric methods focused mainly on determining histamine individually,
as is also the case with fast commercial kits based on the Elisa enzyme immunoassay to detect
histamine in fish, to methods allowing for the simultaneous determination of several BAs (preferable)
using chromatography methods such as: gas chromatography (CG) and gas chromatographic–mass
spectrometry, high-performance liquid chromatography (HPLC), HPLC-tandem mass spectrometry,
flow injection analysis (FIA), capillary electrophoresis, etc. (Table 1). Of all of these methods, HPLC
is the most popular and frequently reported for the separation and quantification of BAs. This is the
specific analytical method in European Commission (EC) [4]. This procedure offers high resolution,
sensitivity, and versatility, and sample treatments are generally simple. Moreover, it offers the
advantage of analyzing several BAs simultaneously. The HPLC method involves the first phase
of BA extraction from the products and a second phase of determination. The extraction of BA
is conducted using different solvents, such as hydrochloric acid, trichloroacetic acid, perchloric
acid, methanol, etc., for the extraction procedure depending on the type of matrix (Table 1).
The complexity of these matrices is a critical consideration for the adequate recovery of all BAs
and to prevent interference with other compounds in the samples. This phase is also necessary in
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many other methods (Table 1). Chromatographic determination by HPLC is generally used pre-
and post-column with reverse phase or ion exchange columns. Depending on the type of column
employed, different derivate reagents are used to increase the sensitivity of the determination since
BAs have low volatility and lack chromophores. The reagents commonly used in the literature
are: dansyl chloride, ortho-ophtaldehyde (OPA), benzoyl chloride, p-phenyldiazonium sulfonate,
3-(4-fluorobenzoyl)-2-quinolinecarboxaldehyde, methanesulfonic acid, etc. Of these, OPA and dansyl
chloride are the ones most widely used. The type of derivatization reagent used has implications for
detection systems: UV/Vis, diode array, and fluorescence detector (Table 1). Important advances in
analytical methods have paved the way for the use of more routine methods, such as flow injection
analysis (FIA), which has been successfully used to determine BAs. This methodology offers a number
of advantages, such as easy control of the chemical reaction, rapid reaction in the system, all reagent
additions are performed automatically, etc. Moreover, FIA methods have been extensively used in
combination with mass spectroscopy and with immobilized enzymes and electrodes or reactors using
several different enzymes (amine oxidase, peroxidase, histaminase, etc.) to determine BAs in various
elements by means of amperiometry or chemiluminescence. This has marked a major step forward in
biosensor-assisted FIA determination of BAs [53].
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6. Conclusions

There are many reasons to prevent the accumulation of biogenic amines in food products,
mainly related to their utility as food quality indicators and their potential implications for consumer
health. Controlling these compounds implies a deep understanding of the formation, monitoring,
and reduction of biogenic amines during the processing and storage of food, and even of the
effects of biogenic amines in consumers after the digestion of foods containing different levels
of these compounds. Moreover, it is important to have quick, reliable, and precise analytical
techniques to determine not only histamine and tyramine levels individually, but also to analyze
other biogenic amines (putrescine, cadaverine, β-phenylethylamine, etc.) with implications for health
and metabolic processes.

Such control of biogenic amines would benefit public authorities, industry, and consumers as
it would help put higher quality products with fewer health implications on the market. However,
guaranteeing the quality and safety of food requires a commitment not only from public institutions
but also from production sectors, commercial processors, and ultimately from consumers who must
play an important and active role in achieving food safety.

7. Future Trends and Perspectives

There are many lines of research looking into BAs in food and there are also many possibilities
to be explored with regard to this subject from the technological, microbiological, analytical,
and toxicological points of view.

Work should focus on determining the real risk of toxicity for consumers posed by BAs in food and
should not be limited to a single amine or food product but should rather cover all the amines involved
and in all foods consumed. Attention should also be given to the other factors contributing to toxicity,
such as toxicity enhancers (individual susceptibility, consumption of MAOI, synergies resulting from
the consumption of foods, etc.). Although these aspects are truly difficult to address, they should be
studied and included in future regulations to guarantee food safety and consumer health.

Another important reason to control these compounds is the fact that often foods with toxic levels
of BAs, such as histamine or tyramine, appear organoleptically ‘normal’ and consumers are unable to
reject products based on sensorial parameters.

Moreover, today’s market is trending towards the development of new products with new
ingredients and new processing technologies, which create new conditions that could either favor or
reduce the formation of biogenic amines. This is the case, for example, of the effect of decarboxylase
enzymes responsible for their formation and the factors that modulate this activity. Therefore the
implications of these new factors must be taken into account in new projects.

Important research efforts should continue in the field of analysis and determination of these
BAs, always focused on the simultaneous determination of all of them, and on the different matrices,
in order to solve the problems of extraction and interference of complex matrices. Also, advances need
to be made in the search for more accurate, swift, simple, and unified determination methods that can
easily be transferred to laboratories, industry, and the public administration.

Consequently, all research efforts should focus on the overarching goal of food safety and on
providing the authorities with the tools they need to conduct swift checks of these compounds to
reduce risk to consumers.
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Abstract: Biogenic amines derived from basic and aromatic amino acids (B/A-BAs), polyamines,
histamine, serotonin, and catecholamines are a group of molecules playing essential roles in many
relevant physiological processes, including cell proliferation, immune response, nutrition and
reproduction. All these physiological effects involve a variety of tissue-specific cellular receptors and
signalling pathways, which conforms to a very complex network that is not yet well-characterized.
Strong evidence has proved the importance of this group of molecules in the gastrointestinal context,
also playing roles in several pathologies. This work is based on the hypothesis that integration
of biomedical information helps to reach new translational actions. Thus, the major aim of this
work is to combine scientific knowledge on biomolecules, metabolism and physiology of the main
B/A-BAs involved in the pathophysiology of the gastrointestinal tract, in order to point out important
gaps in information and other facts deserving further research efforts in order to connect molecular
information with pathophysiological observations.

Keywords: histamine; serotonin; catecholamines; polyamines; gastrointestinal tract; nutrition;
inflammation; gastric cancer; bowel diseases; colon cancer

1. Introduction

Biogenic amines (BAs) are low molecular weight organic compounds synthetized in vivo by
decarboxylation of L-amino acids or their derivatives, thus containing one or more amino groups [1].
BAs can be derived from L-basic amino acids, as for instance, histamine (HIS) derived from L-histidine,
as well as putrescine (Put), agmatine (Agm), spermidine (Spd) and spermine (Spm) derived from
L-arginine or L-ornithine, depending on the organism. Other BAs can also be synthetized from
L-aromatic amino acids or derivatives in mammalian tissues, as is the case for serotonin (5-HT) and
catecholamines (CAs) that have L-aromatic amino acids such as L-tryptophan and L-tyrosine as their
precursors, respectively. Figure 1 shows chemical structures of BAs. Throughout this work, this set of
biogenic amines derived from basic or aromatic L-amino acids are abbreviated as BA. We will focus
our attention on the role of B/A-BAs, as they are the most important ones in the gastrointestinal
context. Another important BA for the central nervous system (CNS), the gamma-aminobutyric acid
(GABA), is derived from the amino acid L-glutamate. Many other BAs, outside the scope of this review,
can also be synthetized in nature playing different roles along the phylogenetic scale (for instance,
tyramine from L-tyrosine and cadaverine from L-lysine, among others) [2,3].
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Figure 1. Chemical structures of B/A-BAs in their major forms at physiological pH. Histamine
imidazole group is only partially protonated at pH 7 (pI ≈ 6).

All B/A-BA synthetic pathways include the alpha-decarboxylation of L-amino acids with cationic
or aromatic side chains, or methylated or hydroxylated amino acid derivatives, as in the cases of
5-HT and CAs, respectively (Figure 2). In mammalian cells, B/A-BA synthesis involves the action of
three pyridoxal 5′-phosphate (PLP)-dependent enzymes: ornithine decarboxylase (ODC, EC 4.1.1.17),
histidine decarboxylase (HDC, EC 4.1.1.22) and aromatic L-amino acid decarboxylase (or DOPA
decarboxylase, DDC, EC 4.1.1.28) [4–6]. In some cases, their common names used to derive from
the precursor amino acid, as for HIS, that is synthetized from L-histidine, or 5-HT synthetized from
L-tryptophan, but it is not a general rule. The metabolic origins of these BAs are shown in Figure 2 and
further explained in the following sections.

Expressions of the involved PLP-decarboxylases—ODC, HDC and DDC—are cell-specific events,
therefore linked to cell-specific developmental programs, for which we still ignore many involved
factors. Both mammalian HDC and DDC share a high degree of homology; however mammalian ODC
has a different evolutionary origin [7,8]. Nevertheless, all of them could compete for the cofactor PLP,
in cases of vitamin B6 deficit or altered hepatic PLP metabolism (for instance, during aging [9]).
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Figure 2. Aromatic and cationic BA synthesis and degradation pathways in mammalian cells. (a) histamine;
(b) serotonin; (c) cathecolamines; (d) polyamines. Degradation products are depicted in orange boxes.
Abbreviations (by alphabetical order): AdoMet, adenosylmethionine; AdoHcy, adenosylhomocysteine;
AOC1; CoA, coenzyme A; diamine oxidase; DBH, dopamine β-hydroxylase; dcAdoMet, decarboxylated
adenosylmethionine; ADDC, DOPA decarboxylase; DOPA, dihydroxyphenylalanine; DOPAL,
3,4-dihydroxyphenylacetaldehyde; DOPEGAL, 3,4-dihydroxyphenylglycoaldehyde; HDC, histidine
decarboxylase; HNMT, histamine N-methyltransferase; MAO, monoamine oxidase; MTAD,
methylthioadenosine; PAO, polyamine oxidase; PNMT, phenylethanolamine N-methyltransferase; SMOX,
spermine oxidase; SMS, spermine synthase; SRM, spermidine synthase; SSAT, spermidine/spermine
N1-acetyltransferase; TH, tyrosine hydroxylase; TPH, tryptophan hydroxylase.
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Another common fact is that BA degradation in vivo involves the action of amino oxidases.
These reactions produce aldehydes (sometimes very toxic ones) and H2O2. A high oxidase activity
could therefore cause local ROS and/or toxic aldehyde elevations. Amine oxidase specificities
for each B/A-BA will be mentioned below. There are two families of amine oxidases, copper- or
flavine-dependent oxidases [10,11]. These enzymes can be extra- or intracellular located and they
also differ in the amine substrate specificities. For instance, the copper-dependent diamine oxidase
(AOC1 or DAO, EC 1.4.3.22) can accept both HIS and Put as a substrate; these BAs come from different
synthesis pathways. DDC products also share MAO activities (EC 1.4.3.4) [12]. Thus, degradation
is also a process in which different BA metabolic pathways can eventually be confluent in the same
physiological context.

In the following subsections, we will focus on descriptive overviews of the different B/A-BA
specificities of their respective metabolic pathways and physiological functions in the gastrointestinal
tract (GIT) system. It is a very complex physiological scenario still unveiled or confusing in many
aspects. However, it is well known that BA metabolism in GIT can be highly decisive for health
and quality of life, as occurring in the other physiological contexts mentioned above, therefore also
deserving further biochemical and cellular research efforts to reach more efficient translational actions.

From a biochemical point of view, BAs were considered to be a part of secondary metabolism for
many years, and consequently neglected in many general biochemistry textbooks. However, evidence
has accumulated revealing important roles of these metabolites in mammalian pathophysiology.
For instance, it is well known that HIS is an important mediator of the immune system, as well as a
key biomolecule for correct gastric function [13–15] (Table 1). Nowadays, we can say that they are
very important for human homeostasis, as they play important roles in the most important human
physiological functions (neurotransmission, defence, digestion and nutrition, growth, apoptosis,
and reproduction). Consequently, impairments in their metabolic (including signalling) pathways are
related to many different pathological phenotypes and diseases.

Table 1. Nomenclature, precursors and main functions of the basic and aromatic amines involved in
the gastrointestinal pathophysiology.

Common Names
(Abbreviations) *

IUPAC Names Precursor L-Amino Acids Physiological Roles

Histamine (HIS) 2-(1H-Imidazol-4-yl)ethanamine L-Histidine
Neurotransmitter.
Immune mediator.
Gastric acid secretion inducer.

Serotonin (5-HT) 3-(2-Aminoethyl)-1H-indol-5-ol L-Triptophan

Neurotransmitter related to
reward motivated behaviour.
Modulator of vessel constriction
and intestinal motility.

Catecholamines (CAs):

L-Tyrosine
Blood pressure regulators.
Modulators of nutrient absorption
and intestinal motility.

Dopamine (DA) 4-(2-Aminoethyl)benzene-1,2-diol

Epinephrine (R)-4-(1-Hydroxy-2-(methyl
amino)ethyl)benzene-1,2-diol

Norepinephrine (R)-4-(2-amino-1-hydroxy
ethyl)benzene-1,2-diol

Polyamines (PAs):

Essential for cell viability,
proliferation and correct
differentiation.

Putrescine (Put) Butane-1,4-diamine L-Ornithine

Spermidine (Spd) N′-(3-aminopropyl)butane-1,4-diamine L-Ornithine +
L-MethionineSpermine (Spm) N,N′-bis(3-aminopropyl)butane-1,4-diamine

Agmatine (Agm) 2-(4-aminobutyl)guanidine L-Arginine
Anti-apoptotic effects.
Positive effects on brain, hepatic
and renal functions.

Data from references [16–24]. *, Abbreviations used in the text.
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BAs can be synthesized de novo by specific mammalian cell types, but can also have an
exogenous origin [19]. Microbiota, as well as microorganisms taking part in food processing or
contamination, can produce biogenic amines from dietary amino acids at different rates and with
different structures to those synthetized by human cells, which can have physiological effects;
for instance, the decarboxylation product of L-arginine, Agm [20]. Its endogenous synthesis is, at least,
controversial [21]. BAs are also present in a huge variety of drinks and foods, especially those in which
microbial activity takes place during storage or preparation, sometimes with negative consequences
for human health; for instance, toxicity due to HIS overproduction in contaminated seafood (i.e., by
Morganella morganii sp.) [22] or high levels of amines in cold cuts and fermented foods (lactic products,
fermented vegetables, wine, beer, etc.) [23,24]. In addition, BAs could form carcinogenic nitrosamines
in the presence of nitrites during food processing [25].

A full characterization of the physiological effects of exogenous BAs has always faced two big
handicaps: the multiple difficulties to evaluate the degree in which dietary amines are absorbed by
gut epithelium, and the complexity of the characterization of the BA metabolism capacities of our
particular microbiota, as this factor can induce important changes in the BA concentrations available
to gut epithelium.

The importance of B/A-BAs in our digestive systems has been observed throughout the 20th
century. In spite of all these valuable pathophysiological data (thousands of indexed publications)
available, many gaps in molecular information still exist with regard to the mechanisms involved in
each case, delaying the progress towards more personalized and accurate solutions for digestive-related
pathologies [26]. As a research group working on several Systems Biology initiatives [27,28] and
BAs [1,29,30], our hypothesis is based on the concept that integration of information can reveal
emergent information, offering light to new hypothesis and translational actions. As far as we know,
there is no recent similar review devoted to gathering biochemical and pathophysiological information
on B/A-BAs in the GIT. Thus, the major aim of this work is to present an overview of the known facts
of biochemical and pathophysiological information on B/A-BAs in the GIT context. The objective
is to point out interesting facts deserving further research in order to eliminate gaps of molecular
information currently blocking or delaying translational possibilities for prevention, diagnosis, and/or
intervention of gastrointestinal diseases.

2. Histamine Biochemistry and Physiology

2.1. Histamine Synthesis

HIS was one of the first discovered low molecular weight (111 Da) immune mediators at the
beginning of the last century [17,31,32]. Its precursor, the semi essential amino acid L-histidine,
can be at least partially endogenous or derived from dietary proteins [33]. In mammalian cells,
HIS synthesis occurs by decarboxylation of L-histidine, which is catalysed by the enzyme named
L-histidine decarboxylase (HDC) (Figure 2a). This activity is carried out by PLP-dependent enzymes
in both Gram-negative bacteria and Metazoa [34]. However, in Gram positive bacteria potentially
present in intestines (for instance, Lactobacillus sp.), the reaction is catalysed by a non-homologous
pyruvoil-dependent enzyme [5,34,35]. In human tissue, HDC is only expressed in a short list of
cell types. Among them, several immune differentiated cells (mast cells and basophils) [36–38],
histaminergic neurons [18,39], and gastric enterochromaffin-like cells (ECL cells) [40] are able to
both synthetize and store HIS. Transformed HIS producing cells can preserve or even increase their
HIS-producing capacity, as in the case of malignant mastocytosis and several types of gastric cancer
cells [41,42]. Other cells (for instance, macrophages, eosinophils, and platelets) can also synthetize HIS
to any extent, being unable to store it in specialized vesicles [31,35].

A big gap of information still exists on mechanisms controlling cell type-specificities with
respect to HDC expression, but it seems to be clear that epigenetic events play important roles
(i.e., methylation/demethylation of CpG islands present in mammalian HDC gene promoter) [43,44].
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It has been observed that HDC gene expression can increase in response to several stimuli such as
gastrin, estrogens, or several interleukins (ILs) as IL-1, IL-3, IL-12 or IL-18. It depends on the specific
receptors expressed by the target HIS-producing cells [35,45].

Alternative splicing events have been observed during mammalian (and human) HDC expression
in HIS-producing cells [46,47]. The meaning of these aberrant messengers is still unknown. As the
active protein is a dimer and taking into account that dimerization involves interaction of both
N-terminus [34], some of the truncated sequences could act as natural HDC inhibitors.

In addition, the protein needs to be processed to reach the active conformation and is a very
unstable enzyme [48–53]. Regulation of the enzyme processing and turnover can be important as a
determinant of active HDC levels. However, HDC processing and maturation is a process not fully
characterized. It seems to be clear that the monomer mature form must correspond to a 53–63 KDa
fragment of the N-terminus of the primary translation product [49]. Nevertheless, the precise sequence
of this fragment in vivo is not yet known.

The action mechanism of mammalian PLP-dependent L-amino acid decarboxylases has been
previously described [54,55]. Briefly, it involves two transaldamination reactions from the PLP-enzyme
complex to the L-amino acid-enzyme complex, which is decarboxylated in the substrate α-carboxylic
group to form a covalent amine product-enzyme complex. This last complex suffers a second
transaldimination reaction with PLP to recover the initial PLP-enzyme complex, thus releasing the
amine product. Important changes in the global decarboxylase conformation have been observed
for both mammalian HDC and DDC during catalysis [56,57]. The quaternary structure of HDC and
DDC only differs in tautomeric forms of intermediates along the reaction, most probably due to slight
differences in the active dimer conformation [54,55]. In fact, both enzymes can share substrates (i.e.,
L-histidine, but with different affinities) and inhibitors (for instance, epigallocathechine-3-gallate).
This fact needs to be taken into account for design of specific inhibitors of any of these activities with
pharmacological purposes.

2.2. Exogenous Histamine Synthesis

Important quantities of HIS can be present in some natural products, such as oranges or tomatoes.
Fermented products (cheese, alcoholic drinks, fermented vegetables and fish) can also contain high
quantities of HIS (and other BAs), as a result of the metabolic properties of the living organism involved
in each case. Contamination during food processing or storage can also allow undesirable growth of
HIS-producing microorganisms. Many efforts of EU COST actions (i.e., COST Action 917, 922 and
BN0806) have been devoted to the study and control of BA levels in foods (see for instance, [58,59])
However, it is a very complex subject with many variables and a lot of uncertainty with regard to
amine absorption mechanisms and traceability. This issue requires applying more holistic approaches,
and the use of high-throughput technologies, in order to efficiently translate the knowledge to both
new general nutritional recommendations and personalized diets.

In addition, GIT microbiota species can synthetize HIS (and many other BAs) by using PLP- or
pyruvoyl-dependent enzymes. Thus, microbiota characterization should also be considered during
personalized medicine initiatives of patients affected by BA-related diseases [26].

2.3. Histamine Degradation

In human tissues, HIS can be degraded by two different pathways (Figure 2a). The first one
involves the intracellular N-methylation of HIS in its imidazole group catalysed by histamine N-methyl
transferase (HNMT, EC 2.1.1.8) [60]. It is an ubiquitous enzyme expressed in liver and also in intestinal
mucosa in a minor extent [61,62]. Its product, N-tele methyl-histamine, is a substrate of monoamine
oxidase (MAO), which produces N-methylimidazole acetaldehyde. Finally, the enzyme aldehyde
dehydrogenase (AD, EC 1.2.1.5) reduces this metabolite to N-methylimidazole acetic acid. This seems
to be the major pathway in the brain [63]. However in GIT, the main pathway for HIS degradation
involves the direct HIS oxidation by the action of human DAO producing imidazole acetaldehyde [35].
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It is a copper-containing glycoprotein associated with cytosolic membrane and expressed in the
stomach, duodenum, small intestine, and colon [61,62]. It can be released from membranes of their
producing cells and is active in human serum [64]. It is also known as amyloride-binding protein-1
(AOC1) and histaminase.

2.4. Histamine Transport and Storage Mechanisms

In mammalian cells, HIS can be transported into epithelial cells throughout organic cations
transporters (OCT 2 and 3), and the plasmatic membrane monoamine transporter (PMAT). OCT 2 and
3, and PMAT are located in the basolateral plasmatic membranes. OCT 3 has also been located in the
luminal membranes of bronchial and small intestine epithelial cells [35,65].

Inside the cell, HIS can be transported through endosomal membranes by using the vesicular
amine/proton antiporter systems named vesicular monoamine transporter 2 (VMAT2 or SLC18A2),
which is also able to transport other monoamines such as DA, norepinephrine and 5-HT, and can be
modulated by drugs such as amphetamines and cocaine [66].

With respect to storage, as mentioned previously, only a few cell types are able to store HIS.
The major HIS-storing cells in a human body are mature mast cells, which can accumulate HIS, as well
as 5-HT and even PAs into secretory granules, most probably derived from trans-Golgi vesicles [67].
Mast cells are infiltrated into mammalian epithelia, including GIT epithelia. Other important HIS
storing cells in GIT are gastric ECL cells [68].

Three different mechanisms have been described for HIS secretion [35]:

1. Mast cell degranulation by immune stimuli. The presence of specific antigens induces IgE
synthesis, inducing a high affinity binding between the specific IgE and IgE receptor known as
FcεRI. This high affinity complex induces degranulation after further expositions to the antigen.

2. Cytokines can also induce degranulation. It is mediated by vesicular trafficking events involving
fusion and/or content interchange between secretory granules and vesicles driven to exocytosis.

3. Constitutive HIS leakage due to non-active transport through cytosolic membranes or trans-Golgi
vesicles driven to exocytosis.

2.5. Histamine Signalling and Physiological Functions

HIS could be considered the most pleiotropic amine, as it is involved in a wide spectrum of
physiological processes concerning the most important function for a human being. It is a well-known
immune mediator, as well as a neurotransmitter, thus involved in the most complex and still not fully
characterized physiological capabilities. It also plays a key role in gastric acid secretion, and has also
been described as a cell proliferation modulator, nutrition and cell proliferation being two essential
functions for life [13].

HIS effects in different physiological scenarios are elicited by different HIS receptors. Four specific
HIS receptors have been detected so far, namely H1R, H2R, H3R and H4R. All of them are members
of the G-protein coupled receptor family. Their expressions are cell-type dependent and the elicited
signals sometimes contradictory. Nevertheless, all of them somehow participate in GIT functions and
homeostasis. Table 2 summarizes their specific characteristics.
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Table 2. Molecular and functional properties of human histamine receptor types.

Properties
HIS Receptor 1

(H1R)
HIS Receptor 2

(H2R)
HIS Receptor 3

(H3R)
HIS Receptor 4

(H4R)

Chromosome 3 5 20 18

Molecular weight (KDa) 56 40 49 44

G protein signalling Gαq Gαs Gi/o Gi/o

Elicited signalling

PLC activation
Increase of Ca2+

Production of NOS
and cGMP

PKA activation Increase
of cAMP

PLC activation Increase
of Ca2+

Decrease of cAMP
Inhibition of

Ca2+ channels

Inhibition of cAMP
Stimulation of MAP

kinase phosphorylation

Expression

Brain, smooth muscle,
skin, gastrointestinal and

genitourinary tract,
adrenal medulla,
immune system

and heart

Brain, smooth muscle,
skin, gastrointestinal and

genitourinary tract,
adrenal medulla,
immune system

and heart

Widely found in brain
and gastric mucosa

Inflammatory cells,
dendritic cells and
peripheral nerves

Physiological effects

Smooth muscle
contraction Vasodilation

and increase of
vascular permeability

Inhibition of chemotaxis
in basophils, gastric
secretion of HCl and

duodenal
bicarbonate secretion

Release regulation of
HIS (and other

neurotransmitters)
release from neurons

Inhibition the secretion
of gastric acid

Inflammatory processes
such as allergies

and asthma

Data from references [16–18]. Abbreviations; cAMP, 3′-5′-cyclic adenosine monophosphate; cGMP, 3′-5′-cyclic
guanosyl monophosphate; HIS, histamine; MAP, mitogen-activated protein; NOS, nitric oxide synthase; PLC,
phospholipase C.

H1R and H2R are the most ubiquitous receptors along the GIT. H1R, H2R and H3R are located
in gastric mucosa and their affinities for HIS are dependent on the expressed isoforms. H4R can be
expressed by inflammatory cells, as well as peripheral neurons associated with GIT. Specific HIS actions
throughout the GIT are summarized below. H4R was the most recent HIS receptor discovered, and is
still not fully characterized, in spite of the multiple efforts made by international research groups [69].
Nevertheless, insights point out to its importance in GIT physiology, thus encouraging new actions
to decipher this still veiled but important information for GIT pathophysiology. In fact, the receptor
is proposed to be involved in gastric acid secretion, gastric mucosa defence, intestinal motility and
secretion, visceral sensitivity, inflammation, immunity and gastric and colorectal carcinogenesis [70].

2.5.1. Histamine and Acid Gastric Secretion

Gastric acid secretion is regulated by different positive stimuli, such as acetylcholine, HIS and
gastrin, and inhibitors such as somastostatin. Acetylcholine is a neurotransmitter coming from enteric
neurons. HIS, gastrin and somatostatin are secreted by different endocrine cells infiltrated in GIT
mucosa; they include ECL cells, G cells and D cells, respectively [71].

Figure 3 is a scheme of the balance between stimuli and inhibitors of gastric secretion. Briefly,
on the one hand, binding of acetylcholine (from enteric neurons) to specific receptors stimulates
parietal cells to secrete HCl; as well as gastrin (from gastric epithelium G cells), which binds to the
cholecystokinin receptor 2 (CCK2 receptor) of ECL cells, thus inducing HIS secretion. As mentioned
before, HIS is a stimulus for HCl secretion by parietal cells through the signalling pathway elicited by
H2R. On the other hand, circulating cholecystokinin (CCK) binds to CCK1 receptors of gastric D cells,
thus stimulating somatostatin secretion [71]. Somatostatin directly inhibits acid secretion by parietal
cells, as well as both HIS and gastrin secretion [72].
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Figure 3. Balance between stimuli and inhibitors of gastric secretion. CCK, cholecystokinin; CCKnR,
different types of cholecystokinin receptors (1 or 2); D cell, somatostatin-releasing cell; ECL cell,
enterochromaffin-like cell; G cell, gastrin-producing cell. GLP-1, glucagon-like peptide; GIP, gastric
inhibitory polypeptide; HnR, different types of histamine receptors; M3, muscarinic acetylcholine
receptor type 3; SST-R, somatostatin receptors. Products are represented by grey arrows, activations by
green plus symbols and arrows, and inhibitions by minus symbols and red bars.

The balance between stimuli and inhibitors change throughout different phases involved in
the process, including an intracranial phase, a gastric phase, and an intestinal phase. In the next
paragraphs, we will focus on phases directly related to GIT.

In the gastric phase, the presence of food in the stomach induces acid gastric secretion by three
different ways (Figure 3): the stomach distention caused by the food is detected by mechanoreceptors,
which in turn induces neuronal reflexes for acetylcholine production; food derived-peptides and amino
acids stimulate gastrin secretion by G cells; food increases gastric lumen pH, which is an inhibitory
signal for somatostatin secretion [72].

When chyme reaches the duodenum, negative feedback mechanisms operate to reduce acid
secretion (Figure 3). On the one hand, neuronal reflexes are activated, therefore blocking acetylcholine
induced HCl secretion. On the other hand, in enteroendocrine cells, the synthesis of somatostatin
synthesis activators (i.e., CCK, secretin, glucagon-like peptide and gastric inhibitory polypeptide) [73]
are also promoted in different enteroendocrine cell types, which finally lead to gastrin, HIS and HCl
secretion inhibition (Figure 3).

It has been proposed recently that HIS could also inhibit its own secretion through binding to H3R
present in ECL cells membranes [17]. Acting through other receptors, HIS has also been proposed as
involved in the gastric vasodilatation and reactive hyperaemia produced in response to acid challenge
(through H1R), and the modulation of the gastric mucosal defence, the enteric neurotransmission
and the feedback regulation of HIS release (through H3R, and maybe also through H4R) [73,74].
Nevertheless, the precise roles of H4R in gastric physiology are still controversial [75].

2.5.2. Histamine and Immune Response in Gastrointestinal Tract

As mentioned before, mast cells (and basophyls) are the major producers of HIS. In these cells,
HIS release can be induced by IgE, but also by cytokines, neuropeptides, growth factors, free radicals
and anaphylotoxins [17], many of them potentially present in the GIT. Other eventually HIS-producing,
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but not HIS-storing cells, like lymphocytes, fibroblasts and macrophages are also present and interact
with GIT epithelia [76,77].

HIS modulates immune response mainly through H1R, H2R and H4R, depending on the receptor
type expressed in each immune cell type. HIS elicited immune actions include the capability to
modulate expression and/or activity of many cytokines and the complement system [78–80]. Again in
turn, a cross regulation between cytokines and HIS seems to control GIT functions, as it has been
proven that several cytokines such as TNF-α, IL-1 and IL-6 modulate HIS synthesis and secretion.
Several components of complement systems like C3a, C4a and C5a (anaphylotoxins) have the capability
to induce HIS release from mast cells and basophils [17]. During the last decade, interest of the role of
H4R in the GIT context has increased [81].

3. Serotonin Biochemistry and Physiology

3.1. Serotonin Synthesisn

5-HT is an L-tryptophan-derivative (Table 1). Meat, milk and fruit are the major sources of
the essential amino acid precursor [82]. About 95% of the total 5-HT content in a human body is
synthetized by GIT-associated cells (approximately 9/10 by intestinal enterochromaffin-cells (EC),
and 1/10 by serotoninergic neurons located in the myenteric plexus. Only 5% of the 5-HT content in a
human body is estimated to be synthetized in CNS [83].

The biosynthetic 5-HT pathway begins with the hydroxylation of the indole moiety C5 (Figure 2b)
catalysed by the enzyme tryptophan hydroxylase (TPH, EC 1.14.16.4). It is a tetrameric non-heme
iron-dependent monooxygenase that uses L-Trp and oxygen as substrates and tetrahydrobiopterin
(BH4) as the cofactor. The reaction occurs as two sequential half reactions: a reaction between the
active site iron, oxygen, and the tetrahydropterin to produce a reactive FeIVO intermediate and the
hydroxylation of the amino acid by FeIVO [84]. Two isoforms have been detected for this enzyme.
TPH-2 expression is almost exclusive for neurons, and TPH-1 is expressed in other 5-HT-producing
cell types [85].

The TPH product, 5-hydroxy-L-tryptophan (5-HTP), is the substrate of DDC that produces
the amine 5-HT by decarboxylation of the 5-HTP α-carbon. This enzyme also decarboxylates
other aromatic L-amino acids or derivatives; for instance, L-dihydroxyphenylalanine (L-DOPA)
to produce DA [86]. In addition, it is also able to catalyse other reactions under different
environmental circumstances or specific mutations (for instance, half-transaminations and oxidative
deaminations) [87,88]. The mammalian enzyme is also a PLP-dependent enzyme, highly homologous
to mammalian HDC, as mentioned above [26,89]. In fact, it is able to accept L-His as a substrate
but with a much lower affinity than for 5-HTP or DOPA; however, the human DDC gene lacks the
sequence encoding the carboxy-terminal fraction present in mammalian HDC, which is involved in
mammalian HDC sorting to endoplasmic reticulum and activation [49]. This could suggest a different
intracellular location for both enzymes. Mammalian HDC and DDC share the catalytic mechanism
explained above for HDC [54,90]. However, at least in the case of the purified recombinant wild
proteins, mammalian DDC seems to be a more efficient enzyme according to their respective catalytic
constant values obtained in silico and in vitro [54,55]. In the case of DDC, slight modifications of the
catalytic site environment seem to induce important changes in catalytic constant (kcat) values [90].
Both enzymes (DDC and HDC) also share other structural properties related to enzyme stability
and catalysis. For instance, the presence of PEST regions in the N-terminus of the monomers and a
highly labile flexible loop, which is essential for conformation changes of the enzymes during PLP
binding and for catalysis itself [6,53,88]. In the case of 5-HT biosynthesis, the limiting step is not
decarboxylation but TPH activity.

It is noteworthy that HIS and 5-HT synthesis exhibit antagonist time-course patterns during
differentiation of mouse bone marrow derived cells to mast cells in vitro, as well as opposite responses
to PA inhibitors [67]. These results suggest a sort of regulatory coordination among all of these amine
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biosynthetic processes, which are not fully characterized yet, but should be taken into account in all of
the pathophysiological scenarios where synthesis of these amines can be confluent, as GIT is.

3.2. Serotonin Degradation

5-HT degradation is catalysed mainly by any MAO activity (Figure 2b). MAO catalysis requires
FAD as the cofactor to carry out an oxidative deamination of 5-HT, thus producing hydrogen peroxide
and 5-hydroxy-3-indolacetaldehyde, which is rapidly processed to 5-hydroxy-3-indolacetic acid by
the action of AD [91]. Human genome contains two different genes encoding MAO activities, namely
MAO-A and MAO-B [12]. Both proteins are located in the external mitochondrial membrane [92].
MAO-A has a higher affinity by 5-HT as well as a wider expression spectrum. However, MAO-B is the
only one detected in serotoninergic neurons [91]. Both MAO isozymes are expressed in GIT [61,62,93].

3.3. Serotonin Transport and Storage Mechanism

In GIT, 5-HT is mainly produced and secreted by the neuroendocrine enterochromaffin (EC)
cells, located alongside the intestinal epithelium lining the lumen of the digestive tract. Recently, it
was described that the sodium channel Nav1.3 plays an important role for EC excitability and 5-HT
release [94]. Once 5-HT is secreted by EC cells and binds to the specific receptors of the surrounding
cells, it is removed from the interstitial space by the sodium-dependent 5-HT transporter (SERT), also
named as the solute carrier family 6 member 4 (SLC6A4), which is expressed by GIT epithelial cells.
SERT is a protein with 12-transmembrane fragments, which is able to transport 5-HT by a Na+/K+-
and Cl-dependent mechanism [83,95]. Inside the GIT epithelial cells, 5-HP is rapidly degraded by
MAO activity, as explained above [83,95,96].

In addition, postprandial 5-HT can also enter systemic circulation and is absorbed by platelets.
Actually, most of the circulating 5-HT is stored in platelets, as these cells also express 5-HT transporters.
SERT is negatively regulated by activation of tool-like receptors and several pro-inflammatory
cytokines. On the contrary, other anti-inflammatory cytokines, such as IL-10, increase transporter
activity. Treatment with specific SERT inhibitors leads to an increase of free 5-HT content,
thus empowering 5-HT effects, not only in GIT but also in CNS [83].

3.4. Serotonin Signalling and Physiological Functions

It is well known that 5-HT has also been involved in very complex physiological processes such
as being an essential neurotransmitter and paracrine molecule for brain-intestine crosstalk, commonly
known as gut-brain axis [97]. The amine is involved in modulation of body temperature and circadian
rhythm [98,99], as well as in cardiovascular activity, morphogenesis and cell proliferation [100,101].
In the GIT context, it has been described as a gastric motility and secretion, a nutrient absorption
regulator and an immunoregulatory compound. Consequently, dysfunctions in 5-HT metabolism
usually have very important negative consequences on human physiology including gut-brain
communication [82,102]. 5-HT also elicits both motor and sensitive responses in the intestine by
binding to different receptors expressed by mesenteric and mucosal neurons (Table 3).
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Table 3. Molecular and functional properties of the best-known human 5-HT receptor subtypes
important for GIT functions.

Properties
5-HT1A Receptors

(5-HT1AR)
5-HT1D Receptors

(5-HT1DR)
5-HT2 Receptors

(5-HT2R)
5-HT3 Receptors

(5-HT3R)
5-HT4 Receptors

(5-HT4R)
5-HT7 Receptors

(5-HT7R)

Chromosome 5 6 13/2/X 11 (A, B and C) and
3 (D and E) 5 10

Molecular
weight (KDa) 421 390 471/481/458

Pentameric 478 (A);
441 (B); 447 (C);
279 (D); 471 (E)

387 445

G protein
signalling Gi/o Gi/o Gq/11

Activated by ligand
binding and

opening channels
Gs Gs

Expression
Enteric neurons,
substantia nigra,

hippocampus

Enteric neurons,
substantia nigra,

basal ganglia

Stomach, fundus,
caudate nucleus,

cerebellum

Enteric, sympathetic
and vagus nerves,

area postrema

Enteric neurons
(myenteric plexus),

hippocampus

Smooth muscle,
thalamus,

hypothalamus and
hippocampus

Physiological
effects Neuronal inhibition Neuronal inhibition Muscle contraction

Neuronal
depolarization

Increased
neurotransmitter

release

Muscle contraction
Positive effects on

cholinergic
transmission.

Muscle relaxation

Data from references [95,103].

3.4.1. Regulation of GIT Smooth Muscle Contraction and Relaxation

5-HT is a regulator of both intestinal smooth muscle contraction and relaxation through the
activation of enteric excitatory motor neurons and intrinsic inhibitory neurons, respectively [83,104].
The amine can bind 5-HT3R and 5-HT4R of excitatory cholinergic motor neurons, thus inducing
acetylcholine release and smooth muscle contraction. However, 5-HT binding to 5-HT4R, 5-HT1AR,
and/or the badly characterized 5-HT1DR, present in inhibitory nitrergic motor neurons induces nitric
oxide (NO) synthesis and consequently smooth muscle relaxation (Figure 4). In addition, 5-HT also
participates in gastric muscle motility regulation [83,105].

Figure 4. Regulation of GIT smooth muscle contraction and relaxation through 5-HT receptors. AcH,
acetylcholine; 5-HT1AR serotonin receptor type 1A; 5-HT1DR; serotonin receptor type 1D, 5-HT3R;
serotonin receptor type 3, 5-HT4R; serotonin receptor type 4.
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3.4.2. Mucosal Sensory Transduction

EC cells secrete 5-HT in response to intraluminal pressure. The released amine can stimulate both
the intrinsic primary afferent neurons (IPANs) located in submucosal and myenteric plexus and the
extrinsic afferent neurons (vagal and spinal), through their binding to different receptors: 5-HT3R,
5-HT4R, 5-HT7R; and 5-HT1DR [83].

On the one hand, submucosal neurons release both acetylcholine and calcitonin gene-related
peptide; however, myenteric neurons only release acetylcholine. Both neuron types are involved in
the modulation of intestinal motility, secretion, and vasodilatation. Thus, submucosal neurons initiate
peristaltic and secretory reflexes, and myenteric neurons start migratory contractions. On the other
hand, spinal afferent neurons transmit signals related to digestive reflexes, satiety, and pain from the
intestine to the CNS.

In addition, some authors claim an important role of neuronal 5-HT in promotion of
development/survival of some classes of late-born enteric neurons, including dopaminergic neurons,
which appear to innervate and activate the adult enteric nervous system [104].

3.4.3. Serotonin and Immune Response in GIT

It has been reported that 5-HT can also elicit pro-inflammatory responses in GIT that involve
different transduction pathways most probably started by the amine binding to the 5-HT receptors
expressed by dendritic cells located in lamina propria. Recently, this immuneregulatory role of 5-HT in
GIT has been the subject of very relevant reviews on the topic [95,102].

4. Biochemistry and Physiology of Catecholamines

4.1. Synthesis of Catecholamines

DA, and their derivatives noradrenaline/norepinephrine and adrenaline/epinephrine, are the
most important cathecolamines for human physiology (Table 1). All of them are synthetized
from L-phenylalanine or L-tyrosine mainly from diet (Figure 2c). L-phenylalanine can be the
substrate of phenylalanine hydroxylase (PAH) to produce L-tyrosine. The limiting step for DA
synthesis is the enzyme tyrosine hydroxylase (TH, tyrosine 3-monooxygenase, EC 1.14.16.2),
which introduces a hydroxyl group in the meta position of the cathecol ring of L-tyrosine to obtain
L-3,4-dihydroxyphenylalanine or L-DOPA). This reaction requires Fe2+, the cofactor BH4 and O2.
TH is mainly expressed in neuroendocrine cells in both soluble and membrane bound forms. It is
a highly stereo specific enzyme, although it can also act on L-phenylalanine [82,106]. Up to four
different alternative TH mRNA spliced forms have been detected. The meaning of this variability is
still uncertain [106].

L-DOPA is a substrate of the DDC mentioned in the previous section, producing DA. In fact, it
has also been named as dopa decarboxylase in the literature [6,90]. La AADC or DDC is a ubiquitous
enzyme expressed by cell types located in different organs like the adrenal medulla, kidney, liver, GIT
and brain [61,106].

In addition to the above-mentioned pathway, there are two other alternative ways to produce
DA (not shown in Figure 2). One way, L-tyrosine, can also be decarboxylated by AADC to produce
tyramine, which is hydroxylated by a member of the cytochrome P450 family (family 2, subfamily
D, or CYP2D). Nevertheless, L-phenylalanine can also be decarboxylated by AADC to produce
phenyltyramine, which can be converted to DA by CYP2D [92].

In several peripheral tissues (mainly in adrenal medulla), two other further reactions can take place
to produce norepinephrine and epinephrine. Firstly, the action of the enzyme dopamine β-hydroxylase
(DBH, dopamine β-monooxygenase, EC 1.14.17.1) produces norepinephrine. This oxidase requires
ascorbic acid as the electron donor. It is a highly antigenic homotetramer (Mr around 290 kD) with low
substrate specificity [106].
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Finally, the enzyme phenylethanolamine N-methyltransferase (PNMT, EC 2.1.1.28) catalyses the
N-methylation of norepinephrine to produce epinephrine (Figure 1c). PNMT is a cytosolic enzyme
that uses S-adenosylmethionine (SAM) as the methyl donor. It has a low substrate specificity that
allows it to carry out the beta carbon methylation of a variety of amines. Its expression is mainly but
not exclusively restricted to the suprarenal glands [106,107].

4.2. Degradation of Catecholamines

As occurring with other BAs, CAs can be the subject of oxidative deamination catalysed
by MAO, thus producing H2O2 and aldehydes, 3,4-dihydroxyphenylacetaldehyde (DOPAL) from
DA, and 3,4-dihydroxyphenylglycoaldehyde (DOPEGAL) from epinephrine and norepinephrine
(Figure 2c). Both are instable compounds rapidly oxidized to dihydroxyphenylacetic acid
and 3,4-dihydroxymandelic acid, respectively, by the action of AD [108,109]. Alternatively,
the enzyme aldehyde reductase (AR, EC 1.1.1.21) can reduce DOPAL to 3,4-dihydroxyphenylethanol,
and DOPEGAL to dihydroxyphenylglycol. The lack of a beta-hydroxyl group in DOPAL favors its
oxidation by AD. Conversely, the presence of the β-hydroxyl group in DOPEGAL makes it a better
substrate of AR [108].

Nevertheless, the major product of norepinephrine degradation in humans seems to be
vanillylmandelic acid (VMA), produced mainly by a pathway that requires the consecutive actions of
MAO, AR, catechol O-methyltransferase (COMT, EC 2.1.1.6) alcohol dehydrogenase (ADH, EC 1.1.1.1)
and AD [108]. COMT also uses SAM as the methyl donor. Two different isoforms are encoded by a
unique gene, the cytosolic isoform being the one present in glia and peripheral organs (for instance,
liver and kidney) (not shown in Figure 2).

DA and their derivatives can be converted into other molecules in CNS and peripheral
tissues before being excreted. The activity phenolsulfotransferase (EC 2.8.2.1) is able to
produce dopamine-3-O-sulfate and dopamine-4-O-sulfate by transferring a sulfate group of
3′-phosphoadenosine-5′-fosfosulfate to any hydroxyl groups of the catechol (preferably to
dopamine-3-O-sulfate). Moreover, the enzyme uridine diphosphoglucuronosyltransferase (EC 2.4.1.17)
transfers glucuronic acid from UDP-glucuronic acid to both hydroxyl groups of the dopamine catechol
ring. This enzyme is linked to the reticulum endoplasmic membrane [109].

4.3. Signalling and Physiological Functions of Catecholamines

CAs act as both neurotransmitters and hormones, depending on their targets in different
tissues/organs [110]. In CNS, they are mainly involved in motor and emotional control, cognition,
and memory [111].

In peripheral tissues, they also play important roles as modulators of blood pressure and renal
excretion, as well as in the immune system and GIT functions [112]. DA receptors are G protein-coupled
receptors (GPCRs) classified into 5 types (D1–D5) [113]. Heterodimerization among the subtypes and
with other receptor type monomers have been reported, which results in a very complex cell-dependent
signalling network. In addition, DA can also elicit physiological signalling through G-protein
independent mechanisms (i.e., ion channels, tyrosine kinases and even arrestins [113].

Epinephrine and norepinephrine preferably bind to adrenergic receptors or adrenoceptors
(all GCPRs) that are classified as α (1a,1b,1d and 2a,2b,2c) and β (1–3) subtypes [82,114]. In the
intestine, the main epinephrine receptors are α1 and β2. However, in the case of norepinephrine,
they are α1 and α2 (as well as β2, but in a minor degree). These differences determine the specific
effects of the different CAs on absorption, blood flux, and motility in the intestine [82].

Regulation of Intestinal Blood Flux, Immunity and Motility

Norepinephrine binding to α-adrenergic receptors induces vasoconstriction and increases vascular
resistance, thus reducing the blood flux in the intestine. Low epinephrine levels stimulate β receptors,
inducing vasodilation and consequently an increase in blood flux. However, at high levels, it induces

30



Foods 2018, 7, 145

similar effects to norepinephrine [82]. DA preferentially binds to D1 at low concentrations, and to
adrenoceptors β1, and even to α1, as the DA concentrations increase. Thus, low DA levels induce
vasodilation and increase blood flux, but high DA levels can induce vasoconstriction and consequently
abdominal flux blood decrease.

Recently, in 2017, Mittal et al. [82], summarized the major effects of CAs in GIT:

• Nutrient absorption. Both epinephrine and norepinephrine play important roles in nutrient
absorption regulation. Epinephrine is able to induce a hyperglycemic response acting
through β-adrenergic receptors, and it increases absorption of oligopeptides when bound to
α-adrenoceptors.

• Intestinal motility. CAs binding to β-adrenoreceptors induces smooth muscle relaxation that lead
to a global food transit delay. On the contrary, their bindings to α-adrenoreceptors stimulate
intestinal smooth muscle contraction, and consequently gut motility and food transit.

• CAs, immune system and GIT. Recently, CAs, as well as 5-HT, have been described as regulators
of the innate immune system, which can be related to food intolerance. In addition, it is also
reported that these amines can influence the intestinal microbiota [115].

These effects are very interesting in the context of nutrition, therefore deserving further
research [116]. Fortunately, the advances of high-throughput technologies can help us to reveal
the bases of these complex but important subjects for healthy and personalized nutrition.

5. Biochemistry and Physiology of Polyamines

5.1. Synthesis of Polyamines

PAs synthetized by mammalian cells are aliphatic low molecular weight polycations with
2–4 protonated amino groups at physiological pH: Put, Spd and Spm. They are essential for
all living organisms from Archaea to humans, as they modulate the most basic mechanism for
life, macromolecular synthesis and structure and membrane dynamics. The diamine Put is the
precursor of the triamine Spd and the tetramine Spm. In mammalian cells, Put is synthetized
directly from α-decarboxylation of the amino acid L-ornithine. The aminopropyl groups of Spd
(1) and Spm (2) are added from decarboxylated SAM (dcAdoMet) (Figure 2d) [117]. Plants and
microorganisms can synthetize other BAs with different lengths, positive charges and configurations;
for instance, cadaverine (pentane-1,5-diamine), Agm, and other PAs synthetized by thermophilic
microorganisms [118,119].

The first step for PA biosynthesis in mammalian cells is the hydrolysis of the guanidinium group of
L-arginine catalysed by arginase (EC 3.5.3.1) activity (not shown in Figure 2d). Its product, L-ornihine,
is the substrate of the PLP-dependent decarboxylase, ODC, a minor and instable protein, which is
a limiting step of PA synthesis (Figure 2d). ODC product (1,4-butanodiamine) is commonly known
as Put (Figure 2d). Eukaryotic ODC structure follows a model that belongs to the group IV of the
PLP-dependent L-amino acid decarboxylases [7]. It needs to be a dimer to be active (≈a 102 kDa
homodimer in mammals). The enzyme has one of the shortest half-lives known so far for mammalian
proteins (10–50 min) and is located mainly in cytosol but it has also been detected in nucleus [120,121].
Its activity is highly regulated in response to different growth factors, oncogenes, trophic hormones,
among other proliferative stimuli [122].

As mentioned before, dcAdoMet is required to synthetize higher PAs (Spd and Spm). Its synthesis
involves the condensation of L-methionine and ATP to produce SAM, catalysed by any of the isoforms
of S-adenosylmethionine synthetase or methionine adenosyltransferase (MAT, EC 2.5.1.6). SAM can
then be decarboxylated by the action of S-adenosyl-L-methionine decarboxylase (SAMDC, EC 4.1.1.50),
producing the nucleoside dcAdoMet, which acts as the aminopropyl donor for Spd and Spm synthesis
(Figure 2d). SAMDC activity can also be a limiting step of the PA biosynthesis pathway. The mature
enzyme suffers a post-translational maturation process, which renders the essential pyruvoyl prosthetic
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group [123]. Spd is synthetized by the transfer of the dcAdoMet aminopropyl moiety to the N4 of Put
through the action of spermidine synthase (SpdS, EC 2.5.1.16). Finally, the addition of a new dcAdoMet
aminopropyl moiety to the N8 of Spd gives rise to the tetramine Spm through the action of spermine
synthase (SpmS, EC 2.5.1.22) [124].

The aminopropyl transferases SpdS and SpmS are homologus homodimers but with high substrate
specificity. Steric restrictions avoid binding of Put to SpdS, as well as binding of Spd to SpmS.
Nevertheless, both human enzymes contain two key Asp residues (Asp104 and Asp173 in SpdS,
and Asp201 and Asp276 in SpmS), which are essential for the catalytic mechanism [119].

5.2. Degradation and Recycling of Polyamines

PA metabolism can be considered to be a very robust bicycle involving both metabolic branches
(synthesis and degradation) (Figure 2d) [117]. Degradation involves a series of different amine oxidases.
Spermine oxidase (SMO, EC 1.5.3.16) is a FAD-dependent oxidase able to directly transform Spm to
Spd, 3-aminopropanal and H2O2 in the presence of H2O and O2. Several alternative splicing variants
have been observed. It is highly inducible by PAs and their analogues, among other stimuli [124].

Al alternative pathway to convert Spm into Spd (as well as Spd into Put) requires the
action of spermidine/spermine N1-acetyltranferase (SSAT, EC 2.3.1.57). SSAT reaction using Spm
and acetyl-CoA as the substrates transforms Spm into N1-acetylspermine. This product may,
in turn, follow two alternative pathways. It can be a substrate of the peroxisomal polyamine
oxidase (PAO, EC 1.5.3.13) that produces the lower PA (Spd), 3-acetamidopropanal and H2O2

(Figure 2d). N1-acetylspermine can even be acetylated again in its other terminal producing
N1,N12-diacetylspermine. This metabolite can be a substrate for peroxisomal PAO to produce
3-acetamidopropanal, H2O2 and N1-acetylspermidine. In a second reaction on N1-acetylspermidine,
PAO produces 3-acetamidopropanal, H2O2 and Put [125,126].

SSAT also can act on Spd to form N1-acetylspermidine (and CoA). N1-acetylspermidine, which is
subsequently oxidized by PAO producing 3- the diamine Put, 3-acetamidopropanal and H2O2 [125].
The diamine Put can be further degraded by DAO [118], or alternatively recycled for higher PA
synthesis. Acetylated PA are more easily excreted than their deacetylated counterparts, and their levels
in urine have been used as biomarkers of elevated PA metabolism [127].

In summary, the net result of the action of SMO or the tandem SSAT plus PAO is the conversion
of higher PAs or their acetylated versions into their respective lower poly- or diamine, which can be
again recycled in the biosynthetic pathway (Figure 2d). It conforms two energy-consuming cycles
being apparently futile. However, following the metabolic control theory, “futile cycles” confer high
sensitivity for modulation of metabolic pathways that need to respond to regulatory stimuli in a
coordinated way as a response (sometimes a compensation) to external alterations [128]. That indeed
is the case for mammalian PA metabolism, as predicted by the mathematical model of mammalian
PA metabolism and proven by its further validation [117,129]. This fact explains the difficulties
experienced by many experimental groups when trying to deplete intracellular PA levels as an
anticancer strategy [130,131].

5.3. Polyamine Transport Systems

PA import systems in mammalian cells are not yet fully characterized, in spite of the multiple
efforts made by different group members of the PA research community; this fact is still one of the most
important handicaps to control intracellular PA levels under pathological circumstances (for instance,
cancer) [132,133].

Currently, three models have been proposed and reviewed by Poulin et al. [133]. A first
model proposes the action of two permeases with different locations, one located in the cytosolic
inner membrane (PMPP) and an H+–coupled PA transporter located in vesicular membranes (VPA).
A second mechanism (one step model) involves glypican-1, acting as a high affinity PA receptor.
This binding could induce endocytosis leading to PA internalization, as described by Belting et al.,
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for Spm transport [134]. The presence of NO and Ca++ in the endosomes would revert glypican-Spm
binding. A third model proposes PA interaction with caveoline-1, which would also be reverted by
NO. These mechanisms could explain the presence of higher PA in vesicles of several mammalian
cell types. However, many doubts still remain concerning PA transport mechanisms through the
different cellular compartments, as well as cell- and PA-specificities and regulation of each transport
mechanism. Abdulhussein and Wallace recently reviewed this topic [135]. Specifically, Uemura et al.,
identified the amino acid transporter SLC3A2 as a Put export protein in colon cancer-derived cells [136]
and also studied the specific characteristics of PA absorption by the intestinal tract, providing methods
for PA transport analysis in the colon and the small intestine using membrane vesicles, culture cells,
and mouse models [137].

5.4. Physiological Functions of Polyamines

PAs can be considered protonated amino groups kept together by aliphatic skeletons that
impose specific distances among them. Thus, their positive charges and aliphatic chains can interact
specifically with negative charges and hydrophobic residues/surfaces of other biomolecules (nucleic
acid sequences, proteins and lipids) located at the correct distances, therefore modifying their
conformations and consequently the functional properties of macromolecular structures. PAs are
present and absolutely essential to keep cell viability in almost all living organisms. PA-DNA,
PA-RNA and PA-membrane interactions and their conformational consequences can be reproduced
and studied in vitro (in an abiotic environment) working with their purified components (PA,
polynucleotides and/or lipids). This knowledge on specific molecular PA interactions gives rise to new
hypotheses [138–140]. On the one hand, it is clear that some specific binding modes have been detected
(among an immense quantity of possibilities for PA-biomolecules interactions) with physiological
consequences or applications (for instance, nanotechnology applied to drug delivery) [141]. On the
other hand, it is tempting to hypothesize that their interaction with both nucleic acids and membranes
was of absolutely essential value from the beginning of life on Earth [142].

The interactive properties of PAs allow them to modulate a long list of processes involved in
cell cycle progression and gene expression as DNA condensation, replication fidelity, RNA secondary
and tertiary structure stabilization, translation initiation, elongation and fidelity, and posttranslational
modification of proteins, among others [143]. The importance of the mentioned physiological
functions modulated by PAs explains that their metabolism is strictly regulated, as well as very
robust. Nevertheless, imbalance in PA levels is associated with a long list of human diseases that
includes aberrant cell growth and differentiation and/or abnormal protein expression and folding;
for instance, cancer, GIT and neurodegenerative diseases [144], as will be mentioned further on.
Nevertheless, many molecular questions still remain unsolved on the molecular bases of the cellular
functions of PAs [145], thus delaying the biotechnological applications of this yet unveiled knowledge.

As the other above mentioned BAs, PAs also play important roles in GIT physiology [146,147].
Synthetized de novo or uptaken from the intestinal lumen intestinal, they promote two different
processes described for intestinal mucous reparation: DNA-independent cell migration and
replacement of damaged cells by cell proliferation [148].

It is also proven that PAs are important for the correct biochemical and morphological maturation
of intestine during the postnatal period. The benefits are dose and PA-specific (being Spm > Spd > Put).
In addition, PAs have also been proposed as being involved in the correct immunological system
development in neonatal intestine [146,149].

5.5. The Particular Case of Agmatine

Agm is a member of the PA family, as it is the product of L-arginine decarboxylation. It can be
converted into Put through the action of a liver agmatinase activity, a hydrolase that removes the
agmatine guanidinium moiety. It has finally been clarified that human cells express active agmatinase,
but not an active arginine decarboxylase (ADC, EC 4.1.1.19) [21]. However, some bacteria present in
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human microbiota have, in fact, active ADC, so producing Agm that can be absorbed by intestinal
epithelium. Agm protects mitochondrial functions and confers resistance to cellular apoptosis [150],
being able to modulate several processes such as hepatic regeneration and renal function [151],
among other proposed physiological functions. For instance, it is able to block N-methylaspartate
receptor receptor in brain areas related to learning and memory [152], as well as modulate mental
stress [153,154]. Thus, it seems to be a good candidate to participate in gut-brain axis. As HIS and Put,
Agm is also a DAO substrate to produce γ-butiramide that is finally converted into γ-guanidinobutirate
in CNS [39]. It can also compete with the other diamines for binding to OCT transporters [155].

6. Biogenic Amines and Microbiota-Intestine Crosstalk

In addition to BAs from diet and the endogenous BA metabolism of GIT cells, there is another
important contributor to BA levels in the intestine: the intestinal microbiota metabolism.

On the one hand, intestinal microbiota species, like any other living organism, are able to
synthesize PA [156]. These PAs can be uptaken by intestinal epithelia, thus contributing to cellular
growth and tissue renewal, especially in the colon [137,156].

On the other hand, microbiota species can also synthetize any of the other BAs mentioned in this
text. For instance, a PLP-dependent HDC homologous to the mammalian enzyme can be expressed by
Gram negative Enterobacteria. On the contrary, Gram positive bacteria (for instance, Lactobacillus sp.)
can express a non-homologous pyruvoil-dependent HDC [157]. The physiological effects of HIS
produced by microbiota are controversial and need more research to be fully understood [15].
For instance, in spite of the general idea of a deleterious role of diet HIS on human health (see
next section), it has been reported that HIS synthetized by the probiotic Lactobacillus reuteri acts as a
positive immune regulator acting through H2R [158].

In addition, some bacteria potentially taking part in human microbiota can synthetize
other BAs, different for the mentioned endogenous ones, and can also be bioactive for human
physiology (for instance, tyramine) [159]. In general, as all BAs are described as neurotransmitters,
neuroendocrine factors or neuromodulators, amines synthetized by microbiota may interact with
host signals establishing a microbiota-endocrinology system crosstalk that is a part of the larger
microbiota-gut-brain axis, with consequences in health and diseases [160].

Moreover, other products of the microbiota metabolism different from amines can regulate
endogenous BA metabolism. For instance, bile acids and short-chain fatty acids, affect 5-HT
synthesis that, in turn, directly or indirectly regulates gut motility [161] and enteric neuroimmune
mechanisms [102]. A protective role of probiotics against histamine-mediated colon carcinogenesis
have been recently reported [162], as well as against gastric cancer by modulating PA metabolism [163].

Summarizing, the so called microbiota-gut-brain axis is a very interesting but extremely complex
open subject of current biomedicine that absolutely requires the help of new approaches from system
biology and high-throughput technologies.

7. What Is Known about Biogenic Amines Roles in Human Gastro Intestinal Pathologies?

It is clear that alterations of elements of the BA metabolism, including transport and signalling
pathways, are involved in a wide diversity of GIT pathologies. However, further efforts are needed
to fully characterize the specific aberrant element(s) and/or mechanism(s) responsible for each
pathological consequence. In the next subsection, we will summarize the current state of the art
for the better known relationships between BA-related elements and human GIT diseases.

7.1. Gastric Diseases

7.1.1. Peptic Ulcers

Peptic Ulcers are mucosal erosions induced by gastric secretions. In addition to those located in
gastric mucosa (gastric ulcers), similar damages can appear at the entrance of duodenum (duodenal
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ulcers), or even in a minor percentage in the oesophagus or other intestinal segments [164]. Gastric
ulcers are usually located along the minor curvature, particularly in the corpus-antrum transitional
mucosa, their prevalence being higher in over 40 year-old humans. Duodenal ulcers are located
between the lower part of the stomach and the start of the intestine (that is, the intestinal area exposed
to gastric acid) with the highest frequency being between 20–50 year-old humans [70].

Abdominal pain is the most common symptom of peptic ulcer. Swelling, loss of appetite, nausea
and/or indigestion are also usual symptoms. Associated complications include bleeding, perforation
and stenosis. Bleeding is the most common complication among peptic ulcer patients (15–20%).
Reciprocally, 40% of humans suffering from upper GIT bleeding are peptic ulcer patients [70].

Peptic ulcers are classified depending on their anatomical location [70,165,166]. When they
are located in the stomach, they evolve as atrophic gastritis. Initially, inflammation induces
parietal cell apoptosis, which in turn induces gastric acid hyposecretion and mucosal atrophy.
Chronic inflammation and mucosal atrophy lead to gastric ulcers and eventually to gastric cancer.

Other individuals present gastritis located in the pylorus area. In this case, excessive quantities of
gastric acid are usually produced, which lead to duodenal ulcers. The inflammatory response induces
cytokine secretion that finally induces dysregulation of endocrine cells located in this area. Thus, G
cells are stimulated to overproduce gastrin, while somatostatin secretion is inhibited. As a consequence,
HIS synthesis and secretion increase, which in turn promotes proliferation and stimulation of parietal
cells, leading to gastric acid hypersecretion (Figure 3). These facts explain the treatment of the ulcers
with proton pump inhibitors and H2R antagonists [167,168].

Infection by Helicobacter pylori is a very common origin of peptic ulcers. Nevertheless, other risk
factors as alcohol and smoking abuse, as well as a continual use of several drugs (for instance,
nonsteroidal anti-inflammatory drugs or NSAIDs) have been described. H. pylori is a microaerophilic
flagellated bacteria able to colonize human gastric mucosa. It is a highly common infection that can
take place for tens of years. This Gram-negative bacteria is considered an important pathogenic agent
associated with several human pathologies like chronic gastritis, gastrointestinal ulcers, and neoplasms
such as gastric adenocarcinomas and gastric mucosa-associated lymphomas (Table 4) [169].

H. pylori induces HDC expression, and consequently an increase in endogenous HIS synthesis,
which leads to an inflammatory response including an increased presence of neutrophils and
lymphocytes, which in turn produces different cytokines and chemokines (for instance, IL-1, IL-6,
TNF-α and IFN-γ). Gene polymorphisms detected in some of these human cytokine genes are proposed
as being involved in resistance or susceptibility to H. pylori [75,170].

Table 4. Features associated with H. pylori infections and subsequent inflammation located in different
parts of the gastrointestinal tract.

Location Acid Secretion Gastric Features and Histology
Intestinal Features

and Histology
Pathology

Stomach
(pan-gastritis) Hyposecretion

Chronic inflammation and
parietal cell apoptosis
Atrophy
Intestinal metaplasia

Normal Gastric ulcer
Gastric cancer

Pylorus area Hypersecretion

Chronic inflammation and
increased gastrin released
Inhibition of somatostatin
Increase parietal cell stimulation

Gastric metaplasia
Active chronic
inflammation

Duodenal ulcer

Data from reference [16–18].

Different signalling mechanisms have been described to explain the pathological consequences
of H. pylori infection. On the one hand, there is a CAG (cytotoxin-associated gene)-dependent
pathway (involving signal transduction elements like Rho GTPases, PKA, MKK4 and JNK, and the
transcription factors AP-1 and NF-κB), which result in synthesis and secretion of cytokines acting as
an innate immune response. On the other hand, MAP kinase pathway (involving Raf-1, ERK, MEK)
is activated by a CAG-independent mechanism, which finally results in activation of BP1 and BP2.
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These transcription factors act as inducers on the HDC promoter, which lead to an increase in gastric
acid synthesis [171].

7.1.2. Gastric Cancer

Gastric cancer presents a high morbidity and mortality, being described as one of the most
common worldwide malignant neoplasms. Nevertheless, its prevalence has decreased in the last
decades in most European countries probably due to changes in lifestyle such as smoking reduction
and H. pylori control [172].

Chronic inflammation produced by the pathogen can result in changes in the normal architecture
of gastric mucosa, destruction of gastric glands, parietal cell loss, decreased gastric acid secretion,
intestinal metaplasia, and finally gastric cancer. Thus, World Health Organization estimates that
chronic H. pylori infection increases the risk of gastric cancer by 10 times, considering it as a class I
carcinogen [70]. In fact, a reduced gastric acid secretion is not only a predisposition to gastric ulcers,
but also to gastric cancer. Low levels of gastric acid reduce vitamin C absorption and allow an excessive
growth of salivary and intestinal bacteria in the stomach, which can promote carcinogenesis [165].

It has been observed that treatments with gastrin/CCK-2 receptor antagonists reduce parietal cell
apoptosis and inhibit gastric atrophy. Similar results were obtained with an irreversible H2R antagonist
(i.e., cimetidine); suggesting that both receptors could be involved in gastric cell apoptosis and
carcinogenesis [173]. However, a prospective, double blind trial carried out among hundreds of gastric
cancer patients by the British stomach cancer group did not result in any increase of survival [174].

Recent research on H4R physiological roles reveals interesting information on the involvement of
the receptor in the relationship between the immune system and GIT carcinogenesis [70].

As PAs (mainly Spd and Spm) are also essential for gastric cancer progression, some authors claim
that new probiotic-based anticancer strategies are able to reduce endogenous PA levels and gastric
cancer growth as a result [163].

7.2. Intestinal Diseases

7.2.1. Irritable Bowel Syndrome

Formerly known as spastic colon, irritable bowel syndrome (IBS) is a prevalent disorder that
is characterized by alterations in intestinal secretions and motility, mainly affecting the colon.
The symptoms (cramps, abdominal pain, intestinal habit alterations, and food intolerances) can
appear during childhood or in adults [175,176]. Different subtypes have been described. The IBS-D
subtype is characterized by diarrhoea; IBS-C is characterized by constipation; and IBS-M presents both
intestinal alterations [175].

Several research groups have proposed the involvement of 5-HT-related elements (enzymes,
transporters and receptors) in the pathology. For instance, results of several studies point out genetic
variants of the gene encoding the 5-HT transport SERT (chromosome 17) that could predispose to
IBS [177]. However, other results are not conclusive and sometimes contradictory [178]. Thus, it is one
of the complex BA-GIT relationships needing further investigation.

Different treatments are prescribed for IBS patients depending on the severity of the symptoms.
Diet adjustments and behavioaral education are usually enough for mild and moderate symptoms.
However, for most severe forms, multidisciplinary approaches including pharmacotherapy are
required. For IBS-D, treatment with antidiarrhoeal drugs, such as loperamide, can be necessary.
In the case of women with severe symptoms, the 5-HT3R antagonist alosetron can be used while the
5-HT4R agonist prucalopride is used to relieve constipation in IBS-patients [179].

Other drug discovery initiatives are trying to develop effective inhibitors of tryptophan
hydroxylase 1 (TPH1, the isoform expressed in GIT), which are unable to pass the blood-brain barrier, as
an alternative to reduce 5-HT synthesis by EC cells, and consequently reduce/avoid their deleterious
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effects induced by dysregulation of the gastrointestinal serotonergic system (for instance IBS and
carcinoid syndrome) [180,181].

7.2.2. Inflammatory Bowel Diseases

Crohn disease (CD) and ulcerative colitis (UC) are inflammatory bowel diseases (IBD) with
different characteristics. Nevertheless, both diseases occur with alternating periods of remission and
relapse. UC is characterized by inflammation with the presence of superficial colon mucosa ulcers
that usually originate in the colon and then progress towards upper colon sections. UC symptoms
include diarrhoea, cramping, and rectal bleeding. CD is characterized by a discontinuous pattern
along the intestinal tract and can present larger ulcerations and sometimes granulomas; abdominal
pain, diarrhoea, weight loss and bleeding being its most common symptoms [45].

Different research groups have observed a HIS secretion increase in jejunum of CD patients and
high HIS levels in the intestinal mucosa of UC patients. In addition, levels of the HIS degradation
product N-methylhistamine are elevated in the urine of both disease patients, which suggest a more
active HIS metabolism (synthesis and degradation) in the intestine with respect to control individuals.
The results indicate that degranulation of mast cells infiltrated along the intestinal tract must be
involved in these diseases. However, there is a lack of information about molecular details of the
signalling mechanisms responsible for the HIS effects on IBD evolution, thus blocking the development
of efficient intervention strategies [75,182]. It has been proven that the chronic use of H2R receptor
antagonists increases the risk of more severe CD, suggesting a protective role of HIS on the intestinal
mucosa when acting through an H2R receptor [45]. IBD intervention acting through H4R receptor has
also been recently proposed [183,184]. In fact, several studies highlight the potential of H4 receptor
targeted therapy in the treatment of various gastrointestinal disorders such as IBD, IBS and cancer [184].

DAO has been suggested as an IBD marker, but it is a controversial subject [64,185]. Currently,
IBD treatment consists of diet adjustment, psychological support, and eventually surgery. Recently,
it has been proven that microbiota is usually altered in IBD patients. Working with a mouse model
of intestinal inflammation, it has been demonstrated that the probiotic Lactobacillus reuteri is able to
reduce intestinal inflammation by a HIS signalling-dependent mechanism, thus acting as a preventive
factor for cancer risk associated with chronic inflammation [186]. Microbiota can also have a positive
role in IBD patients, as microbial-derived metabolites (for instance, bile acids and short-chain fatty
acids) can regulate intestinal 5-HT synthesis, and consequently intestinal motility, which opens new
perspectives for probiotic-based strategies [161].

7.2.3. Intestinal Neoplasias

Colon cancer is considered the most common GIT cancer. It is a multifactorial disease and its
etiology can combine genetic inherited factors, exposition to environmental risk factors (including diet),
as well as other endogenous circumstances such as chronic intestinal inflammation. At present, it is one
of the most frequent human cancers, besides being one of the principal causes of death among human
cancer patients [187]. As in other cancer types, colon cancer biopsies present increased activities of
PA-synthesis key enzymes and elevated PA content up to 10-15-fold with respect to the levels observed
in normal colon epithelium. Thus, together with inflammation, PAs are considered to be markers of
colon carcinogenesis [188].

It is known that several oncogenes and suppressor genes that regulate specific phases of colon
carcinogenesis are also involved in PA metabolism regulation. Under normal conditions, the suppressor
gene adenomatous polyposis coli (APC) repress MYC transcription, a family of transcription factors
required for cell proliferation. MYC overexpression is related to uncontrolled proliferation and
progression of carcinogenic process in different cancer types, including colon cancer. Members of
MYC family are inducers of ODC transcription [189]. In addition, APC up-regulate the expression
of ODC antizymes, a protein family acting as ODC inhibitors, as they bind to ODC monomer
blocking the active quaternary conformation of the enzyme, thus targeting the ODC monomer for
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an antizyme-dependent and ubiquitin-independent proteasomal degradation. When APC is deleted
or inactivated by mutation during the early stages of carcinogenesis (as occurring in adenomatous
polyposis patients), MYC APC-induced repression is lost, and consequently ODC and PA synthesis
are upregulated. In addition, the upregulation of ODC antizyme expression is lost, which leads to an
increase in ODC turnover [190].

Active KRAS oncogene downregulates the peroxisome proliferator-activated receptor gamma
(PPARγ), which has been proposed as a marker for colorectal cancer survival [191]. Transcription of the
key enzyme for PA degradation (SSAT) is upregulated by PPARγ response elements (PPREs) present
in SSAT promoter [192]. In advanced stages of colon cancer, oncogenic mutations in KRAS lead to
permanent KRAS activation, which in turn downregulates PPARγ and, consequently, SSAT expression
and PA degradation [193]. These regulatory mechanisms explain the molecular bases of the relationship
between oncogenic events and PA elevation in colon cancer patients. As mentioned in previous sections,
elevation of PA levels helps replication and macromolecular synthesis of the transformed cells and
confers other advantages for cancer progression.

In addition to the endogenous regulation of PA metabolism, it is also worth mentioning that
diet and microbiota are also potential PA sources [194]. The lack of effective PA absorption inhibitors,
as well as the robustness of PA metabolism, is blocking the success of antitumoural strategies based on
PA depletion in different cancer types [190]. In colon cancer, treatment depends on the progression
stage. Surgery can be enough during the first stages; then, chemotherapy or immunotherapy must
be required. What about chemoprevention? The irreversible ODC inhibitor DFMO is able to act on
both Enterobacteria and mammalian ODC activities. As PAs are essential for colon cancer progression,
DFMO could be effective as a chemopreventive agent for putative familiar colon cancer patients.
This was the hypothesis claimed by Gerner and Meyskens several years ago, and validated with
positive results when administered as a combined therapy with NSAIDs, the latest acting as PPARγ
inducers [188,190].

Working with HDC knocked out mice under treatment with probiotics (Lactobacillus reuteri),
results obtained by Gao et al. [162] indicate that luminal HIS produced by gut microbiota could
suppress inflammation-associated colon carcinogenesis.

As mentioned above (Table 1), HIS is an immune system regulator playing important roles
in immune cell development, span lives, and functions. These effects can involve any of the four
receptors (mainly H1R and H4R) [37,195]. HIS has also been described as a cell proliferation regulator of
several cancer types (for instance, breast cancer, GIT cancer, leukaemia, lung cancer, lymphoma) [196].
These effects can be different depending on the HIS receptors expressed by the different cell types.
In addition, communication between the immune system and cancer is a dynamic process involving
different immune cells; for instance, macrophages, monocytes, mast cells and regulatory B cells
and T cells [197,198]. Consequently, HIS effects on carcinogenesis and cancer progression is a very
complex but interesting topic, which also deserves further research efforts. Recent results support the
therapeutic potential of H4R ligand in several cancer types, including colon cancer [198].

Evolution of Zollinger-Ellison syndrome, a rare GIT pathology caused by the presence of
gastrin-secreting tumours in pancreas and/or intestine, involves both synthesis and secretion of
HIS [29].

8. Conclusions and Future Prospects

Previous sections demonstrate that BAs play important physiological roles in the entire
GIT. Consequently, aberrant functions of the metabolic pathways are involved in the most
important gastrointestinal pathologies. HIS metabolism seems to be mainly important in gastric
physiopathology, as well as in inflammatory intestinal diseases. 5-HT plays major pathophysiological
roles in the intestine, as an immune modulator and regulator of the intestinal smooth muscle
contraction/relaxation. Its involvement in inflammatory diseases needs further clarification. CAs are
modulators of intestinal absorption, blood flux and motility and they have also been proposed as
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immune modulators in the GIT system. Some of these functions may be regulated by 5-HT [104].
This is a very interesting hypothesis that would also require more research efforts to be fully validated.
PAs, being essential biomolecules for cell growth, are important for both epithelial reparation and
proliferation. Thus, they are beneficial for a healthy intestinal epithelium and have been described as
both immune and epithelial permeability modulators in GIT [199], but also proposed as a promising
target for colon cancer chemoprevention. From a phenomenological point of view, all B/A-BAs have
been described as modulators of both immunity and epithelial cell growth in the GIT, but many of the
underlying molecular mechanisms are not fully characterized, yet. In any case, these results point to
the GIT as an interesting scenario to study BA metabolic and functional interplay.

In spite of the specialization of the amine effects along the different segments of the GIT, in some
cases, their metabolic routes are coincident in a given GIT segment, so they can share/compete for
common elements, thus establishing a crosstalk among their metabolism and consequently their
physiological missions. For instance, enzymes such as decarboxylases (i.e., DDC), amine oxidases
(i.e., MAO and DAO), cofactors (i.e., PLP, BH4), and metabolites (i.e., SAM), among others.
Moreover, at least in neurons, heteroreceptor complexes have also been detected among HIS and
DA receptors [200], and both Spd and HIS are ligands and modulate N-methylaspartate receptor
activity [201]. In mouse mast cells, synthesis of PA, HIS and 5-HT seem to be antagonistic processes
in the mast cell differentiation process. Thus, the pathophysiological consequences of this cross-talk
among BA metabolic elements still present many gaps and open questions (mentioned throughout this
review) in the GIT context, which deserve deeper molecular characterization, as this information could
provide valuable insights useful for new diagnosis and intervention initiatives in the gastroenterology
field as well as more personalized nutritional advices and preventive actions.

It is clear that the pathophysiological effects of B/A-BAs in GIT is a very complex issue that
interacts with and is modified by a very extensive list of endogenous and exogenous factors, from
metabolic interactions with other immune and/or neuroendocrine compounds/systems to the influx
of diet and microbiota composition. The full characterization of the entire involved interactions still
requires filling many gaps on specific biochemical and molecular details. This research objective
should be helped by systemic approaches to provide integrative views (and even predictive models) of
the multiple pathophysiological processes associated with BAs in the GIT. In fact, several independent
groups have proposed to approach the problem, or subsets of the problem, by using integrative
high-throughput and Systems Biology strategies currently successfully used with many other complex
biological systems [1,202].

The translational benefits of the final objective are clear taking into account that the topic
involves three of the most important but complex physiological systems for a human being,
neurotransmission/neuroendocrine, immune and digestive systems. Consequently, life quality and/or
span life of many human beings can depend on research advances in the topic. Thus, it should
be considered among the research priorities not only for nutrition but for biomedicine, in general.
In addition, different companies have developed a wide spectrum of drugs capable of modulating
different elements of BA metabolism and signalling. The usefulness and/or efficiency of these
compounds (or their analogues/derivatives) will probably increase when a deeper degree of integrative
knowledge about the molecular basis and the roles of all B/A-BAs in the GIT system is achieved.
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Abstract: Lactic acid bacteria (LAB) are considered as the main biogenic amine (BA) producers in
fermented foods. These compounds derive from amino acid decarboxylation through microbial
activities and can cause toxic effects on humans, with symptoms (headache, heart palpitations,
vomiting, diarrhea) depending also on individual sensitivity. Many studies have focused on the
aminobiogenic potential of LAB associated with fermented foods, taking into consideration the
conditions affecting BA accumulation and enzymes/genes involved in the biosynthetic mechanisms.
This review describes in detail the different LAB (used as starter cultures to improve technological
and sensorial properties, as well as those naturally occurring during ripening or in spontaneous
fermentations) able to produce BAs in model or in real systems. The groups considered were
enterococci, lactobacilli, streptococci, lactococci, pediococci, oenococci and, as minor producers,
LAB belonging to Leuconostoc and Weissella genus. A deeper knowledge of this issue is important
because decarboxylase activities are often related to strains rather than to species or genera. Moreover,
this information can help to improve the selection of strains for further applications as starter or
bioprotective cultures, in order to obtain high quality foods with reduced BA content.

Keywords: biogenic amines; decarboxylase enzymes; lactic acid bacteria; starter cultures

1. Biogenic Amine Toxicity and Physiological Role in Microorganisms

A large number of metabolites, exerting both beneficial and detrimental properties for human
health, can be synthetized by microorganisms. Among these, amino acid derivatives produced during
bacterial growth and fermentation can interact with human physiology in several ways, showing
health-modulating potential [1]. This group includes bioactive compounds such as biogenic amines
(BAs), which are responsible for adverse effects and are involved in several pathogenic syndromes [1].
In fact, ingestion of food containing high BA amounts is a risk for consumer health since these
compounds can cause headache, heart palpitations, vomiting, diarrhea and hypertensive crises [2–4].
However, their toxic effect depends on the type of BA, on individual sensitivity or allergy and on the
consumption of monoaminooxidase inhibitory drugs or ethanol, which interact with aminooxidase
enzymatic systems responsible for the detoxification process of exogenous BAs [5,6].

Due to the severity of symptoms they may cause, histamine and tyramine are the most dangerous
BAs and are responsible for symptomatology known as “scombroid fish poisoning” and “cheese
reaction,” respectively [3,7]. The “scombroid fish poisoning”, often due to the consumption of fish
such as tuna, sardines, anchovies, mackerel, etc., consists in flushing of face, neck and upper arms,
oral numbness and/or burning, headache, heart palpitations, asthma attacks, hives, gastrointestinal
symptoms, and difficulties in swallowing [8]. Tyramine intoxication is known as “cheese reaction”
because this BA is the most frequently found in cheese and it can causes dietary-induced migraine,
increased cardiac output, nausea, vomiting, respiratory disorders and elevated blood glucose [7,9].
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As far as other BAs, the presence of high level of 2-phenylethylamine, putrescine, cadaverine, agmatine,
spermine and spermidine can lead to toxicity. Moreover, they can potentiate the effects of histamine
and tyramine toxicity by inhibiting their metabolizing enzymes [10].

Although the consumption of food containing large amounts of BAs can have toxicological
consequences, there is no specific legislation regarding the presence of BAs in foods, with the exception
of fishery products, for which the maximum acceptable level of histamine is defined [11]. However,
recently, EFSA conducted a qualitative risk assessment concerning BA in fermented foods in the
European Union, indicating concentrations that could induce adverse effects in consumers [12].

According to their chemical structures, BAs can be classified as aromatic (tyramine and
2-phenylethylamine), aliphatic (putrescine, cadaverine, spermine and spermidine) and heterocyclic
(histamine and tryptamine) (see Table 1) and they are analogous to those naturally found in fresh food
products, which exert a physiological role associated with cell growth and proliferation [13,14].

The exogenous BAs derive from bacterial decarboxylation of the corresponding amino acids
through decarboxylase enzymes. Histamine and cadaverine can be formed by converting histidine and
lysine via histidine decarboxylase (HDC) and via lysine decarboxylase (LDC), respectively. Tyrosine is
converted in tyramine by tyrosine decarboxylase (TDC), which can act also on phenylalanine obtaining
2-phenylethylamine. This latter aromatic BA is produced by TDC with a lower efficiency with respect
to tyramine and it is accumulated when tyrosine is almost completely depleted [15–17]. The formation
of these BAs is based on one-step decarboxylation reactions of their respective amino acids and requires
systems for amino acid active transport such as antiporter protein in exchange for the resulting BA.
Putrescine can be accumulated with a single-step decarboxylation pathway by ornithine decarboxylase
(ODC), common in Gram negative bacteria (such as enterobacteria and pseudomonads) or Lactic Acid
Bacteria (LAB) deriving from wine environment [16,18–20]. However, this BA can also be formed
through agmatinase pathway, which directly converts agmatine to urea and putrescine, or by agmatine
deiminase (AgDI) pathway, common in LAB, which transforms arginine to agmatine by arginine
decarboxylase. Subsequently, agmatine is converted to putrescine by the agmatine deiminase system,
consisting of three enzymes: agmatine deiminase, putrescine carbamoyltransferase and carbamate
kinase [21]. The biosynthesis of higher polyamines (spermine and spermidine) proceeds with complex
pathways starting from putrescine released from ornithine or agmatine [22,23].

The decarboxylative pathways are activated for several physiological reasons. In fact, decarboxylation
of amino acids is coupled with an electrogenic antiport system that can counteract intracellular
acidification [24,25]. Therefore, BA accumulation can represent a cellular defense mechanism to withstand
acid stress and it has been demonstrated that the transcription of many decarboxylase genes is induced
by low pH and improves cell performances in acid conditions [9,17,19,20,26,27]. Moreover, the transfer
of a net positive charge outside the cell can generate a proton motive force, leading to cell membrane
energization and bringing supplementary energy. It has been demonstrated that the decarboxylase
pathway can support the primary metabolism in environmental critical conditions [26–28]. This function
can be particularly important for microorganisms lacking a respiratory chain, such as most LAB [29].
del Rio et al. [30] demonstrated that AgDI pathway promotes the growth of Lactococcus lactis after
nutrient depletion.
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Several Gram negative and Gram positive bacteria are able to produce BAs. Spoilage bacteria belonging
to enterobacteria and pseudomonads can accumulate histamine, putrescine and cadaverine [47,64,73–75].
For this reason, BA content has been related to poor hygienic quality of non-fermented foods, being
associated with a massive growth of decarboxylase positive spoilage microorganisms, and several authors
proposed BA content as a microbial quality index [75,76]. Decarboxylase activity has been described also
in Gram positive microbial groups, such as staphylococci, Bacillus spp. and, especially, LAB, considered
the most efficient tyramine producers [9,48]. Moreover, the ability to produce histamine, cadaverine and
putrescine by bacteria belonging to LAB have been reported [21,64,77]. According to some authors, also
yeasts and moulds are implicated in BA accumulation, even if with a controversial role [78–80]. It is
important to point out that the capability to produce BAs is generally a strain-specific characteristic, with
strong variability in aminobiogenetic potential between different strains belonging to the same species.

2. Role of LAB in Fermented Food BA Content and Their Decarboxylase Clusters Genetic Organization

BA content in fermented foods is of great interest not only for its potential health concerns but
also from an economic point of view. On the other hand, the presence of small concentrations of these
compounds in fermented foods is unavoidable. In fact, the BA content in these products can range from
concentrations below 20 mg/kg for alcoholic and no-alcoholic beverages, fermented vegetables and soy
products, up to several hundred mg/kg for some sausages and cheeses [12]. The presence of different
BAs is dependent on the precursor availability due to proteolysis during ripening. Moreover, the
presence of decarboxylase positive non-starter microbiota, deriving from raw material and productive
environment, often leads to high BA concentrations in fermented foods, especially in those obtained
without the use of starter cultures [47,75,81,82]. In addition to precursor availability and the presence
of BA producing microorganisms, the accumulation of these compounds depends on various intrinsic,
environmental and technological factors, recently revised by Gardini et al. [83].

Decarboxylase activity is often expressed independently of cell viability and these enzymes
maintain their activity after cell lysis also in harsh environmental conditions [31,49,84,85]. Moreover,
once produced, BAs are stable to heat treatment, freezing, and smoking [86].

Dairy products, especially ripened cheeses, have been associated with foodborne intoxications due to
their high content of BAs, such as tyramine, histamine, putrescine, and 2-phenylethylamine [32,47]. In any
case, BA content varies between different types of cheeses and even among different sections of the same
cheese [87]. In fermented meats the most prevalent BAs are tyramine, cadaverine, putrescine, and, with
minor extent, histamine and their levels strongly vary among different types of products and [75,88–90].
The presence of these compounds in such products depends on low quality processing conditions favoring
contamination and on the presence of autochthonous microbiota with decarboxylase potential [82]. Also in
alcoholic beverages BAs (mainly histamine, tyramine, putrescine and cadaverine) can be formed through
microbial activity during production and storage [60,61]. The presence of BAs has been reported also in
fermented vegetables, such as sauerkraut or table olives, where the presence of aminobiogenic spoilage
microorganisms can result in high putrescine, cadaverine and tyramine content [91,92]. Abundant
amounts of histamine have been detected in fermented fish products [93].

Even if the production of diamines is usually attributed to spoiling Gram negative bacteria,
such as enterobacteria and pseudomonads [82], LAB are considered mainly responsible for BA
production in fermented foods [47,94]. Although starter cultures are accurately selected for the
absence of decarboxylase activity, non-controlled autochthonous LAB involved in ripening process
can contribute to BA accumulation. These non-starter LAB (NSLAB) consist mainly of mesophilic
facultative or obligate heterofermentative bacteria, which exert a crucial role in maturation phenomena
such as the development of flavor [95,96]. These bacteria show good adaptation to unfavorable
growth conditions and can survive for long period after sugar depletion, thanks to their ability to
obtain energy for growth and survival from other substrates, among which amino acids [97–100].
Moreover, the adaptation to some ecological niches has required the capability to resist acid stresses,
activating bacterial mechanisms able to counteract low pH. In stress conditions occurring in fermented
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foods during ripening, NSLAB encode specific genetic mechanisms that lead to stress responses
producing physiological changes among which decarboxylation reactions acquire important roles
thanks to the maintenance of pH homeostasis [24,25,101,102]. In fact, expression (by transcriptional
induction) and/or activation (by catalytic modulation) of amino acid decarboxylation systems in
LAB are reported to be adaptive responses to energy depletion but also strategies to counteract acid
stress [103]. The presence of the decarboxylase genes involved in the production of BAs are mostly
strain dependent rather than species specific, highlighting the occurrence of horizontal gene transfer
between strains as part of a mechanism of survival and adaptation to specific environments [16,33,50].
Recently, the genes belonging to BA biosynthetic pathways in LAB have been identified and the genetic
organization of decarboxylase clusters has been reviewed [9,34,64,65]. Generally, enzymes responsible
for specific amino acid decarboxylation are organized in clusters in which some genes are always
present, i.e., the specific amino acid decarboxylase and the corresponding antiporter permease.

The first tyrosine decarboxylase locus (tdc) described in bacteria was found in Enterococcus faecalis
JH2-2 [104]. This cluster has been annotated also in the genome sequence of other LAB [16,51,52,105–107].
Marcobal et al. [9] evidenced for all tyramine biosynthetic loci a high similarity in both gene sequence and
organization, since this locus usually contains the genes encoding tyrosine decarboxylase (tyrDC), tyrosyl
tRNA synthetase (tyrS, located upstream the tyrDC gene), putative tyrosine/tyramine permease (tyrP,
located downstream the tyrDC gene) and a Na+/H+ antiporter (nhaC) [47]. The similar organization of
different tdc clusters, their distribution, and their high similarity of sequence suggest a horizontal transfer
of this cluster from a common source [106]. However, different strains can have different transcriptional
organizations of the tdc gene cluster, as demonstrated by reverse transcription polymerase chain reaction
(PCR) analyses. In fact, the four complete Open Reading Frame (ORF) can be co-transcribed [53] or tyrS
can be transcribed independently and not included in the catabolic operon [27].

The LAB histidine decarboxylases belong to pyruvoil-dependent decarboxylases group and the
encoding histidine decarboxylase gene (hdcA) has been identified in several LAB species [33–35,85,108–113].
The histidine decarboxylase gene clusters (hdc) of Gram positive bacteria usually comprise the decarboxylase
gene hdcA and the histidine/histamine antiporter gene hdcP. Frequently, an hdcB gene, involved
in the conversion of the histidine decarboxylase proenzyme to the active decarboxylase can be
found [114]. Moreover, for lactobacilli, a histidyl-tRNA synthetase (hisS) gene has also been described [35].
The transcriptional studies demonstrated that these genes are located on an operon transcribed as a
polycistronic mRNA. However, some authors demonstrated that the antiporter gene is transcribed as a
monocistronic RNA and that transcriptional termination structures are present in the intergenic regions
of histamine operon in Lactobacillus buchneri [111]. Rossi et al. [85] found that hdcA gene of Streptococcus
thermophilus PRI60 was genetically different from the hdcA genes sequenced in other LAB, in agreement with
the findings of Calles-Enríquez et al. [35], who reported that hdc cluster of S. thermophilus was more closely
related to genera such as Clostridium and Staphylococcus than other LAB. Another interesting feature of hdc
gene is its possibility to be located on a plasmid [34]. Lucas et al. [33,36] found that Lactobacillus hilgardii 0006,
Tetragenococcus muriaticus, and Oenococcus oeni strains showed 99 to 100% identical hdcA- and hdcB-encoded
proteins, highlighting the presence of a plasmid-encoded histidine decarboxylase system recently transferred
horizontally between bacteria. Furthermore, they found that the hdc gene cluster, responsible for histamine
production in L. hilgardii IOEB 0006, was located on an 80-kb plasmid that proved to be unstable. In fact, the
capability to form histamine was lost in relation to the growth conditions.

Depending on the producer bacterium, genes/enzymes involved and the ecological niche from
which it originates, two different metabolic routes have been described in LAB for the biosynthesis of
putrescine [20,64,115]. The first is a decarboxylation system consisting of an ornithine decarboxylase
(ODC) and an ornithine/putrescine exchanger. These enzymes are encoded by a gene cluster containing
two adjacent genes: (i) speC encoding a biosynthetic/constitutive form of the ODC enzyme and (ii) potE
encoding the transmembrane substrate/product exchanger protein [19,20,116]. Gram positive bacteria,
however, have been infrequently reported to possess an ODC enzyme and putrescine-producing LAB
strains via the ODC pathway are essentially, although not exclusively, derived from wine environment,
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belonging to the species Lactobacillus saerimneri, Lactobacillus brevis [19,20], Lactobacillus mali [18],
and O. oeni [66]. In contrast, the agmatine deiminase (AgDI) pathway is relatively frequent in
LAB and it is even considered a species trait in some enterococci [54]. This pathway consists of
a more complex system, comprising AgDI, a putrescine transcarbamylase, a carbamate kinase, and an
agmatine/putrescine exchanger [65,101]. Five genes are grouped in the agmatine deiminase cluster
(AgDI): the regulator gene aguR and the metabolic genes aguB, aguD, aguA and aguC (aguBDAC).
Linares et al. [117] reported that aguR is constitutively transcribed from its promoter (PaguR) while the
catabolic genes are co-transcribed in a single mRNA from the aguB promoter (PaguB) in a divergent
orientation. These pathway genes were occasionally detected in a putative acid resistance locus in LAB
species [101]. In this locus, the AgDI genes are found adjacent to the genes associated with the tyrosine
decarboxylase pathway on the chromosome [53], suggesting the presence of genes for high-alkalinizing
routes (such as amino acid decarboxylases) in LAB genome.

3. Main LAB Involved in BA Production in Fermented Foods

All fermented foods are subjected to the risk of BA contamination. Although LAB are considered
GRAS (Generally Regarded As Safe) organisms, they can have the capability to produce toxic compounds
as BAs. In particular, in fermented foods, NSLAB can accumulate BAs and strains of lactobacilli,
enterococci, lactococci, pediococci, streptococci, and leuconostocs have been associated with high levels of
these compounds [118]. Genetic studies have revealed that many of these strains harbor genes or operons
coding for decarboxylating enzymes or other pathways implicated in BA biosynthesis [9,64].

Hereafter, the main LAB genera associated with fermented products and involved in BA
production in vitro or in situ are described.

3.1. Enterococcus

The Enterococcus genus has not been yet classified as safe for human consumption since it neither
is recommended for the Qualified Presumption of Safety (QPS) list nor have GRAS status. Most of
the species harbor a series of virulence factors and antibiotic resistance and they have been associated
with several infections, having the ability to mediate gene transfer with different genetic elements,
including plasmids, phages and conjugative transposons [119,120]. The role of enterococci in fermented
foods remains controversial. They show remarkable ecological adaptability and ability to grow in
adverse conditions. Due to their tolerance to salt and low pH, they are highly adapted to several
food systems and they are also involved in the fermentation process of traditional cheeses and dry
sausages [121]. Moreover, some Enterococcus strains show probiotic features [122] or can improve
sensorial properties of dairy products when added as adjunct starters, taking part to flavour generation
through proteolytic and lipolytic activities and the accumulation of C4 metabolites such as diacetyl,
acetoin or 2, 3-butanediol [123,124]. In addition, their ability to biosynthesize bacteriocins with a
wide-range effectiveness on pathogenic and spoilage bacteria is known [125].

Nevertheless, enterococci presence in fermented foods has been associated with the production of
BAs (mainly tyramine) and this activity has been reported for strains belonging to different species
isolated from meat, cheese, fish, wine and human faeces [54,126–132]. However, not all the strains
able to decarboxylate tyrosine were characterized by the same phenotypic potential in relation to the
kinetics of tyramine accumulation [15] (Table 1).

Enterococci have been recognized as important part of the natural microbiota in many artisanal
cheeses and, in some cases, they can predominate over lactobacilli and lactococci [133]. Usually,
enterococci are not present in starter cultures and thus all species of this genus isolated from cheese
samples represent contaminating microbial communities, and can include aminobiogenic strains.
The most common species found in milk are Enterococcus faecium, Enterococcus durans and E. faecalis
but, even if with minor extent, Enterococcus casseliflavus may also be isolated [123] and mostly of
the strains belonging to these species and isolated from cheese have been identified as tyramine

55



Foods 2019, 8, 17

producers [132]. Several authors found a relation between the enterococci counts and the concentrations
of tyramine [134–137] and putrescine [67] in dairy products.

Burdychova and Komprda [138] detected tyraminogenic isolates from cheese belonging to
E. durans, E. faecium, E. faecalis and E. casseliflavus species. Rea et al. [139] studied the effect of six strains
of E. faecalis, E. faecium, E. durans and E. casseliflavus species on tyramine production in Cheddar cheese
during manufacturing and ripening and found that all strains, except E. casseliflavus, produced this BA,
with E. durans responsible for the highest concentration after 9 months of ripening at 8 ◦C. Enterococcal
strains isolated from an Italian cheese and from raw goat milk showed high decarboxylase activity with
tyrosine and phenylalanine as substrates [59,136]. Kalhotka et al. [140] investigated the decarboxylase
activity of enterococci isolated from goat milk and found that all the tested strains, identified as
Enterococcus mundtii, E. faecium and E. durans, showed significant tyrosine and arginine decarboxylase
activity, in relation to temperature and time of incubation. Martino et al. [141] studied safety features
of four enterococcal strains isolated from a regional Argentinean cheese founding that these strains
possessed tdc gene cluster, even if only two of four strains gave a positive result in Bover-Cid and
Holzapfel decarboxylase screening medium [142]. These authors hypothesized the possibility that this
pathway was not active, although all the strains possessed the complete decarboxylase cluster.

The presence of enterococci able to produce BAs is a relevant food issue also in meat products,
despite their recognized role in the development of sensory properties of fermented products
particularly in sausage [143,144]. In fact, enterococci are constituents of the natural microbiota of raw
meat and of many fermented meat products [145], with E. faecium and E. faecalis being the predominant
species, followed by Enterococcus hirae, E. durans and E. mundtii [122]. For this reason, dry fermented
sausages can easily accumulate high levels of BAs, especially tyramine, putrescine and cadaverine [82].
In contrast, histamine is usually scarcely found in fermented sausages [146].

Landeta et al. [147] found that 79% of E. faecium strains isolated from Spanish dry-cured sausages
were able to produce tyramine and that some strains were PCR-positive for the presence of the tyrosine
decarboxylase gene, but were not able to accumulate this BA, due to the absence of gene expression.
These results were in agreement with those obtained by Komprda et al. [37] who reported that 88% of
enterococcal strains isolated in ripened fermented sausages and belonging to E. faecium and E. faecalis
species, possessed tdc sequences. These authors found also that 71% of enterococcal isolates had hdc
gene sequence, assuming that the decarboxylation pathway (producing proton motive force) gives
the strains a competitive advantage in nutrient-depleted conditions and acidic environments, such
as fermented sausages at the end of ripening. The potential of different indigenous enterococci to
contribute to BA formation in spontaneously fermented game meat sausages has been reported also by
Maksimovic et al. [148], who found that 100% of E. durans and about 7% of E. casseliflavus possessed tdc
genes. Iacumin et al. [62] indicated enterococci able to accumulate large amount of BAs as responsible
for spoilage in goose sausages produced in the north of Italy. In fact, despite the addition of starter,
enterococci grew during ripening and produced a large amount of BAs. This ability was confirmed
in vitro, since all the isolates (n = 100), belonging to the species E. faecium and E. faecalis, were able to
decarboxylate amino acids and produce BAs. In particular, all the strains produced histamine, and 60
out of 70 E. faecium and 25 out 30 E. faecalis strains produced cadaverine and 10 isolates belonging to
both species produced tyramine.

Enterococci has been reported as mainly responsible for tyramine accumulation in wine during
malolactic fermentation, together with some Lactobacillus species [18,127,149,150]. These latter authors
isolated E. faecium strains during malolactic fermentation of red wine and demonstrated that, although
all the isolates harbored decarboxylase genes, only five strains were able to survive under the harsh
conditions found in wine (high ethanol content and low pH), leading to a higher concentration of
BAs in samples, including tyramine, histamine and 2-phenylethylamine.

E. faecium and E. faecalis have been considered responsible also for BA production in fermented
soybean food [151] and in tofu [152].

56



Foods 2019, 8, 17

Although aminobiogenic capability is reported to be strain dependent, Ladero et al. [54]
suggested that tyramine and putrescine biosynthesis is a species level trait in E. faecalis. In fact,
independently of the origin, several strains have been identified as BA producers. Moreover, PCR
results demonstrated that the same genetic organization was present in all the tested strains and their
decarboxylase clusters were independently located in the chromosome, with flanking regions showing
within-species homogeneity.

In E. faecalis, putrescine is formed from agmatine by the AgDI pathway, which is repressed by
carbon source, suggesting a role in the energy production [153]. Perez et al. [154] studied the possible
co-regulation among TDC and AgDI pathways in E. faecalis. They investigated firstly the tyrosine
effect on the tdc cluster transcription of E. faecalis by microarray experiment, highlighting, in the
presence of tyrosine, an over-expression of tdcA, tdcP, and nhac-2 genes and a repression of tyrS.
Bargossi et al. [15,155] have also demonstrated the same effect in other E. faecalis strains. Moreover,
Perez et al. [154] showed that tyrosine induced putrescine biosynthesis genes, as confirmed by reverse
transcription quantitative PCR (RT-qPCR) results. On the other hand, this effect was not observed in
the mutant strain, which was unable to decarboxylate tyrosine and produce tyramine, showing that
tdc cluster was involved in the tyrosine induction of putrescine biosynthesis.

Recently, some authors demonstrated that also E. mundtii possesses the capability to produce
both tyramine and 2-phenilethylammine [107]. The genetic organization indicated that the
tyramine-forming pathway in E. mundtii is similar to that found in phylogenetically closer enterococcal
species, such as E. faecium, E. hirae and E. durans. The gene Na+/H+ antiporter (nhaC) that usually
follows tyrP was missing. However, the analysis of the available data on E. mundtii genome revealed
the presence of a further region that includes two genes encoding for an additional pyridoxal
phosphate (PLP)-dependent decarboxylase and an amino acid permease, correlated with the tyrosine
decarboxylating potential of this species.

In any case, tyramine is often accumulated by enterococci in high amounts already during the
late exponential growth, before stationary phase, suggesting that this decarboxylation activity is
not necessarily a response to starvation or nutrient depletion, and no competition between sugar
catabolism and amino acid decarboxylation was observed [15,17]. In particular, these latter authors
tested the ability to accumulate tyramine and 2-phenylethylamine by two strains of E. faecalis and two
strains E. faecium in two culture media added or not with tyrosine. They demonstrated that, although
all the tested enterococcal strains possessed a TDC pathway, they differed in BA accumulation level
and in the expression rate of tdc gene, underlining the extremely variable decarboxylating potential of
strains belonging to the same species, suggesting strain-dependent implications in food safety.

Environmental factors such as pH, temperature and NaCl concentrations can affect BA production
in enterococci and several studies on decarboxylase activity of Enterococcus spp. in different conditions
have been carried out. Gardini et al. [156] investigated the combined effects of temperature, pH and
NaCl concentration on tyramine production by the strain E. faecalis EF37, finding that production of
tyramine was mainly dependent on cell number. Moreover, these authors reported that this strain was
able to accumulate also 2-phenylethylamine. A study regarding EF37 tyrDC expression revealed that
stress could induce greater tyrosine decarboxylase activity, suggesting that suboptimal environmental
conditions could lead to a higher tyrosine production, not necessarily associated with cell growth.
This could be explained with the physiological role of this biochemical pathways associated with the
survival of LAB in hostile environments [157]. Acidic conditions favored tyramine production in an
E. durans BA-producing strain isolated from cheese [158] and in E. faecium [16,26], demonstrating the
role of tyrosine decarboxylation in pH homeostasis. On the other hand, transcriptional studies of the
tdc cluster in E. durans 655 showed a pH regulation of tyramine biosynthesis, being the gene expression
quantification during the exponential phase induced by high concentrations of tyrosine, under acidic
conditions [159].

Bargossi et al. [105] investigated the diversity of tyramine production capability of two E. faecalis
and two E. faecium strains in buffered systems in relation to their genetic characteristics and to pH,
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NaCl concentration and incubation temperature, comparing the results with those obtained with
a purified tyrosine decarboxylase under the same conditions. They found that TDC activity was
greatly heterogeneous within the enterococci, being E. faecalis EF37 the most efficient in tyramine
accumulation. This heterogeneity depended on different genetic determinants, regulation mechanisms
and environmental factors, above all incubation temperature.

A reduced transcription of genes involved in tyramine production was observed in the presence
of 6.5% of NaCl in E. faecalis [160]. Also Bargossi et al. [105] showed that E. faecalis partially reduced its
tyraminogenic potential passing from 0 to 5% of NaCl but the decarboxylation activity did not change
significantly increasing NaCl concentration up to 15%. On the contrary, Liu et al. [161] demonstrated
that NaCl stress can upregulate the expression of tyrDC and tyrP to improve the tyramine production
of a single E. faecalis strain under certain conditions.

3.2. Lactobacillus

Lactobacilli are reported to be strong BA producers in different fermented foods [94].
In fermented sausages, beside to enterococci, the main tyramine producers among LAB are strains

belonging to Lactobacillus curvatus species, which is, together with Lactobacillus sakei, the predominant
Lactobacillus species in fermented meat products [162,163]. In fact, the majority of L. curvatus strains
isolated from meat were reported to be tyramine producers [126]. However, Bover-Cid et al. [126]
reported also some strains of Lactobacillus paracasei, L. brevis, and L. sakei isolated from pork-fermented
meat as tyramine forming. Pereira et al. [164] demonstrated tyrosine and ornithine decarboxylase activities
in Lactobacillus homohiochii and L. curvatus isolated from a Portuguese traditional dry fermented sausage.

Freiding et al. [165] screened L. curvatus strains from different origins, finding strain dependent
tyrosine decarboxylase activity. Moreover, although L. sakei is usually described as non- aminogenic,
histidine decarboxylase activity in one L. sakei strain has been evidenced [81,126,166].

Lactobacillus parabuchneri and L. buchneri, present as contaminants in fermented meat products,
can produce histamine [167].

LAB populations were isolated from dry fermented sausages produced with different starters
and using two spice mixtures in different process time by Kompdra et al. [37]. Tyrosine-decarboxylase
and histidine-decarboxylase DNA sequence was identified in 44% and of 16% of lactobacilli isolates,
respectively. In particular, several Lactobacillus plantarum, L. brevis and Lactobacillus casei/paracasei
strains were identified as tyramine and histamine producers in the sausages analysed.

Although several microorganisms in cheese, including Gram negative bacteria, are able to
produce BAs, Lactobacillus species, such as Lactobacillus helveticus, L. buchneri and L. curvatus, can
be responsible for their accumulation in such products [38,138,168]. For example, specific strains
of L. buchneri and L. parabuchneri harbor the histidine decarboxylase enzyme and can develop high
levels of histamine, even at refrigerate temperature [39,169]. Wüthrich et al. [167] analysed several
L. parabuchneri strains isolated from cheeses, finding some histamine positive among them. Moreover,
these authors determined the complete genome of a histamine positive strain, showing that hdc gene
cluster is located in a genomic island, transferred within the L. parabuchneri species. Diaz et al. [40]
isolated, for the first time, 25 histamine-producing Lactobacillus vaginalis strains and sequenced hdc
gene cluster and its flanking regions for a representative strain (L. vaginalis IPLA11050). These authors
suggested that hdc locus was localized in the chromosome and, being the flanking regions the same
in all histamine-producing L. vaginalis tested strains, histamine production has been suggested to be
a species level trait. In addition, the organization of the examined genes was the same described for
Lactobacillus reuteri [41], L. buchneri [111] and L. hilgardii [33] but differed to that of S. thermophilus.

L. brevis tyramine-producing strains have been isolated from cheeses by several authors [170,171]
and this feature has been described as a strain-level trait (perhaps horizontally acquired) in L. brevis.
Pachlová et al. [172] assessed the development of BA content in model cheese samples individually
inoculated with two BA producing NSLAB strains of L. curvatus subsp. curvatus and L. paracasei,
demonstrating the ability of these strains to accumulate tyramine up to 200 mg/kg in real dairy
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products during a 90 days ripening period. Yilmaz and Görkmen [173] demonstrated the capability
to produce tyramine by a L. plantarum strain in yogurt and highlighted a possible indirect effect of
Lactobacillus delbrueckii subsp. bulgaricus on accumulation of tyramine in the yoghurts, due to its
synergistic interactions with tyraminogenic LAB strains.

It has been reported that non-starter L. brevis and L. curvatus are able to produce both tyramine
and putrescine [174]. Although the ODC pathway has been described in several LAB, including strains
of L. brevis [20], this pathway is not commonly used by dairy bacteria [64,67,175]. Ladero et al. [174]
confirmed this aspect, showing that the detected putrescine-producing lactobacilli used AgDI pathway.
Lucas et al. [101] found that L. brevis IOEB 9809 produced putrescine from agmatine but not from
arginine, indicating the lack of a pathway converting arginine into agmatine. Moreover, it has been
suggested that in L. brevis the AgDI genetic determinants are linked to those of the TDC pathway and
are located in an acid resistance mechanism locus, probably acquired by horizontal gene transfer [20].

Several native lactobacilli, together with O. oeni and Pediococcus parvulus strains, are responsible
for BA accumulation in wine. Their formation in wine depends on several conditions such as precursor
amounts and the presence of specific decarboxylase-positive species and strains [176,177] and they
are produced mainly during malolactic fermentation, particularly due to the presence of L. brevis
and L. hilgardii [178–180]. Landete et al. [42] reported aminobiogenic potential of LAB isolated
from wine samples, evidencing L. mali strains able to produce histamine, L. brevis strains able to
accumulate tyramine and 2-phenylethylamine and a L. hilgardii strain showing histamine, tyramine,
2-phenylethylamine and putrescine production ability. On the other hand, the HDCs of L. hilgardii
isolated from wine are well documented [33]. The enhancing effects of lower pH on histamine
production (as responses to acidic stress) was observed in L. brevis [181]. Henríquez-Aedo et al. [182]
reported that Lactobacillus rhamnosus was unexpectedly the predominant species in the vinification
process of Chilean Cabernet Sauvignon wines and that it was mainly responsible for histamine
accumulation in the products, presenting a significantly higher BA formation capability with respect to
O. oeni isolated from the same samples. Arena and Manca de Nadra [21] studied a L. plantarum strain
able to produce putrescine from arginine and ornithine while Moreno-Arribas et al. [183] found two
wine strains of L. buchneri able to form putrescine via ornithine decarboxylase.

In wines, tyrosine decarboxylase has been associated with Lactobacillus spp., particularly L. brevis
strains [84]. The same authors purified this pyridoxal 5P-phosphate dependent enzyme and showed
it was highly substrate-specific for L-tyrosine and had an optimum pH of 5 [184]. The ability of a
L. plantarum strain isolated from a red wine to produce tyramine from peptides containing tyrosine,
especially during the late exponential growth phase, has been demonstrated [55] and tdc genes shared
98% identity with those in L. brevis consistent with horizontal gene transfer from L. brevis to L. plantarum.
Arena et al. [185] assessed the expression of L. brevis IOEB 9809 tdc and aguA1 genes during wine
fermentation and evaluated the effect of substrate availability and pH on it, as well as on BA production,
showing that the strain was able to produce both tyramine and putrescine. In addition, qRT-PCR
analysis suggested a strong influence of substrate availability on the expression of BA pathway genes
while less evident was pH influence. Afterwards, Lucas and Lonvaud-Funel [186] and Lucas et al. [53]
reported for the same strain the complete tdc sequences, describing four complete genes (tyrS, tyrDC,
tyrP and nhaC).

The BA production ability in different Lactobacillus strains, isolated from wine and cider, and their
metabolic pathway were explored by Constantini et al. [68]. Their results demonstrated that most of
the L. brevis analyzed harbor both AgDI and tdc genes and were tyramine and putrescine producers.
Interestingly, these authors detected hdc genes in a L. casei strain isolated from cider.

Beer spoilage LAB showed several metabolic strategies to grow in nutrient poor environment,
with acidic pH and hop presence among which BA production, contributing to energy supply and pH
homeostasis, has been highlighted [187]. In particular, heterofermentative L. brevis strains accumulated
tyramine and ornithine while Lactobacillus lindneri and Lactobacillus paracollinoides beer spoiling agent
displayed ornithine and histamine production, respectively. Strains belonging to this latter species
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have been indicated as new potential histamine- and putrescine-producers in cider analysed by
Ladero et al. [188]. Also Lorencová et al. [63] demonstrated that L. brevis strains isolated from beer can
be a tyramine source in these products. The same authors showed the possibility to produce BAs by
some probiotic strains belonging to L. rhamnosus species, opening a serious concern about the need to
investigate the decarboxylation activity of probiotic or functional cultures before their use.

Recently, the capability to produce putrescine of a Lactobacillus rossiae strain, previously isolated
from sourdough, has been reported [69]. This species is widely distributed in this fermented food [189]
but the possibility of L. rossiae sourdough strains to produce BAs was not previously shown. In fact,
only a strain of this species isolated from a wine starter has been described as histamine producer [190].
del Rio et al. [69] showed that L. rossiae strain accumulated this BA via the ODC pathway and
the genetic organization and transcriptional analysis of the gene cluster identified the odc and
potE genes forming an operon that is transcriptionally regulated by ornithine in a dose-dependent
manner. Moreover, putrescine production via the ODC system improved the survival of L. rossiae by
counteracting the cytoplasm acidification when the cells were subjected to acidic conditions, providing
a biochemical defense mechanism against acidic environments. For this reason, this strain could easily
produce putrescine during the fermentation process and the potential presence in sourdough of other
BA-producing microorganisms cannot be ruled out.

The first description of ODC system in LAB was reported for L. saerimneri 30a [191]. Further
investigation on this strain evidenced the presence of a unique genomic organization in which odc
does not have an adjacent specific transporter gene but a three-component decarboxylase system
with a lysine decarboxylase gene (aadc) and a promiscuous amino acid-amine transporter gene (aat),
appearing atypical from those of other LAB [192].

3.3. Streptococcus

Although certain Streptococcus species are responsible for many disease (i.e., meningitis, bacterial
pneumonia, endocarditis, necrotizing fasciitis etc.) many streptococcal species form part of the human
microbiota and are important for fermented foods. In fact, S. thermophilus is often employed as
selected starter culture and it is important for the dairy industry, since it is one of the principal
components of many natural cultures used in fermented products such as hard cooked or pasta filata
cheeses, yogurt and Cheddar [193]. This species is usually present in high numbers in the first steps
of cheese-making and its relationships with BAs, which mainly accumulate during ripening, has
been longer neglected. In fact, despite its wide industrial use, there are few papers regarding the
decarboxylating potential of this species. Nevertheless, some BA producing strains have been identified
and studied in recent years and several screenings on aminobiogenic potential of Streptococcus spp.
strains have been performed. Ladero et al. [174] studied the BA producing ability of 137 strains of
starter and NSLAB belonging to nine species of the genera Lactobacillus, Lactococcus, Streptococcus and
Leuconostoc (all isolated from artisanal cheeses) in liquid media supplemented with the appropriate
precursor amino acid by Ultra-High Performance Liquid Chromatography technique. Moreover,
assessing the presence of key genes involved in the biosynthetic pathways of the target BA, they found
that two S. thermophilus strains possessed hdc genes, although they were unable to synthesize histamine
in broth. Also strains belonging to Streptococcus macedonicus species, isolated from Greek Kasseri cheese,
showed tyramine production [194]. Some authors demonstrated that Streptococcus mutans expressed an
agmatine deiminase system, encoded by the agmatine-inducible aguBDAC operon, which was induced
in the presence of agmatine and was regulated by carbon catabolite repression. This metabolism was
proposed to augment the acid resistance properties and pathogenic potential of S. mutans, etiological
agent of dental caries and acid tolerance in oral biofilms [195,196].

Elsanhoty and Ramadan [197] reported the presence of tdc, hdc and AgDI genes in a S. thermophilus
strain. Buňková et al. [48] studied BA production capability of selected technological important LAB
belonging to Lactococcus, Lactobacillus and Streptococcus genera. Among these strains, one S. thermophilus
of 11 was able to produce tyramine. Gezginc et al. [198] investigated the BA production capability of
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S. thermophilus isolates in homemade natural yogurt, evidencing the presence of hdcA gene in several
strains, although it was poorly correlated with histamine production in the decarboxylase medium.
Yilmaz and Gökmen [173] investigated tyramine formation during yoghurt fermentation, focusing
on interaction between a S. thermophilus strain and some Lactobacillus species The streptococci cells
were able to produce tyramine depending on the fermentation conditions and synergistic interactions
between S. thermophilus and L. delbrueckii subsp. bulgaricus were found in terms of BA accumulation.

The decarboxylating potential of the strain S. thermophilus NCFB2392 in lysine decarboxylase
broth has been reported [199]. This strain was able to accumulate mostly putrescine, cadaverine and
agmatine, and, when co-cultered with other BA producer Gram negative strains, had synergistic or
antagonistic effect on BA concentrations. In fact, it caused 2-fold lower cadaverine production by
Salmonella Paratyphi A and stimulated tyramine accumulation of Escherichia coli.

A high number of S. thermophilus strains have been investigated for tyramine production by La
Gioia et al. [49]. Only the strain 1TT45, isolated from Taleggio cheese, demonstrated the capability to
accumulate tyramine in broth. For this strain, a tyrosine decarboxylase (tdcA) gene was identified,
with a nearly identical sequence to a tdcA of L. curvatus, indicated a horizontal gene transfer event.
In the same work tdcA expression level and the production of tyramine were evaluated under different
conditions during 7 days of incubation in skim milk. High transcript levels were evidenced only at
the seventh day in presence of tyrosine, showing that the ability of S. thermophilus 1TT45 to form this
BA depends on precursor availability in the culture medium, due to the incapability of this species to
release peptides and free amino acids from milk proteins when grown in pure culture. On the other
hand, the presence in cheeses of highly proteolytic LAB species would likely allow tyramine formation
by S. thermophilus.

Calles-Enríquez et al. [35] observed two S. thermophilus strains able to produce histamine and
reported their complete hdc gene cluster organization. This cluster began with the hdcA gene, was
followed by a transporter (hdcP) and ended with the hdcB gene, located in the chromosome and
orientated in the same direction.

The gene order of hdcAPB operon is similar to Staphylococcus capitis and Clostridium perfringens,
which, however, lacks hdcB [200]. Transcriptional analysis of the hdc cluster revealed the maximum
expression during the stationary growth phase, with high expression levels correlated with high
histamine concentration. In the same work, also some factors affecting histamine biosynthesis
and histidine-decarboxylating gene (hdcA) expression were studied. In particular, low temperature
incubation determined lower levels of histamine in milk than in samples kept at 42 ◦C. This reduction
was attributed to a reduction in the activity of the HDC enzyme itself rather than a reduction in gene
expression or the presence of a lower cell number.

The occurrence of a histidine decarboxylase gene (hdcA) was demonstrated also in five among
83-screened S. thermophilus strains by Rossi et al. [85]. The sequence of the hdcA gene and closest
flanking regions were determined for the strain PRI60, which produced the highest amounts of
histamine. This strain synthesized HDC enzyme in milk even in the absence of histidine and it
remained active also in cell-free extracts. Tabanelli et al. [201] continued the study of the histamine
potential of PRI60 strain, testing histamine accumulation by cells or crude enzyme preparations with
respect to factors related to dairy products, reporting a histamine concentration increase concomitantly
with the cell growth. Moreover, HDC was mostly active at pH 4.5 and salt concentration up to
5% (w/v) did not affected enzyme activity. These authors evidenced enzyme thermal resistance up
to temperature resembling low pasteurization, showing the risk of the presence of histaminogenic
S. thermophilus strains in products from raw or mildly heat-treated milk. In fact, this strain was able to
accumulate histamine in experimental cheeses, both when inoculated as starter or as cell-free crude
enzyme preparations, highlighting that histamine formation by S. thermophilus in artisanal cheeses
must not be overlooked, especially during typical production practices [31].
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3.4. Lactococcus

Lactococci are among the most important LAB involved in the dairy industry and some species,
including Lc. lactis subsp. lactis, Lc. lactis subsp. lactis biovar diacetylactis and Lc. lactis subsp. cremoris,
play a critical role in the manufacture of many fermented dairy products [202]. As well as starters, they
have been proposed as bioprotective cultures in the food industry and, for these reasons, safety criteria
(such as BA production) should be evaluated.

Despite their QPS status (recognized by EFSA) and their generally regarded as safe (GRAS) status
(recognized by FDA), some Lc. lactis have been reported to have aminobiogenic activity, both in vitro
and in real systems. In fact, several strains of Lc. lactis subsp. lactis and Lc. lactis subsp. cremoris able to
produce putrescine from agmatine via the AgDI pathway have been identified and these species are
known to be, together with E. faecalis, E. hirae, L. brevis and L. curvatus, the main putrescine producers
in dairy products [65,67,174]. The analysis of the AgDI cluster and their flanking regions revealed that
the capability to produce putrescine via the AgDI pathway could be a specific characteristic that was
lost during the adaptation to the milk environment by a process of reductive genome evolution [65].
The AgDI pathway increases the growth of Lc. lactis and causes the alkalinization of the culture
medium, although it does not seem to be an acid stress resistance mechanism [30]. Linares et al. [203]
investigated the role of aguR gene in putrescine formation in Lc. lactis subsp. cremoris CECT 8666,
founding that it is essential for putrescine biosynthesis and it is transcribed independently of the
polycistronic mRNA encoding the catabolic genes. Moreover, the transmembrane protein encoded
by aguR can act as a transcription activator of the putrescine biosynthesis operon in response to
the agmatine concentration. The same strain was tested in experimental Cabrales-like cheeses with
different NaCl concentrations [204]. These authors evidenced that reducing the NaCl concentration of
cheese led to increased putrescine accumulation and that NaCl was able to reduce the transcription of
the aguBDAC operon, even if no effect on the transcription of aguR was recorded. The same authors
investigated the effect of extracellular pH on putrescine biosynthesis and on the genetic regulation
of the AgDI pathway of CECT 8666 strain. They showed increased putrescine biosynthesis at pH 5,
when the transcription of the catabolic operon via the activation of the aguBDAC promoter PaguB was
induced and a protection against acidic external conditions was reached through the counteraction of
cytoplasm acidification [205].

It has been reported that Lc. lactis can produce other BAs in addition to putrescine. Martins
Perin et al. [59] evaluated the BA production of bacteriocinogenic lactococci strains isolated from raw
goat’s milk reporting tyramine and 2-phenylethylamine accumulation capability in some of them.
The decarboxylase activity of two aminobiogenic strains of Lc. lactis subsp. cremoris employed as
starters in a model system of Dutch-type cheese was studied during a 90 day ripening period [206].
While in the control samples the amount of BAs was negligible, lactococci accumulated about 500
and 800 mg/kg of tyramine and putrescine, respectively. The putrescine decarboxylase activity
observed in the model samples of cheeses with the inoculated strains was consistent with the results
by Santos et al. [207].

3.5. Oenococcus and Pediococcus

Pediococcus spp. are often isolated from a large variety of plant materials and are involved in
spontaneous fermentation of silage, sauerkraut, beans, cucumbers, olives, and cereals [208]. In addition,
pediococci are also associated with fermented sausages and cheese, where selected strains of Pediococcus
pentosaceus and Pediococcus acidilactici are often exploited as commercial starters, to control the
development of undesired and pathogenic microbiota given their bacteriocinogenic features [209].
However, they can act also as spoilers in several fermented foods such as beer, wine and cider, causing
turbidity, acidic off-tastes, adverse flavors and accumulating undesirable compounds [210].

O. oeni is a wine-associated LAB, considered the dominant species during the malolactic
fermentation and possesses remarkable adaptability to harsh physico-chemical conditions. Several
O. oeni strains have been described as BA producers and therefore many authors considered this species,
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together with other LAB species such as L. hilgardii and Pediococcus, as responsible for histamine
presence in wine [33,36,43,108,176].

Lonvaud-Funel and Joyeux [44] isolated for the first time a strain of O. oeni able to produce histamine
via histidine decarboxylase from a wine from the Bordeaux area. Subsequently, Coton et al. [108] purified
and characterized this enzyme, concluding that it requires pyridoxal-5-phosphate as cofactor. Other
authors have also shown that histamine-producing strains of O. oeni are frequent in wine [211] but this
feature was strain dependent and in some strains no BA potential has been found [176]. For this reason,
the role of O. oeni in BA accumulation in wine is still controversial [212]. As a possible explanation
for these discrepancies, it has been suggested that the hdc genes are located on a large and possibly
unstable plasmid and that culture collections will lose the capability to produce histamine in laboratory
subcultures because of the loss of this unstable plasmid [36]. In the LAB isolated from wine by
Landete et al. [42] mostly of O. oeni and P. parvulus harbored hdc genes and pediococci produced high
level of histamine in synthetic medium, showing the highest histaminogenic potential within the tested
genus. Nevertheless, in the same conditions O. oeni showed lower levels of histamine production, that
were even lower when these strains were tested in wine samples. Berbegal et al. [213] showed the
presence of both histamine producer and non-producer strains in a Spanish red Ribera del Duero wine
and proposed a non histaminogenic strain to be used as starter reducing of 5-fold histamine content
in inoculated wine than the non-inoculated control. It has been further demonstrated that, after one
year, the barrel-ageing histamine concentrations were 3-fold lower in the inoculated vat than in the
non-inoculated one.

Landete et al. [214] studied the influence of enological factors on the hdc expression and on HDC
activity in P. parvulus and O. oeni. Gene expression was lowered by glucose, fructose, malic acid,
and citric acid, whereas ethanol enhanced the HDC enzyme activity, so that the conditions normally
occurring during malolactic fermentation and later on, could favor histamine production. On the other
hand, Gardini et al. [177] evaluated the interactive effect of some variables on the BA production of
O. oeni, demonstrating that high ethanol amounts and low concentration of pyridoxal-5-phosphate
reduced their accumulation while higher pH enhanced BA concentrations. In addition, the SO2 effect
on tyramine accumulation depended also on other variables.

In cider, where a microbiological stabilization after malolactic fermentation is not performed,
indigenous heterofermentative LAB constitute the predominant microbiota and several species such
as oenococci and pediococci (beside to lactobacilli) are able to produce BAs [18,215]. Some pediococci
strains isolated from wine and ciders showed the presence of decarboxylase genes, i.e., AgDI cluster
in P. parvulus and P. pentosaceus [18,68,188]. In this latter work, also O. oeni strains had AgDI genes
and the authors found a few discrepancies between phenotypic and genotypic data. On the other
hand, the identification of an odc gene in a putrescine producer O. oeni strain has been reported by
Marcobal et al. [70]. Later, the odc gene was also identified and sequenced in three O. oeni wine strains
and in two O. oeni cider strains [216] and the sequencing of the complete odc gene from O. oeni and
L. brevis showed an 83% identity [19].

Low production of cadaverine and tyramine was also found in a Pediococcus spp. strain isolated
from beer [63] and Izquierdo-Pulido et al. [217] reported Pediococcus genus to be mainly responsible
for tyramine accumulation in beer.

3.6. Other Genera: Weissella, Carnobacterium, Tetragenococcus, Leuconostoc, Sporolactobacillus

Leuconostocs are LAB associated with plants and decaying plant material, often detected in
various fermented vegetable products but also in foods of animal origin [218]. Some species such as
Leuconostoc carnosum, Leuconostoc gasicomitatum, and Leuconostoc gelidum have often been associated
with food spoilage and some strains have been found to be decarboxylase positive. Although it is
known that AgDI pathway has been demonstrated in Leuconostoc mesenteroides [18], some strains
isolated from wine have been suggested to produce putrescine exclusively from arginine via the
arginine deiminase pathway (ADI) pathway, given to the selective effect of the ecological niche on BA
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biosynthesis pathway [115,219]. Recently, based on current knowledge and QPS/GRAS/dairy (IDF)
safety criteria guidelines, the safety of different LAB candidate antifungal bioprotective strains has
been evaluated finding a tyramine-producer Leuc. mesenteroides. This result confirmed the importance
to test decarboxylase activity before considering a candidate strain for use as a bioprotective agent
in food products [220]. Dairy strains of leuconostocs have been associated with high levels of BAs in
cheese and other dairy products and tyramine and 2-phenylethylamine production in Leuconostoc
strains isolated from dairy products have been reported [32,221]. Moreno-Arribas et al. [183] found that
Leuc. mesenteroides may also be responsible for tyramine production in wines and Landete et al. [42]
isolated a wine strain belonging to this species able to produce histamine.

This genus can be also implicated in beer BA accumulation. In fact, some authors studied the
occurrence of aminobiogenic strains during a craft brewing process, highlighting the presence of Leuc.
mesenteroides possessing tdc, hdc, odc decarboxylase genes and able to produce tyramine in wort and
beer [61]. Leuc. mesenteroides ssp. mesenteroides isolated from meat, fermented sausages and cheeses
was able to form putrescine and cadaverine [56].

Weissella are heterofermentative LAB which occur in a wide range of habitats, i.e., milk, plants
and as well as from a variety of fermented foods such as European sourdoughs and Asian and
African traditional fermented vegetables. They can be involved in such traditional fermentations
and some strains of Weissella confusa and Weissalla cibaria can produce copious amounts of dextran
but strains of certain Weissella species are known as opportunistic pathogens involved in human
infections [222]. Moreover, some Weissella strains have been demonstrated to be able to produce
BAs in fermented foods. Weissella viridescens isolated from Tofu-misozuke, a traditional Japanese
fermented food, resulted tyramine producers and several strains isolated from kimchi belonging to
W. cibaria, W. confusa and Weissella paramesenteroides produced multiple BAs, including tyramine and
histamine [45,152]. On the other hand, Pereira et al. [71] demonstrated that a Weissella halotolerans
strain combines an ornithine decarboxylation pathway and an arginine deiminase pathway, leading to
the accumulation of putrescine and producing a proton motive force.

Carnobacterium spp. can be found in vacuum or modified atmosphere packed, refrigerated
raw or processed meat products and lightly preserved fish products, milk, and certain types of
soft cheese [223]. Although Carnobacterium divergens and Carnobacterium maltaromaticum have been
demonstrated to be bacteriocin producers, able to inhibit Listeria monocytogenes, some strains appear to
display undesirable properties such as amino acid decarboxylation activities. In fact, these two species
can produce tyramine while strains belonging to C. divergens, Carnobacterium gallinarum, Carnobacterium
maltaromaticum and C. mobile can possess ADI pathway [57,104,223]. Curiel et al. [224] studied the
BA production capability by LAB and enterobacteria isolated from fresh pork sausages and reported
that all the tyramine-producer isolated strains were molecularly identified as C. divergens, whose
abundance depended from the different packaging conditions. All these strains presented the tdc
genes. Coton et al. [51] identified the gene encoding a putative tyrosine decarboxylase in C. divergens,
evidencing the presence of three putative open reading frames (tyrS, tyrDC and amino acid transporter
PotE) which showed the strongest homologies with E. faecium (94% identity, 98% homology) and
E. faecalis (85% identity, 92% similarity) and exhibited conserved domains characteristic of the group II
(PLP-dependent) decarboxylase family.

Other genera less frequent in fermented foods may also be involved in BA production.
Tetragenococcus is a halophilic facultative aerobic homofermentative coccus, which cannot be

readily distinguished from members of the genus Pediococcus and which can play a role in halophilic
fermentation processes such as the production of soy products, brined anchovies, fish sauce and
fermented mustard or can constitute the dominant microbiota in concentrated sugar-concentrated
juice [225]. Recently, the safety of 49 Tetragenococcus halophilus strains isolated from the Korean sauce
doenjang has been assessed. The isolates produced higher tyramine level than reference strains and
similar cadaverine, histamine, and putrescine production patterns [72]. A T. muriaticus strain isolated
from fish sauce produced histamine during the late exponential growth phase, reaching a maximum
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production of this BA at 5–7% of NaCl, and was able to maintain a histidine decarboxylase activity
also in the presence of 20% of salt [46].

Recently, a sporulating LAB, belonging to a novel species of Sporolactobacillus genus and isolated
from cider must, harbored tdc gene, which showed the same organization as already described genes
found in other tyramine-producing LAB. Moreover, genes showing the highest identities with mobile
elements surrounded the tdc operon, suggesting that the tyramine-forming trait was acquired through
horizontal gene transfer [58].

4. Conclusions

Biogenic amines can accumulate in high concentrations in fermented foods due to microbial
activity and can cause toxic effects in consumers. LAB are considered mainly responsible for BA
accumulation in these products and strains belonging to different species and genera, commonly found
in fermented foods, have been characterized for their decarboxylase activities.

It is known that this decarboxylase activity provides cell advantages because it allows increasing
the environmental pH and leads to the energization of membrane. The genetic clusters responsible
for BA production have been described individually and they can show differences, within the same
amine, that depend mainly on the species and the strain. Nevertheless, it is interesting to note,
that the decarboxylation mechanisms constitute an important ecological tool which can favor strain
competitiveness in stressful conditions (i.e., acid stress and nutritional stress) [20,26,27].

Even if differences between the chromosomic decarboxylase clusters are present, some interesting
consideration can be drawn. The first is that the presence of these cluster are usually strain and not
species dependent and can be regarded as genomic islands, as demonstrated for TDC cluster in L. brevis
by Coton and Coton [50]. In addition, the genes encoding different decarboxylase pathways in several
LAB species (L. saerimneri, L. brevis, and O. oeni) are clustered on the chromosome, acting as a genetic
hotspot related to acid stress resistance [19,20,192].

Although the knowledge concerning the origin and factors involved in BA production in
fermented foods is well documented, it is difficult to prevent the accumulation of these compounds
since the fermentation conditions cannot be easily modified and the aminobiogenic ability is strain
dependent. For these reasons, the selection of specific LAB starters lacking the pathways for BA
accumulation and able to outgrow autochthonous microbiota under production conditions is essential
to obtain high quality food with reduced contents of these toxic compounds. In fact, the inability of a
strain to synthesize BAs has to be included as a selective criterion for starter cultures [226]. On the other
hand, the metabolic heterogeneity observed in natural starter cultures could open a serious concern
about the presence of aminobiogenic LAB strains. This risk could be avoided with the use of defined
starters or selected autochthonous strain mixtures, chosen based on the absence of such activity and
endowed with taylor-made metabolic and functional features for specific products. Nevertheless, when
undefined cultures need to be used, strategies to prevent the presence and growth of aminobiogenic
LAB should be actuated. Among them, the use of food microorganisms able to degrade BAs previously
synthesized in the food matrix should be taken into consideration.

Author Contributions: Conceptualization, G.T. and F.G.; Literature data collection, G.T., F.B., writing—original
draft preparation, G.T., F.B.; writing—review and editing, C.M. and F.G.; supervision, F.G.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pessione, E.; Cirrincione, S. Bioactive molecules released in food by lactic acid bacteria: Encrypted peptides
and biogenic amines. Front. Microbiol. 2016, 7, 876. [CrossRef] [PubMed]

65



Foods 2019, 8, 17

2. Alvarez, M.A.; Moreno-Arribas, M.V. The problem of biogenic amines in fermented foods and the use of
potential biogenic amine-degrading microorganisms as a solution. Trends Food Sci. Technol. 2014, 39, 146–155.
[CrossRef]

3. Hungerford, J.M. Scombroid poisoning: A review. Toxicon 2010, 56, 231–243. [CrossRef] [PubMed]
4. Shalaby, A.R. Significance of biogenic amines to food safety and human health. Food Res. Int. 1996, 29,

675–690. [CrossRef]
5. Sathyanarayana Rao, T.S.; Yeragani, V.K. Hypertensive crisis and cheese. Indian J. Psychiatry 2009, 51, 65–66.

[CrossRef] [PubMed]
6. Silla Santos, M.H. Biogenic amines: Their importance in foods. Int. J. Food Microbiol. 1996, 29, 213–231.

[CrossRef]
7. McCabe-Sellers, B.; Staggs, C.G.; Bogle, M.L. Tyramine in foods and monoamine oxidase inhibitor drugs: A

crossroad where medicine, nutrition, pharmacy, and food industry converge. J. Food Comp. Anal. 2006, 19,
S58–S65. [CrossRef]

8. Knope, K.E.; Sloan-Gardner, T.S.; Stafford, R.J. Histamine fish poisoning in Australia, 2001 to 2013.
Commun. Dis. Intell. Q. Rep. 2014, 38, E285–E293.

9. Marcobal, A.; de Las Rivas, B.; Landete, J.M.; Tabera, L.; Muñoz, R. Tyramine and phenylethylamine
biosynthesis by food bacteria. Crit. Rev. Food Sci. Nutr. 2012, 52, 448–467. [CrossRef]

10. Pegg, A.E. Toxicity of polyamines and their metabolic products. Chem. Res. Toxicol. 2013, 26, 1782–1800.
[CrossRef]

11. European Commission. Commission Regulation (EC) No. 2073/2005 of 15 November 2005 on microbiological
criteria for foodstuffs. Off. J. Eur. Union 2005, 50, 1–26.

12. EFSA. Scientific opinion on risk based control of biogenic amine formation in fermented foods. EFSA J. 2011,
9, 2393–2486. [CrossRef]

13. Bover-Cid, S.; Latorre-Moratalla, M.L.; Veciana-Nogués, M.T.; Vidal-Carou, M.C. Biogenic amines.
In Encyclopedia of Food Safety; Motarjemi, Y., Moy, G., Todd, E., Eds.; Academic Press: San Diego, CA, USA, 2014;
pp. 381–391. ISBN 978-0-12-378613-5.

14. Halász, A.; Baráth, Á.; Simon-Sarkadi, L.; Holzapfel, W. Biogenic amines and their production by microorganisms
in food. Trends Food Sci. Technol. 1994, 5, 42–49. [CrossRef]

15. Bargossi, E.; Tabanelli, G.; Montanari, C.; Lanciotti, R.; Gatto, V.; Gardini, F.; Torriani, S. Tyrosine
decarboxylase activity of enterococci grown in media with different nutritional potential: Tyramine and
2-phenylethylamine accumulation and tyrDC gene expression. Front. Microbiol. 2015, 6, 259. [CrossRef]
[PubMed]

16. Marcobal, A.; de las Rivas, B.; Muñoz, R. First genetic characterization of a bacterial b-phenylethylamine
biosynthetic enzyme in Enterococcus faecium RM58. FEMS Microbiol. Lett. 2006, 258, 144–149. [CrossRef]
[PubMed]

17. Pessione, E.; Pessione, A.; Lamberti, C.; Coïsson, D.J.; Riedel, K.; Mazzoli, R.; Bonetta, S.; Eberl, L.;
Giunta, C. First evidence of a membrane-bound, tyramine and beta-phenylethylamine producing, tyrosine
decarboxylase in Enterococcus faecalis: A two-dimensional electrophoresis proteomic study. Proteomics 2009,
9, 2695–2710. [CrossRef]

18. Coton, M.; Romano, A.; Spano, G.; Ziegler, K.; Vetrana, C.; Desmarais, C.; Coton, E. Occurrence of biogenic
amine-forming lactic acid bacteria in wine and cider. Food Microbiol. 2010, 27, 1078–1085. [CrossRef]

19. Romano, A.; Trip, H.; Lonvaud-Funel, A.; Lolkema, J.S.; Lucas, P.M. Evidence of two functionally distinct
ornithine decarboxylation systems in lactic acid bacteria. Appl. Environ. Microbiol. 2012, 78, 1953–1961.
[CrossRef] [PubMed]

20. Romano, A.; Ladero, V.; Alvarez, M.A.; Lucas, P.M. Putrescine production via the ornithine decarboxylation
pathway improves the acid stress survival of Lactobacillus brevis and is part of a horizontally transferred acid
resistance locus. Int. J. Food Microbiol. 2014, 175, 14–19. [CrossRef]

21. Arena, M.E.; Manca de Nadra, M.C. Biogenic amine production by Lactobacillus. J. Appl. Microbiol. 2001, 90,
158–162. [CrossRef]

22. Bardócz, S. Polyamines in food and their consequences for food quality and human health. Trends Food
Sci. Technol. 2005, 6, 341–346. [CrossRef]
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Abstract: Iodine is an essential trace element involved in the regulation of thyroid metabolism
and antioxidant status in humans and animals. The aim of this study was to evaluate the effect of
ewes’ dietary iodine supplementation on biogenic amines content as well as microbiological and
physico-chemical characteristics in a raw milk cheese at different ripening times (milk, curd, and 2,
7, 15, 30, 60, and 90 days). Two cheese-making trials were carried out using milk from ewes fed
with unifeed (Cheese A) or with the same concentrate enriched with iodine (Cheese B). The results
indicated that the counts of principal microbial groups and physico-chemical characteristics were
quite similar in both cheeses at day 90. Cheese B was characterized by a higher content of biogenic
amines and propionic acid. Propionic bacteria were found in both cheeses mainly in Trial B in
agreement with the higher content of propionic acid detected.

Keywords: raw milk cheese; biogenic amines; iodine feed; physico-chemical composition

1. Introduction

Milk and dairy products represent the second most important source of iodine in the European
Union or in the United States [1] particularly for infants and children. Iodine deficit in the diet causes
various thyroid dysfunctions and infant mortality [2]; iodine has a recommended daily intake of
150 μg for both adolescents and adults [3,4]. The concentration of this element in milk and dairy
products has been reported in different papers and it can vary in terms of animal feed, the season
(the higher concentration is in winter), and exposure to iodophors [2]. Changes in animal feeding
have been proposed as one of the most promising approaches to modify iodine content in milk [5].
Some studies [6,7] have been carried out to evaluate the effects of dietary iodine supplementation in
dairy goats and cows on milk iodine content and milk production traits. Nudda et al. [6] reported that
the iodine supplementation in dairy goat diets doubled the milk iodine content when compared with
the control group, even if no evident effect was observed in the gross composition of milk. On the
contrary, Weiss et al. [7] found that iodine concentration increased in serum but not in milk after
supplementation of this element in diets of dairy cows. In fact, very little information is available
about the effects of iodine addition on ewes’ milk and milk-based product composition, nor about the
response of dairy product microbiota.

Pecorino Incanestrato di Castel del Monte (ICM) is an artisanal semi-hard pasta filata cheese
obtained starting from ewes’ raw milk without the addition of starter cultures. ICM is produced
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in the Abruzzo region (Central Italy) and is included in the list of typical products (PAT—Prodotti
Agroalimentari Tradizionali). As other raw milk cheeses, the characteristics of the final product
are influenced by several parameters such as raw milk microbiota, microorganisms deriving from
equipment and from the dairy environments, and outside and inside grazing animal feeding
systems [8].

In this study, the effect of dietary iodine supplementation in dairy ewes on biogenic amine (BA)
content as well as microbiological and physico-chemical characteristics in ICM cheese was evaluated.

2. Materials and Methods

2.1. Cheese-Making Procedure

Cheese samples were manufactured in a small factory, located in the production area of ICM
(L’Aquila, Abruzzo Region, Italy), from raw whole ewes’ milk of one or two daily milking without the
addition of natural or commercial starter cultures. The milk was filtered and heated at 35–40 ◦C for
15–25 min and coagulated with lamb rennet at 38 ◦C, according to routine manufacture. Afterwards,
the curd was broken and fit into special baskets, the so-called fiscelle. The product was salted and
ripened up to 3 months. The final products weighted about 2 kg. Two different cheese-making trials
were carried out in triplicate using milk (100 L). In a completely randomized block design, 2 groups of
15 Sopravissana ewes were assigned to 2 diets. In the first group, ewes were fed with unifeed (hay and
concentrate) (Cheese A), while in the second group ewes were fed with unifeed enriched with iodine
at a final concentration of 10 mg/kg (Cheese B). This concentration of iodine was selected according
to Regulation EC No. 1459/2005 [9]. The cheese yield was about 24% in both cheese-making trials.
Analyses were performed in triplicate on milk, curd, and cheese samples at different ripening times:
2, 7, 15, 30, 60, and 90 days.

2.2. Microbiological Analyses

Milk and cheese samples (10 mL or g) were diluted in 90 mL of a sodium citrate (2% w/v)
solution and homogenized with a Stomacher Lab-Blender 400 (Steward Medical, London, UK) for 1
min. Serial dilutions in sterile peptone water (0.1% w/v) were plated in triplicate on different media
to enumerate the following microorganisms: mesophilic lactobacilli, lactococci, aerobic mesophilic
bacteria (AMB), yeasts, Enterobacteriaceae, enterococci, and coagulase-negative staphylococci (CNS),
according to Schirone et al. [10]. The presence of Escherichia coli O157:H7, Salmonella spp., and Listeria
monocytogenes was determined according to standard methods reported in ISO [11–13].

For the detection of propionibacteria, a semi-quantitative approach was applied as described
previously [14,15]. DNA was extracted using PowerSoil DNA Isolation Kit (MoBio Laboratories)
according to manufacturer’s protocol starting from 5 g of cheese as previously described [14].
PB1 (5′-AGTGGCGAAGGCGGTTCTCTGGA-3′) and PB2 (5′-TGGGGTCGAGTTGCAGACCCCAAT-3′)
primer set was used. PCR amplification program consisted of denaturation at 94 ◦C for 4 min, 40 cycles of
denaturation at 94 ◦C for 30 s, annealing at 70 ◦C for 15 s, and extension at 72 ◦C for 1 min followed by a
final extension at 72 ◦C for 5 min.

2.3. Gross Physico-Chemical Composition

A radial slice of each cheese was randomly taken and used for physico-chemical assays. The rind
of each slice was carefully removed, and the rind-less material was fully shredded. pH, water activity
(aw), dry matter, total protein, fat, and ash content were determined according to Schirone et al. [9].
Iodine concentration was evaluated using a commercial kit according to manufacture instructions
(Celltech, Turin, Italy) in milk and cheese samples.

Organic acids (mg/g) were determined as reported by Tofalo et al. [15] and Bouzas et al. [16]
using an HPLC 200 series (Perkin Elmer, Monza, Italy) connected to a UV VIS detector at
210 nm. ROA Organic Acid H+ column (Phenomenex, Bologna, Italy) was used for the analyses.
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All determinations were performed isocratically with a flow rate of 0.7 mL/min at 65 ◦C using H2SO4

solution 0.009 N as mobile phase.
The nitrogen fractions determined were water-soluble nitrogen (WSN, expressed in %N) [17],

trichloroacetic acid-soluble nitrogen (12% TCA-SN, expressed as %N) [18], and amino acid nitrogen
(AAN, expressed as mg leucine/g) [19].

2.4. BA Determination

Determination of BA (mg/kg) was carried out as described by Schirone et al. [20]. In brief, 10 g of
cheese samples were extracted and derivatized with dansyl chloride (Fluka Chimica, Milan, Italy). The
chromatographic system consisted of an HPLC Waters Alliance (Waters SpA, Vimodrone, Italy), equipped
with a Waters 2695 separation module connected to a Waters 2996 photodiode array detector. The separation
of the analytes was carried out using a Waters Spherisorb C18 S3ODS-2 column (3 μm particle size, 150 mm
× 4.6 mm Inner Diameter) equipped with a Waters Spherisorb S5ODS2 guard column. A linear gradient
made up of acetonitrile and ultrapure water was applied: acetonitrile 57% (v/v) for 5 min; acetonitrile 80%
(v/v) for 4 min, acetonitrile 90% (v/v) for 5 min. The peaks were detected at 254 nm.

2.5. Statistical Analyses

Statistical analyses were performed using the software STATISTICA for Windows (STAT. version
8.0, StatSoft Inc., Tulsa, OK, USA). Collected data were subjected to two-way analysis of variance
(ANOVA) to detect significant differences. The principal component analysis (PCA) was performed on
physico-chemical and microbiological data after auto-scaling.

3. Results

3.1. Microbial Analyses

Microbial counts are shown in Table 1. Overall, mesophilic lactobacilli, lattococci, AMB,
enterococci, and yeasts showed a significant increase during the first days ripening. This was partly
due to both microbial growth during coagulation and the physical retention of microorganisms in
curds. The count of AMB obtained from the milk was higher in Cheese A (6.9 log CFU/mL) than in
Cheese B (5.5 log CFU/mL) and then increased up to 8.4 log and 8.7 log CFU/g at 90 days of ripening,
respectively. These counts are common in cheeses produced from raw milk, and they agree with those
obtained in different cheese varieties such as Montasio [21] or Cebreiro [22,23].

Lactic acid bacteria (LAB) dominated in ICM cheeses during all ripening. In Cheese B, a higher
number of lactococci and mesophilic lactobacilli was observed than in the Cheese A during the first
stages of ripening, while at the end of ripening both cheeses showed similar counts, more than 8 log
CFU/g. In general, LAB dominated the adventitious microbiota prevailing in all cheeses. Overall,
in the early phase of manufacture, non-starter lactic acid bacteria (NSLAB) were present at very low
values, whereas during ripening they increase from approximately 2.0 to 6.0 log CFU/g in ripened
cheese [24]. Enterococci counts during ripening resulted to be quite different in ICM Cheeses A and B.
In Trial A, their number increased from 2.8 log CFU/mL in milk up to a maximum value of 6.5 log
CFU/g at 2 days and then decreased at 5.5 log CFU/g at the end of ripening. In Trial B, the counts
started from 2.5 log CFU/g in milk, increased up to 6.3 log CFU/g after 15 days, and then decreased at
3.8 log CFU/g at 90 days of ripening. Enterococci represent the major part of curd microbiota and in
some cases, they are the predominant microorganisms in the fully ripened product, constituting about
the 41% of the LAB population [25]. In particular, enterococci have been recognized as an essential part
of the natural microbial population of many dairy products, where they can sometimes prevail over
lactobacilli and lactococci [22,26,27]. High levels of enterococci observed in other cheeses have been
suggested to have a relevant role during the whole ripening process, because of their proteolytic and
lipolytic activities that contribute to aroma compounds production (C4 metabolites such as diacetyl
acetoin or 2,3-butanediol) [28,29].
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As regards Enterobacteriaceae, they are associated to the natural microbiota of many dairy
products, and together with coliforms are considered indicators of the microbiological quality of
cheese. These microorganisms were present in milk of both cheeses and after 15 days of ripening,
ranging from about 4.5 to 5.8 log CFU/g for Cheeses A and B respectively, whereas they were not
enumerable (<10 CFU/g) in Cheese B at 90 days of ripening. Enterobacteriaceae are generally considered
as microorganisms with a high decarboxylase activity, particularly in relation to the production
of cadaverine and putrescine [30] and are common in many traditional cheeses of Mediterranean
area [31]. The counts of CNS were higher in Milk B (6.3 log CFU/mL) than in Milk A (4.9 log CFU/mL).
These microorganisms increased during the first days of ripening and decreased at 90 days with values
of 3.4 and 4.3 log CFU/g in Cheeses A and B, respectively.

Yeasts, absent in milk in both trials, were present in curd and reached values of 4.4 and 5.1 log
CFU/g in Cheeses A and B, respectively, at the end of ripening. Similar data have been reported in
other raw milk cheeses such as Pecorino di Farindola [32,33].

Pathogens such as Salmonella spp., L. monocytogenes, and E. coli O157:H7 resulted absent in all the
examined samples.

3.2. Gross Physico-Chemical Composition

The physico-chemical parameters and organic acids content for the two cheese-making procedures
at 90 days of ripening are reported in Table 2. After 2 days of ripening, the pH values were 5.75 and
5.44 in Cheeses A and B, respectively (data not shown), and they then slightly decreased at the end
of ripening. These differences, generally attributed to the metabolic activity of different species and
strains of LAB, are typical of low acidified cheese produced with ewes’ raw milk [10]. The mean aw

values decreased as ripening progressed and at day 90 they were similar in both cheeses (about 0.97).
A higher percentage of fat was observed in Cheese B (51.69% w/w) than in Cheese A (47.03% w/w) at
the end of ripening, whereas proteins were present in the amount in Cheese A (44.12% w/w) than in
Cheese B (40.92% w/w), even if no statistical differences were observed (p < 0.05). The average values
of iodine concentration were 86.1 and 481.3 μg/100 mL in Milks A and B, respectively. At day 90, the
iodine concentration was 128.7 μg/100 g in Cheeses A and 375.9 μg/100 g in Cheese B. The iodine
amount in milk has been reported to reflect the dietary iodine content, and it is an indicator of the
iodine status of the animal [34]. The iodine concentration in milk is directly proportional to the iodine
levels in feedstuffs. Moreover, the season of milk production and fat content of milk can significantly
affect its rate [35]. Manca et al. [36] found that iodine supplementation did not influence the goat
milk fatty acid profile, except for some short-chain fatty acids. Milk fat and protein content did
not vary between two groups of dairy sheep fed with iodine supplementation in diets at different
concentrations [37].

Lactic acid was the most abundant organic acid with values of about 35 mg/g in both Cheeses
A and B (Table 2). Similar concentrations of citric, acetic, and succinic acids were detected in both
cheeses with values of about 0.5, 0.9, and 0.2 mg/g, respectively. Propionic acid was present in higher
concentration in Cheese B. Therefore, to verify the origin of this organic acid, a genus-specific PCR
was used. Propionibacterium freudenreichii was the only propionic bacteria detected, as demonstrated
by the presence of a specific fragment of 850 bp. It was present in all samples, the only exception
being Cheese A at 7 days of ripening (data not shown). Band intensities were correlated to propionic
bacteria abundance. In Cheese A, the P. freudenreichii presence ranged from 10 to 103 CFU/g—in
Cheese B, from 103 to 106 CFU/g. Similar results were found by Tofalo et al. [15] in a traditional
Abruzzo cheese where the presence of P. freudenreichii has been shown to play an important role in its
sensorial characteristic and aromatic quality conferring an intense flavor.

Assessment of proteolysis in Cheeses A and B, through the determination of WSN, 12% TCA-SN
and AAN over three months of ripening, is reported in Figure 1. The WSN value was 9%N in Curd A
and about 12%N in Curd B. During the first weeks of ripening, there were no statistically significant
differences between the examined cheeses in the level of WSN and the concentrations increased with a
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more intense rise in Cheese B, reaching a final rate of 14.5%N at day 90. The effect of feeding system
on nitrogen fractions was more marked starting from 30 days of ripening, probably due to the impact
of the milk as a source of microbial enzymes. The amount of 12% TCA-SN also increased progressively
in both cheeses, but it was stronger always in Cheese B. Starter LAB and non-starter LAB (NSLAB)
proteinases are principally responsible for the formation of 12% TCA-SN [38], that contains small
peptides (2–20 residues) and free amino acids [39]. The average content of AAN showed a general
similar evolution in both cheeses, but Trial A showed a slower proteolytic activity than that in Trial B.
However, the final values obtained were similar: 8.42 and 8.60 mg leucine/g, respectively, for Cheeses
A and B at 90 days of ripening.

Table 2. Physico-chemical characteristics and organic acids content (mg/g) in cheeses at the end
of ripening.

Parameters Cheese A Cheese B

Physico-chemical

pH 5.55 ± 0.20 5.39 ± 0.10
aw 0.98 ± 0.01 0.97 ± 0.01

% Dry matter 67.68 ± 4.80 66.15 ± 2.23
% Fat 1 47.03 ± 3.13 51.69 ± 1.73

% Protein 1 44.12 ± 6.68 40.92 ± 7.54
% Ash 1 8.85 ± 0.26 7.39 ± 0.47

Organic acids

Citric acid 0.5 ± 0.1 0.40 ± 0.07
Succinic acid 0.10 ± 0.05 0.21 ± 0.03

Lactic acid 35 ± 4 36 ± 4
Acetic acid 0.80 ± 0.05 0.90 ± 0.06

Propionic acid 0.04 ± 0.03 0.13 ± 0.06

Data are expressed as mean ± S.D.; 1 these parameters (fat, protein, and ash) are expressed in dry matter;
no statistically significant differences were observed (p < 0.05).

Figure 1. Evolution of nitrogen fractions during ripening in Cheeses A and B. WSN: water-soluble
nitrogen; TCA-SN: trichloroacetic acid-soluble nitrogen; AAN: amino acid nitrogen.
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3.3. BA Content

The high content of BA in cheese is well documented [20,40]. The accumulation of BA has been
mainly ascribed to the activity of NSLAB, even if an indirect role of LAB proteolytic activity could be
hypothesized providing the precursor amino acids used for BA synthesis. Moreover, some factors,
such as environmental hygienic conditions, decarboxylase microorganisms, and temperature and
ripening of cheese can contribute to the qualitative and quantitative BA profiles [31]. The accumulation
of BA at high concentrations and the presence of BA-producing microorganisms cannot be avoided in
raw milk cheeses as well as in fermented foods and beverages. Total BA content was found to be similar
up to 60 days in both cheeses with an average content of about 400 mg/kg (Figure 2A,B ). In raw milk A
and B, only putrescine was detected at low concentrations (about 2 mg/kg). At day 60, the main amine
was putrescine, followed by cadaverine, tyramine, and histamine. In Cheese B, a significant increase
was observed in the total BA content at day 90 (760.7 mg/kg); in Cheese A, a decrease was detected
at that time (244.30 mg/kg). The reduction was particularly evident for histamine (5.80 mg/kg) and
cadaverine that disappeared. This fact could be explained by the presence of some BA-degrading
strains, as reported by other authors [41–43]. Recently, Alvarez et al. [41] reported that a significant
alternative to reduce BA content in fermented foods (such as cheese, wine, and sausages) was the use
of BA-degrading strains, isolated from different origins. Fresno et al. [42] suggested that the addition of
two strains (Lactobacillus casei 4a and 5b) were able to reduce BA contents in a Cabrales-like mini-cheese
manufacturing model, although the exact mechanism via which this occurs remains unknown. In order
to identify the pathways involved in the catabolism of these compounds, Ladero et al. [43] reported
the draft genome of the L. casei 5b strain isolated from cheese. The use of BA-degrading strains could
be particularly useful during cheeses manufacturing from raw milk in which a specific non-starter
microbiota is essential for the organoleptic characteristic of the final product.

(A) 

(B) 

Curd      2          7        15        30        60       90

Figure 2. Biogenic amines content (mg/kg) during the ripening in Cheese A (A) and Cheese B (B).
BA, biogenic amine.
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In order to understand the variability between the two different cheeses, PCA was carried out
using as variables physico-chemical and microbiological data. The PCA results were shown in Figure 3,
the score plot (A) and the loading plot (B). The two principal components (PCs) captured 60.64%
of total variance in the first two dimensions with 43.30% and 17.34% explained by Factors 1 and 2,
respectively. In the score plot (A), both Cheeses A and B at days 60 and 90 of ripening clustered
together in the positive section of PC 1 and were closely related to the high values of dry matter, fat,
protein, and ash content as well as propionic and lactic acids; meanwhile, the negative counterpart
of PC 1 was mainly associated to the succinic acid and grouped the samples of Cheese A in the first
month of ripening. The different ripening times of Cheese B were discriminated over the first PC,
based above all on the counts of microorganisms.

(A) 

(B) 

Figure 3. Score plot (A) and loading plot (B) of the first and second principal components (PCs) after
PC analysis encompassing microbiological and physico-chemical parameters.
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4. Conclusions

The overall management system of the farm was the same, so it is possible to hypothesize
that iodine influenced the main features of Pecorino Incanestrato di Castel del Monte cheese.
The physico-chemical and microbiological data highlighted a relevant effect of dietary iodine
supplementation on ewes’ raw milk and cheese microbiota. Even if the counts of principal microbial
groups were quite similar in both cheeses, differences were found in some biochemical activities of
microorganisms such as proteolytic/peptidasic activities or total BA content at day 90 of ripening.
The findings call for a deep study on the selective effect of iodine on microbial populations in raw
milk cheeses.
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Abstract: Two artisanal varieties of cheese made in Spain, one made of ewes’ raw milk and the other
of goats’ raw milk were selected to evaluate the effect of a high hydrostatic pressure (HHP) treatment
at 400 MPa during 10 min at 2 ◦C on the formation of biogenic amines (BA). These conditions were
applied at the beginning of the ripening (before the 5th day; HHP1) and in the case of ewes’ milk
cheeses also after 15th days (HHP15). BA formation was greatly influenced by HHP treatments in
both types of cheese. HHP1 treatments significantly reduced the amounts of BA after ripening, being
tyramine and putrescine the most affected BA in goats’ milk cheeses and tyramine and cadaverine in
ewes’ milk cheeses. The BA reduction in the HHP1 samples could be explained by the significant
decrease in microbiological counts, especially in the LAB, enteroccocci and enterobacteria groups at
the beginning of ripening. The proteolysis in these samples was also affected reducing the amount
of free amino acids. Although proteolysis in ewes’ milk cheeses HHP15 was similar than in control
samples a reduction of BA was observed probably because the decrease caused on microbial counts.

Keywords: biogenic amines; cheese; high hydrostatic pressure

1. Introduction

Biogenic amines (BA) are basic nitrogenous compounds formed in different foodstuffs due to
the microbial decarboxylation of amino acids. The kind and the amount of BA formed depends on
the decarboxylase capability of the bacterial strains present, the availability of substrate amino acids
and the physicochemical properties of the matrix [1]. Some aromatic BA, such as histamine (HIS),
tyramine (TY), β-phenylethylamine (PHE) and tryptamine (TR), have psychoactive and vasoactive
properties that may cause food poisoning when present in foodstuffs, while the diamines putrescine
(PU) and cadaverine (CA) can boost the toxic action of aromatic BA [2,3]. Outbreaks caused by HIS
are frequent, although not always correctly diagnosed or declared. It causes intoxication—called
“histamine food poisoning” or “scombroid food poisoning”—since it is frequently associated with
consumption of scombroid fish, especially tuna fish and mackerel [4]. After fish, cheese is the most
commonly implicated food product associated with histamine poisoning and outbreaks have been
associated with cheeses made from both raw and pasteurized milk [5]. The HIS concentrations in
cheeses that were implicated in outbreaks ranged between 850 to 1870 mg/kg [6]. Tyramine is another
BA associated with food-borne poisoning, being one of the causative agents of the so called “cheese
reaction” [7], causing migraine, headache and, in extreme cases, hypertensive breakdown [5,8,9].
The seriousness of any BA food-borne poisoning depends on the ingested dose and the sensitiveness
of the consumer (genetic or acquired) [3,10].

During cheese manufacture several factors may contribute to the accumulation of toxic amounts
of BA. Good manufacturing practices to minimize the occurrence of BA-producing microorganisms
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in raw materials, pasteurization of milk or addition of BA-non-producing starter cultures have been
suggested as BA risk mitigation options. Although it has been described that milk pasteurization
reduces the level of decarboxylase-positive bacteria, later contamination of milk and curd during
cheese manufacturing by decarboxylating bacteria and their subsequent growth and metabolic activity
during cheese ripening usually results in BA build up [10–13].

High hydrostatic pressure (HHP) is non-thermal processing method used to extend shelf-life of
foods. This induces morphological changes and inhibition of enzymes and genetic mechanisms of
microorganism [14]. HHP offers the advantage that can be applied after cheese manipulation is over
and no further contamination of curd is expected. The effect of HHP treatments has been evaluated
in different kind of cheeses made from cows’ milk [15], ewes’ milk [16] and goats’ milk [17,18],
being able to eliminate most of the pathogenic bacteria associated with this product but it may also
be useful to eliminate decarboxylating bacteria and avoid BA formation during cheese ripening.
Calzada et al. [19] evaluated HHP treatments up to 600 MPa at different ripening stages to control the
excessive proteolysis and BA formation on blue veined cheese, observing a lower concentration of
TY. In another study [20], it was observed that HHP treatments significantly reduced the BA build
up when applied on days 21 and 35 of ripening in “Torta del Casar” type cheese. This kind of cheese
is made of raw milk and vegetable rennet, which causes a strong proteolytic activity and leads to
extensive caseins breakdown in cheese matrix. Nevertheless, much less information was found about
the HHP effect on the BA formation in other type of cheeses made of pressed paste.

The main objective of this survey was to evaluate HHP processing to reduce BA formation in two
varieties of artisanal Spanish cheese made of raw milk from ewe and goat. Treatments were applied
at different stages of ripening and the consequences of these treatments on the BA formation and
proteolytic activity were evaluated during the ripening.

2. Materials and Methods

2.1. Cheese Manufacturing

Two types of artisanal ripened cheeses elaborated in Spain were studied in this work, both made
with starter culture, enzymatic curd and pressed paste. The first one was produced from goats’ raw
milk in the region of Catalonia, northeast of Spain, and the second was made from ewes’ raw milk
in Castilla y León, central Spain. Three independent batches of each type of cheese were produced
following the usual manufacturing procedures used by the manufacturers.

2.2. High-Hydrostatic Pressure (HHP) Treatments

HHP treatments were performed at 400 MPa for 10 min at a temperature of 2 ◦C using an Alstom
HHP equipment (Alstom, Nantes, France) with a 2 L pressure chamber. A mixture of alcohol and water
(1:9) was used into the chamber. The pressurization rate and depressurization time were 268 MPa/min
and 55 s, respectively. Before processing, goats’ milk cheese samples were separated in two batches:
samples not HHP treated (Control samples) and samples HHP treated before the 5th day of ripening
(HHP1). In the case of ewes’ milk cheese samples a third batch for samples that were treated after
15 days of ripening (HHP15) was included. In all cases a portion of about 8.0 cm diameter was obtained
and shaped to adequate it to the diameter of the cylinder of the HHP equipment and then vacuum
packaged. After the HHP treatments, samples were deprived of the plastic bag and kept into a ripening
chamber at 14 ◦C and 88% of relative humidity to continue with the ripening process for 60 days.
Analyses of cheeses were performed at the 5th, 15th, 30th, 45th and 60th day of ripening.

2.3. Microbiological Analysis of Cheeses

Ten grams of each sample were homogenized in 90 mL of sterile Buffered Peptone Water (Oxoid,
Basingstoke, Hampshire, UK) with a paddle blender (BagMixer, Interscience, France). Counts of
Lactococcus spp. were made on M-17 agar (Oxoid) supplemented with a bacteriological grade lactose
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solution (5 g/L, Oxoid) and incubated at 30 ◦C for 48 h; Lactobacilli were determined on Man Rogose
Sharpe agar (MRS, Oxoid) and incubated at 30 ◦C for 48 h; Enterococci were enumerated using KF
Streptococcus Agar (Oxoid) supplemented with 2,3,5-trifeniltetrazolium chloride solution 1% (Oxoid)
and incubated at 37 ◦C for 48 h; enumeration of Enterobactericeae was performed on Violet Red Bile
Glucose Agar (VRBG, Oxoid) and counts of Escherichia coli was made on the chromogenic selective
media Coli ID (BioMérieux, Marcy l’Etoile, France) and incubated at 30 ◦C for 24 h; Staphylococcus aureus
counts were determined on Bair Parker Agar supplemented with rabbit plasma fibrinogen (BP-RPF
agar, BioMérieux, Marcy L’Etoile, France) and incubated at 37 ◦C for 24–48 h.

2.4. Assessment of Proteolysis Activity on Cheeses

Water Soluble Extracts (WSE) of cheese were prepared according to the method described by
Kuchroo and Fox [21]. From the WSE adjusted at pH 4.6, Water-Soluble Nitrogen (WSN) fraction was
obtained and determined by the Dumas combustion method [22]. The nitrogen content of the WSN
fraction was expressed as a percentage of Total Nitrogen (TN), described as the Ripening Index (RI),
according to the formula:

RI = (WSN/TN)× 100 (1)

The measurement of the amino group content was determined on WSE by the
Trinitrobenzensulphonic Acid method (TNBS) according to the procedure described by
Hernández-Herrero et al. [23]. Results were expressed as mg of L-Leucine per g of cheese. The total Free
Amino Acids (FAA) content was determined on WSE by the cadmium-ninhydrin method described by
Folkertsmaa and Fox [24] and the results expressed as mg of L-Leucine per g of cheese.

2.5. Determination of Biogenic Amines in Cheese

The RP-HPLC method described by Eerola et al. [25] and modified by Roig Sagués et al. [12] was
used to determine the BA content in cheese samples. The BA determined were β-phenylethylamine
(PHE), tryptamine (TR), putrescine (PU), cadaverine (CA), histamine (HIS), tyrosine (TY), spermidine
(SD) and spermine (SM).

2.6. Statistical Analysis

Analysis of variance (ANOVA) was performed on all data from each batch and treatment
of goats’ and ewes’ milk cheeses at different ripening stages. Comparisons of mean values of
physicochemical, microbiological and BA were followed by Duncan test with significance level
set on p < 0.05. Comparisons of mean values of proteolysis indexes were performed using the
Student-Newman-Keuls test with the significance level set at p < 0.05. All tests were performed with
the SPSS for windows (v.15.01) program (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Effect of HHP Treatment on Microbial Counts

Tables 1 and 2 shows the growth of the microbial groups counts along the ripening process in the
goats’ and ewes’ cheeses, respectively, in both control and HHP processed samples.
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Table 1. Changes in microbial population (mean values ± standard deviation as log10 CFU/g) of
the goats’ raw milk cheese samples with and without high hydrostatic pressure (HHP) treatment
during ripening.

Microbial Group Day of Ripening Control HHP1

Lactococci

5 9.55 ± 0.27 a,A 7.30 ± 0.22 B

15 8.75 ± 0.34 b,A 6.76 ±0.49 B

30 8.47 ± 0.26 b,A 7.03 ± 0.64 B

45 8.26 ± 0.20 b,A 7.19 ± 0.25 B

60 7.54 ± 0.51 c,A 7.05 ± 0.17 A

Lactobacilli

5 6.54 ± 0.31 a,A 3.13 ± 0.26 a,B

15 8.36 ± 0.42 b,A 5.23 ± 1.54 b,B

30 8.28 ± 0.15 b,A 6.31 ± 0.33 c,B

45 8.18 ± 0.19 b,A 6.80 ± 0.50 c,B

60 7.89 ± 0.45 b,A 7.03 ± 0.22 c,A

Enterococci

5 6.23 ± 0.24 a,A 4.44 ± 0.44 ab,B

15 6.10 ± 0.70 a,A 3.99 ± 0.24 ab,B

30 6.17 ± 0.47 a,A 4.60 ± 0.96 b,B

45 6.17 ± 0.48 a,A 3.45 ± 0.34 a,B

60 5.32 ± 0.64 a,A 3.85 ± 0.59 ab,B

Enterobacteria

5 6.33 ± 0.26 a,A 1.92 ± 0.54 a,B

15 3.15 ± 2.75 b,A 2.49 ± 0.36 a,A

30 4.54 ± 0.15 b,A 0.86 ± 1.48 a,B

45 3.58 ± 0.40 b,A ND b,B

60 2.94 ± 0.54 b,A ND b,B

E. coli

5 2.56 ± 0.62 b,A ND B

15 0.90 ± 0.78 ab,A ND A

30 1.60 ± 1.96 ab,A 0.83 ± 1.44 A

45 0.77 ± 0.68 ab,A ND A

60 ND a,A ND A

S. aureus

5 2.64 ± 0.15 a,A 0.43 ± 0.75 a,B

15 1.06 ± 0.96 b,A ND A

30 1.18 ± 0.31 b,A ND B

45 0.77 ± 1.33 b,A 0.33 ± 0.58 B

60 ND b,A ND A

ND: not detected (<10 CFU/g); means with different superscript small letter differ significant (p < 0.05) in the
same column for the same parameter and HHP treatment; means with different superscript capital letter differ
significant (p < 0.05) in the same row for the same parameter and day of ripening; HHP1: HHP treated the 5th day
of the ripening.

Table 2. Changes in microbial population (mean values ± standard deviation as log10 CFU/g) of the
ewes’ raw milk cheese samples with and without HHP treatment during ripening.

Microbial Group Day of Ripening Control HHP1 HHP15

Lactococci

5 9.34 ± 0.33 a,A 7.80 ± 0.31 a,B

15 9.16 ± 0.20 a,A 6.87 ± 0.39 b,B 7.25 ± 0.22 a,B

30 9.21 ± 0.18 a,A 8.04 ± 0.74 b,B 7.67 ± 0.14 ab,B

45 8.74 ± 0.20 ab,A 8.07 ± 0.61 b,B 7.92 ± 0.39 ab,B

60 8.38 ± 0.16 b,A 8.32 ± 0.76 b,A 7.57 ± 0.32 b,B

Lactobacilli

5 5.57 ± 0.35 a,A 4.54 ± 0.64 a,B

15 7.52 ± 1.07 b,A 5.60 ± 0.37 b,B 6.19 ± 0.50 a,B

30 8.64 ± 0.41 c,A 6.61 ± 0.82 c,B 6.78 ± 1.00 ab,B

45 8.68 ± 0.12 c,A 8.09 ± 0.55 d,A 7.82 ± 0.27 bc,A

60 8.15 ± 0.39 c,A 8.12 ± 0.51 d,A 7.53 ± 0.15 c,B
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Table 2. Cont.

Microbial Group Day of Ripening Control HHP1 HHP15

Enterococci

5 5.59 ± 0.74 A 3.16 ± 1.05 A

15 6.18 ± 2.14 AB 3.50 ± 1.13 C 3.90 ± 1.11 B

30 6.16 ± 1.18 A 1.76 ± 1.53 B 3.96 ± 1.32 A

45 4.63 ± 1.04 A 2.76 ± 2.26 B 3.27 ± 0.48 A

60 4.23 ± 1.40 A 2.58 ± 1.93 B 3.88 ± 0.93 A

Enterobacteria

5 4.65 ± 0.23 a,A ND B

15 4.46 ± 0.30 a,A 0.29 ± 0.58 B ND ± ND B

30 4.42 ± 1.92 a,A ND B 1.22 ± 1.11 B

45 2.87 ± 1.21 b,A ND B 0.57 ± 0.98 B

60 2.35 ± 0.96 b,A ND B ND B

E. coli

5 1.16 ± 1.01 ND
15 1.15 ± 1.37 ND ND
30 0.65 ± 0.79 ND ND
45 0.64 ± 0.73 ND 0.78 ± 1.35
60 0.73 ± 0.91 ND ND

S. aureus

5 2.35 ± 0.58 a 1.07 ± 1.35
15 1.74 ± 1.19 ab 0.50 ± 0.58 0.33 ± 0.58
30 1.17 ± 0.35 ab 0.29 ± 0.58 0.33 ± 0.58
45 0.61 ± 0.71 bc ND ND
60 0.25 ± 0.50 c ND ND

ND: Not detected (<10 CFU/g); means with different superscript small letter differ significant (p < 0.05) in the same
column for the same parameter and HHP treatment; means with different superscript capital letter differ significant
(p < 0.05) in the same row for the same parameter and day of ripening; HHP1: HHP treated the 5th day of the
ripening; HHP15: HHP treated after 15 days of ripening.

In control samples (non HHP-treated) of both types of cheese, Lactoccocci was the main microbial
group at the beginning of the ripening, showing counts above 8 log10 CFU/g, probably because strains
of Lactococcus lactis were added as the starter culture, while lactobacilli counts were significantly lower
at the beginning of the ripening, although their counts rose as the ripening progressed, achieving
similar counts to lactococci. Enterococci counts remained steady at a level about 6 log10 CFU/g at the
beginning of the process, showing a slight decrease around the 15th and the 30th day in the goats’ and
ewes’ cheeses, respectively. S. aureus, enterobacteria and E. coli counts decreased during the ripening
until becoming undetectable in most of the samples. These results are in agreement with those reported
by other authors in other varieties of cured cheeses [26–30].

HHP treatments reduced significantly the Lactic Acid Bacteria (LAB) counts. In HHP1 treated
samples, lactoccocci counts decreased 2.2 log10 CFU/g and 1.5 log10 CFU/g in the goats’ and ewes’ milk
cheeses, respectively. In the case of lactobacilli mean reductions were 3.41 log10 CFU/g and 1.03 log10

CFU/g. However, these counts recovered along the ripening process and no statistical differences were
observed at the end of the work with respect to control samples. Ewes’ milk cheeses HHP15 showed
a reduction of about 1.91 log10 CFU/g and 1.33 log10 CFU/g for lactoccocci and lactobacilli counts,
respectively. In that case the subsequent recovery of these counts was not so clear and they did not
achieve the same counts than control samples. Novella-Rodríguez et al. [31] also observed that starter
counts were reduced about 2 log10 CFU/g in goats’ milk cheeses as a consequence of HHP, although a
subsequent increase was found during ripening. Rynne et al. [32] reported significant reductions of
about 1.5 log10 CFU/g in starter and non-starter LAB in cheddar cheese treated at 400 MPa on the first
day of ripening. In ovine milk ripened cheeses treated on day 1 and 15 at 300 MPa and 400 MPa proved
to cause similar reductions although recovery of LAB counts was observed only in samples treated 1st
day. HHP treatments also affected significantly (p < 0.05) the counts of enteroccocci in both type of
cheeses in either HHP1 and HHP15 samples, being unable to recover the initial counts in any case.
Arqués et al. [27] reported a reduction of 2.68 log10 CFU/g in enteroccocci counts when a treatment of
400 MPa for 10 min at 10 ◦C was applied on the 2nd day of ripening to “La Serena” cheeses, remaining
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constant during the rest of the ripening. Although high counts of enteroccoci have been associated with
the unhygienic processing of cheese, their presence is also considered important for the development
of the typical aroma and flavour of traditional Mediterranean cheeses. Their counts may range from
104 to 106 CFU/g in curds and 105 to 107 CFU/g in ripened cheeses [33]. In the case of S. aureus HHP1
treatments also caused significant reductions in both kind of cheeses and HHP15 in ewes’ milk cheeses,
becoming undetectable in most cases at the last day of the work. Nevertheless, the initial counts were
already quite low. Similar results were reported in “La Serena” cheeses treated at 400 MPa on the
2nd day of ripening [27] and in Cheddar cheeses and their slurries treated at 400 MPa for 20 min at
20 ◦C [34]. S. aureus has been described as one of the most HHP resistant non-sporulated bacteria.
López-Pedemonte et al. [35] described that at least 500 MPa HHP treatments would be necessary to
achieve reductions of about 6 log10 CFU/g.

HHP treatments showed to be very effective reducing Gram-negative bacteria except for HHP1
in goats’ milk cheese samples, where a slight growth was noted on the 15th day probably due to a
possible recovery of the sub lethal injured cells after the HHP treatment. However, cheese ripening
conditions, with low pH, increasing salt concentration and presence of LAB, made difficult this
recovery to consolidate and no positive counts were detected later at the 30th and 45th days of
ripening. Juan et al. [28] also described reductions above 3 log10 CFU/g of enterobacteria in ewes’
milk cheeses after a 400 MPa treatment applied the 1st and the 15th day of ripening. Initial counts
of E. coli were significantly lower than enterobacteria. O’Reilly et al. [34], Capellas et al. [36] and
De Lamo-Castellvi et al. [37] have previously pointed out the greatest sensitivity of E. coli to HHP in
cheeses with reductions above 6 log10 CFU/g after HHP treatments at 400 MPa.

3.2. Effect of HHP on the Proteolysis of Cheeses

The proteolytic activity parameters measured in the goats’ and ewes’ cheeses are presented in
Tables 3 and 4, respectively.

Table 3. Changes on proteolysis index (mean values ± standard deviation) during the ripening of goats’
raw milk cheese samples with and without HHP treatment (TNBS: amino group content determined
by the Trinitrobenzensulphonic Acid method, RI: Ripening Index, FFA: free Amino Acid content; TNBS
and FAA expressed in mg L-Leucine/g).

Proteolysis Index Day of Ripening Control HHP1

TNBS

5 10.40 ± 2.24 a 9.41 ± 1.80 a

15 14.90 ± 1.21 ab 15.33 ± 2.15 ab

30 22.54 ± 2.50 b 21.14 ± 4.59 b

45 44.89 ± 1.19 c,B 32.65 ± 5.81 c,A

60 53.66 ± 2.14 d,B 39.96 ± 4.52 c,A

RI

5 10.99 ± 3.05 a 11.09 ± 2.60 a

15 22.97 ± 1.23 b 22.97 ± 1.23 b

30 21.88 ± 0.60 b 24.39 ± 3.15 bc

45 22.14 ± 1.78 b 25.71 ± 2.15 bc

60 25.07 ± 0.66 b 28.03 ± 0.35 c

FAA

5 2.08 ± 0.57 a 1.48 ± 0.72 a

15 4.85 ± 1.42 a 3.71 ± 1.06 ab

30 10.05 ± 2.06 b,B 5.90 ± 1.59 bc,A

45 15.07 ± 3.52 c,B 8.40 ± 1.43 cd,A

60 15.71 ± 3.06 c,B 10.40 ± 1.29 d,A

Means with different superscript small letter differ significant (p < 0.05) in the same column for the same parameter
and HHP treatment; means with different superscript capital letter differ significant (p < 0.05) in the same row for
the same parameter and day of ripening.
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Significant differences between control and HHP1 samples in TNBS were observed from the 45th
to the 60th days of ripening in goats’ milk cheeses, while the differences in FAA content were mainly
noted from day 30 to 60. In both parameters control samples showed the highest values. The ratio of
RI displayed a different trend where an increment of around two times was observed during the first
15 days period in control and HHP-treated samples but after this point the proteolysis rate became
slower. In the ewes' milk cheeses, an increment on the three-proteolysis index evaluated was observed
during the ripening period (Table 4). In the ewes’ milk cheeses HHP15 samples presented slightly
higher values than control samples, especially in TNBS, although no significant differences were
observed at the end of the ripening. Although the HHP1 samples showed an intense proteolysis in the
first 30 days of ripening, after this time a decrease on the rate was noticed, obtaining a considerable
reduction on the three proteolysis index values at the 60th day, reflecting that pressure treatment
caused a deceleration in the rate of proteolysis (Table 4).

Table 4. Evolution of proteolysis index (mean values ± standard deviation) during the ripening of
ewes’ raw milk cheese samples with and without HHP treatment.

Proteolysis Index Day of Ripening Control HHP1 HHP15

TNBS

5 7.66 ± 1.65 a 7.92 ± 0.44 a

15 13.87 ± 1.37 ab 13.36 ± 0.82 a 15.03 ± 0.40 a

30 22.13 ± 8.22 b,AB 26.33 ± 17.48 b,BC 34.31 ± 6.11 b,C

45 34.93 ± 2.60 c,BC 28.00 ± 2.84 b,AB 44.79 ± 4.93 bc,C

60 47.40 ± 2.74 d,BC 37.59 ± 6.86 b,A 52.50 ± 2.21 c,C

RI

5 9.70 ± 3.55 a 10.44 ± 4.39 a

15 19.38 ± 4.24 b 18.51 ± 4.23 b 19.15 ± 2.57 a

30 24.96 ± 3.64 bc 23.35 ± 2.38 b 25.39 ± 3.57 ab

45 29.59 ± 2.97 c,B 25.09 ± 2.95 b,A 30.54 ± 2.46 b,B

60 31.92 ± 6.63 c,B 26.38 ± 3.77 b,A 31.62 ± 2.21 b,B

FAA

5 2.36 ± 0.04 a 2.18 ± 0.22 a

15 5.01 ± 1.27 a 3.66 ± 1.79 ab 5.59 ± 2.94 a

30 11.66 ± 2.76 b,B 6.85 ± 3.07 ab,AB 11.22 ± 1.11 b,B

45 11.39 ± 2.69 b,B 6.55 ± 1.10 ab,AB 14.86 ± 4.89 bc,C

60 16.56 ± 3.51 c,B 8.63 ± 1.71 b,A 16.03 ± 5.14 c,B

Means with different superscript small letter differ significant (p < 0.05) in the same column for the same parameter
and HHP treatment; means with different superscript capital letter differ significant (p < 0.05) in the same row for
the same parameter and day of ripening; TNBS: amino group content determined by the Trinitrobenzensulphonic
Acid method, RI: Ripening Index, FFA: free Amino Acid content; TNBS and FAA expressed in mg L-Leucine/g.

RI values indicated that proteolysis was more intense during the first 15 days of ripening in the
goats’ and ewes’ cheeses in control and HHP treated samples. This proteolytic activity was probably
caused by milk and rennet proteinases, being not so clear the role of microbial proteinases. On fact,
WSN is produced mainly by the rennet and to a lesser extent by plasmin or cellular proteinases,
whereas starter peptidases are primarily responsible for the formation of small peptides and free amino
acids [38]. Messens et al. [39] observed that chymosin and plasmin activity in “Gouda” cheese was not
influenced by pressure (from 50 to 400 MPa for 20–100 min). Similarly, Malone et al. [40] in a study
about HHP effects (100–800 MPa, 5 min, 25 ◦C) on the activity of proteolytic and glycolytic enzymes,
observed that plasmin was insensible to pressure treatments and the chymosin activity was unaffected
by treatments up to 400 MPa, decreasing by 50% after an 800 MPa treatment. On the other hand, Juan
et al. [28] found in ewes’ milk cheese that the chymosin activity decreases depending on the age of the
cheese and the pressure applied (above 400 MPa, 1-day old cheeses), whereas plasmin activity was not
significantly affected by HHP treatments (200–500 MPa, for 10 min) applied on the 1st and 15th day
of ripening.

On ewes’ milk cheeses HHP15 samples showed slightly higher values on the three-proteolysis
index evaluated than control samples during the ripening period, although no significant differences
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were observed at the end of the ripening, reflecting that this treatment did not significantly affect the
proteolysis process. However, the HHP application during the initial stages of the ripening in ovine
and caprine milk cheeses led to a decrease of the proteolysis rate. Similar results were obtained by
Juan et al. [16] who in pressurized ovine milk cheeses on the 15th day of ripening obtained similar
WSN/TN values than control samples, at the end of the ripening but higher than those obtained in
samples with HHP-treatment on the 1st day. In contrast, some works reported after application of
HHP treatments not differences on proteolysis indexes during ripening in Gouda [39] and cheddar
cheeses [32] or an increase of proteolysis in goat milk cheese [41,42]. Starter bacteria are one of the
primary sources of ripening intracellular enzymes (proteinases and peptidases). Cellular lysis is
required for their release in the cheese matrix [43], being one of the main factors that influence the
rate of secondary proteolysis [38]. HHP-induced cell lysis is pressure and strain-dependent [44] and
possibly ripening time-HHP dependent. While Messens et al. [39] indicated that, in Gouda cheese,
the possible lysis of the starter bacterial cells resulting from the damage suffered at 400 MPa did not
increase proteolysis because endocellular enzymes were inactivated by the pressure, O’Reilly et al. [45]
pointed out that ripening enzymes in cheddar cheese would probably begin to denature after the
application of pressure treatments between 350–400 MPa and Juan et al. [16] and Calzada et al. [30]
noticed that HHP-treatments above 400 MPa delay the proteolysis in ewes’ and cows’ milk, respectively.
On the other hand, Saldo et al. [17,42] suggested that in goats’ milk cheeses, the release of starter
enzymes probably caused an increase in proteolysis two weeks after HHP treatment at 400 MPa for
5 min was applied.

3.3. Effect of HHP on the Formation of BA on Cheeses

Tables 5 and 6 show the values of the total BA content of the goats’ and ewes’ milk cheeses
after HHP treatments. In general, the sum of all BA, including polyamines, showed a constant and
significant increase in control samples during ripening from the 5th (59.36 mg/kg) to the 60th day
(1156 mg/kg) of ripening in the goats’ milk cheese and from the 6th (85.08 mg/kg) to the 60th day
(622.39 mg/kg) in ewes’ milk cheese samples. This is in agreement with the results reported by other
authors [46–51]. The application of pressure during the first stages of ripening (HHP1) caused an initial
reduction of BA formation from the 15th day, observing that at the end of the ripening these samples
displayed concentrations around 75% lower than control samples. HHP15 ewes’ milk cheeses also
resulted in a decrease of the BA content with respect to control samples, although this reduction was
less pronounced (38% lower than control ones). The BA reduction in the HHP1 ewes’ and goats’ milk
cheeses could be explained because of the significant decrease on microbiological counts observed one
day after the treatment (specially of LAB, enteroccocci and enterobacteria) and the lower proteolysis
presented in these samples with respect to the control ones, showing a reduction of about 34% and
49% of FAA content, respectively, at the end of the ripening. HHP15 samples also showed lower
microbial counts when compared with the untreated cheeses but this did not affect the proteolysis and
consequently the release of amino acids. Novella-Rodriguez et al. [52] found that the total BA content
found in goats’ milk cheeses HHP treated at 400 MPa during 5 min was similar than the untreated
cheeses, although TY content was significantly reduced in HHP samples. Ruiz-Capillas et al. [53]
observed that HHP treatments at 350 MPa for 15 min used to treat “Chorizo” slices caused a significant
decrease in BA content (TY, PU, CA and SM), being the reduction of these amines coincidental with
the decrease in microbial counts, especially of LAB.
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Table 5. Monoamine and diamines content (mean values ± standard deviation expressed as mg/kg
in dry basis) formed during the ripening of goats’ raw milk cheese samples with and without
HHP treatment.

BA Day of Ripening Control HHP1

TR

5 8.99 ± 7.94 a 23.12 ± 5.93 a

15 27.76 ± 15.00 ab 10.81 ± 9.37 a

30 95.96 ± 34.38 c 82.10 ± 26.33 b

45 68.39 ± 20.42 bc 70.11 ± 40.01 b

60 63.69 ± 27.90 bc 89.08 ± 49.98 b

PHE

5 1.40 ± 0.65 a 0.26 ± 0.45 a

15 14.62 ± 1.42 b 17.96 ± 4.07 b

30 17.27 ± 5.94 b 17.16 ± 4.29 b

45 20.75 ± 4.20 ab 14.80 ± 0.45 ab

60 31.13 ± 14.19 b 25.56 ± 7.47 b

PU

5 4.07 ± 0.51 a 3.29 ± 0.42
15 136.56 ± 21.57 ab 59.09 ± 7.34
30 225.16 ± 22.31 b 67.09 ± 8.50
45 463.88 ± 60.73 c,B 42.69 ± 33.89 A

60 476.41 ± 126.21 c,B 79.80 ± 19.51 A

CA

5 30.20 ± 16.19 a 24.07 ± 9.04
15 29.63 ± 4.35 a 26.20 ± 3.13
30 50.14 ± 10.97 ab 35.29 ± 12.70
45 69.53 ± 16.34 b 36.22 ± 17.00
60 70.45 ± 27.21 b 44.22 ± 15.61

HIS

5 1.27 ± 0.56 a 1.00 ± 0.87
15 3.02 ± 0.43 a 2.44 ± 0.34
30 6.38 ± 3.31 a 6.27 ± 3.16
45 18.04 ± 9.36 b,B 6.51 ± 1.75 A

60 15.41 ± 7.05 b,B 4.85 ± 2.20 A

TY

5 10.04 ± 6.80 a 6.11 ± 6.95
15 130.51 ± 42.98 ab 18.96 ± 1.07
30 234.74 ± 69.16 b,B 15.59 ± 3.56 A

45 443.87 ± 105.10 c,B 16.17 ± 0.68 A

60 491.89 ± 67.45 c,B 28.93 ± 5.91 A

Means with different superscript small letter differ significant (p < 0.05) in the same column for the same parameter
and HHP treatment; means with different superscript capital letter differ significant (p < 0.05) in the same row for the
same parameter and day of ripening. TR: tryptamine, PHE: β-phenylethylamine, PU: putrescine, CA: cadaverine,
HIS: histamine, TY: tyramine.

Table 6. Monoamine and diamines content (mean values ± standard deviation expressed as mg/kg
in dry basis) formed during the ripening of ewes’ raw milk cheese samples with and without
HHP treatment.

BA Day of Ripening Control HHP1 HHP15

TR

5 1.66 ± 3.31 a 4.92 ± 5.86 -
15 4.51 ± 3.32 a 10.03 ± 7.29 8.76 ± 6.98
30 9.87 ± 4.43 ab 9.83 ± 4.66 6.25 ± 0.80
45 9.51 ± 3.85 ab 12.49 ± 6.76 12.32 ± 8.43
60 15.73 ± 2.15 b 11.06 ± 6.78 11.66 ± 6.50

PHE

5 1.02 ± 1.23 a 0.40 ± 0.48 -
15 2.78 ± 1.44 a 2.39 ± 0.56 4.39 ± 1.84
30 5.67 ± 5.25 a 3.04 ± 1.01 3.71 ± 1.45
45 12.69 ± 5.08 ab 4.37 ± 1.52 5.78 ± 1.53
60 12.74 ± 2.62 b 4.43 ± 2.37 13.31 ± 15.37
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Table 6. Cont.

BA Day of Ripening Control HHP1 HHP15

PU

5 3.62 ± 0.40 a 5.20 ± 2.41 -
15 42.42 ± 23.00 ab 11.25 ± 9.80 15.14 ± 11.99
30 65.89 ± 30.90 bc,B 5.45 ± 1.38 A 22.33 ± 14.49 AB

45 87.89 ± 76.10 c,B 7.81 ± 3.03 A 22.92 ± 17.51 A

60 74.89 ± 54.74 bc,B 5.24 ± 0.76 A 26.08 ± 6.26 A

CA

5 62.13 ± 33.00 a 55.55 ± 28.54 -
15 159.07 ± 37.23 b,B 48.75 ± 44.16 A 87.50 ± 70.43 AB

30 141.63 ± 79.34 ab,B 48.40 ± 16.94 A 80.65 ± 76.20 AB

45 129.82 ± 67.03 ab,B 41.91 ± 22.89 A 72.47 ± 29.78 AB

60 105.90 ± 21.87 ab,B 28.51 ± 17.32 A 80.28 ± 71.97 AB

HIS

5 4.81 ± 4.54 a 5.33 ± 3.79 -
15 39.98 ± 11.42 b 12.71 ± 10.97 29.14 ± 22.84 a

30 74.34 ± 29.42 c,B 6.38 ± 2.77 A 47.52 ± 31.34 ab,B

45 81.66 ± 46.30 c,B 5.94 ± 1.25 A 58.99 ± 3.14 b,B

60 91.02 ± 5.73 c,C 7.07 ± 4.30 A 57.65 ± 13.16 ab,B

TY

5 4.37 ± 0.71 a 3.15 ± 1.94 a -
15 123.72 ± 40.62 ab,B 13.79 ± 5.28 b,A 115.79 ± 55.44 B

30 222.32 ± 84.26 bc,B 22.16 ± 10.34 b,A 162.64 ± 36.21 A

45 268.02 ± 130.91 c,B 80.49 ± 126.16 ab,A 147.73 ± 30.57 AB

60 277.30 ± 114.08 c,B 32.69 ± 16.54 b,A 147.62 ± 26.64 AB

Means with different superscript small letter differ significant (p < 0.05) in the same column for the same parameter
and HHP treatment; means with different superscript capital letter differ significant (p < 0.05) in the same row for the
same parameter and day of ripening. TR: tryptamine, PHE: β-phenylethylamine, PU: putrescine, CA: cadaverine,
HIS: histamine, TY: tyramine.

TY and PU were the main BA formed in untreated goats’ milk cheeses, showing concentrations
of about 492 and 476 mg/kg, respectively, at the end of the ripening. Whereas in ewes’ milk
control samples the predominant BA were TY and CA with 277 and 106 mg/kg, respectively.
Several authors reported, in variable ranges, TY (88.6–445 mg/kg), HIS (not detected–697 mg/kg),
PU (74.15–446.5 mg/kg) and CA (44–269.77 mg/kg) as the most abundant BA in goats’ and ewes’ milk
ripened cheeses [26,46,48,49,54–56]. These variable contents depended on the type of cheese, length
of the ripening period, the manufacturing process and the type of microorganisms present (starters
and non-starter bacteria with decarboxylase activity). Post-ripening processing (cutting, slicing and
grating) also has an important influence on the presence of decarboxylating bacteria in cheese and
the formation of BA, such as HIS, may be greater than in entire cheeses [57]. TY levels in pressurized
cheeses were lower than those presented in control cheeses. This aromatic amine increased slowly
until the 15th day of ripening on goats’ milk HHP1 samples and remained constant throughout the
rest of the ripening. At the end of the ripening the concentrations were about 93% lower than in
control samples. Likewise, ewes’ milk HHP1 samples reached concentrations of 33 mg/kg at the 60th
day, being 88% lower than control samples. The application of HHP treatment on the 15th day of
ripening resulted in a slight decrease of TY levels in ewes’ milk cheeses and the final content was
not significantly different than control samples at the 60th day of ripening. The reduction of the TY
levels in pressurized goats’ and ewes’ milk cheese samples coincided mainly with the decrease in
LAB and enteroccocci counts and with the amount of FAA. Novella-Rodriguez et al. [52] observed
HHP-treated goats’ milk cheeses showed a significant lower TY content than untreated samples,
attributing this behaviour to the reducing effect of HHP on the microbiological counts, especially
on the non- starter LAB, although levels of TY in this kind of cheeses were similar. High “in vitro”
capability to form TY has been described in different species of Enterococcus spp. and LAB isolated
from cheese samples [12,58–61].
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PU amounts in control goats’ milk cheeses were almost the same than TY but HHP1-treatments
caused a decrease on the first 15 days, remaining almost stable throughout the rest of the ripening.
PU levels were about 83% lower in the HHP1 samples than in control samples at the 60th day.
The pressure application in ewes’ milk cheeses also affected the PU amounts formed, showing that
HHP1 treatments limited the production of this diamine around 93% compared with control cheeses at
the end of the ripening. HHP15 showed to be less efficient reducing the formation of PU. With respect
to CA, untreated and HHP-treated goats’ milk cheeses displayed amounts below 100 mg/kg without
appreciate significant differences between them. In control ewes’ milk cheeses this diamine increased
mainly during the first 15 days, while in HHPI and HHP15 cheeses remained without significant
changes throughout the ripening. The amounts of TR and PHE increased during the ripening in
control goats’ milk cheese samples without significant differences in relation to HHP1-treated samples,
while low amounts were detected in ewes’ cheeses remaining practically constant during ripening
and without showing significant differences between treatments. Formation of PU and CA is usually
associated with Gram negative bacteria, although some strains of Enterococcus spp. also have shown
this capability “in vitro” [61]. Some LAB, such as Lactococcus lactis, are also able to form PU via the
agmatine deiminase [62]. The application of the HHP treatments in the early stages of maturation
causes an important reduction of both the Gram-negative microbiota, which practically disappeared
and the enterococci that could not recover their initial counts during the rest of the ripening, which
would explain that both PU and CA, together with TY, are the AB that present the greatest reduction.
When treatments are applied after 15 days of maturation, the decarboxylating capacity of these
microorganisms in the early stages of maturation is still present and consequently there would be a
lesser effect on the formation of these AB. LAB are also affected by the HHP treatments, although
later they are able to recover their initial counts, which is important to develop the cheese’s own
characteristics, although they may also be responsible for the residual decarboxylating activity [30].

In goats’ raw milk control cheeses the concentration of HIS was very low at the beginning of
ripening but increased later reaching its maximum after 45 days (18 mg/kg). No significant changes
were observed until the 60th day. In HHP1-treated samples HIS showed a similar behaviour but
in this case, differences were found after the 45th day displaying levels 68% lower than control
samples at the 60th day of ripening. HHP1 ewes’ milk cheese samples showed a reduction of 92%
of HIS when compared with control samples. This treatment was more efficient than the HHP15.
Diverse authors reported low HIS amounts in cheese (below 100 mg/kg), relating the production of
this BA with some LAB [12,31,54,56,63,64]. Some works have also described Enterobacteriaceae strains
able to decarboxylate histidine in diverse foodstuffs [12,58,65–69]. Enterococci have also been related
with histamine formation in cheeses [48,59,70].

In cheeses made from raw goat milk, low levels of polyamines were found at the beginning of
ripening, increasing their concentration very slightly during ripening until the 60th day (Table 7).
However, they showed an increase in their amount when HHP1- treatment was applied. Higher levels
of SD were observed in ewes’ milk cheeses showing maximum amounts the 30th day of ripening
(about 64 mg/kg in control cheeses) followed by a decrease at the end of the ripening. However, HHP1
treatment caused a significant increase of this polyamine at the 30th day, reaching maximum levels
of about 122 mg/kg. SM was detected at constant amounts throughout the ripening in both control
and HHP treated samples. SD has been reported as the main polyamine in some cheeses [10,46,55].
Novella-Rodríguez et al. [26] found in HHP treated goat cheeses an increase of polyamines, especially
SD but no data were reported to elucidate the cause of this phenomenon. Polyamines are described as
natural amines of non-microbial origin present generally at a lower concentration than other BA of
bacterial origin. No toxic effects have been attributed to them although some authors have mentioned
their importance for the intestine cell growth and proliferation in childhood [3,71].
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Table 7. Polyamine content (mean values ± standard deviation expressed as mg/kg in dry basis)
during the ripening of goats’ and ewes’ raw milk cheese samples with and without HHP treatment.
(SD: spermidine, SM: spermine).

Day of Ripening Control HHP1 HHP15

Goats’ milk chesses

SD

5 1.13 ± 0.51 a 0.32 ± 0.50 a -
15 1.92 ± 0.18 aA 4.34 ± 0.21 b,B -
30 2.09 ± 0.24 abA 3.70 ± 0.89 b,B -
45 4.32 ± 1.75 c 3.28 ± 1.30 b -
60 3.92 ± 1.49 bcA 6.53 ± 1.99 c,B -

SM

5 2.25 ± 2.07 a 1.47 ± 1.48 a -
15 4.35 ± 1.25 ab,A 7.80 ± 0.60 bc,B -
30 3.03 ± 0.75 ab,A 6.83 ± 0.46 b,B -
45 5.57 ± 3.91 b,B 2.16 ± 0.30 a,A -
60 3.90 ± 0.75 ab,A 10.46 ± 2.18 c,B -

Ewes’ milk cheeses

SD

5 0.73 ± 0.65 a 0.51 ± 0.90 a -
15 55.94 ± 29.00 ab 90.23 ± 67.99 bc 73.15 ± 38.57 b

30 64.22 ± 8.22 b,A 122.25 ± 48.16 c,B 65.61 ± 10.97 b,A

45 14.74 ± 14.76 ab 52.04 ± 36.91 ab 34.49 ± 19.56 ab

60 30.14 ± 23.04 ab 19.49 ± 33.57 a 17.36 ± 9.35 a

SM

5 6.76 ± 5.17 5.94 ± 4.03 a

15 14.13 ± 12.84 18.69 ± 14.57 a 8.00 ± 6.99 a

30 25.18 ± 18.41 28.39 ± 7.52 b 39.50 ± 32.16 b

45 17.57 ± 9.32 13.13 ± 7.26 ab 20.08 ± 21.91 ab

60 14.66 ± 17.02 15.27 ± 17.76 a 26.92 ± 17.93 ab

Means with different superscript small letter differ significant (p < 0.05) in the same column for the same parameter
and HHP treatment; means with different superscript capital letter differ significant (p < 0.05) in the same row for
the same parameter and day of ripening.

4. Conclusions

The effectiveness of HHP treatments depends on different factors, such as the type of cheese, the
stage of ripening, the HHP processing conditions applied, the kind and number of microorganisms
present. In this work, the use of HHP applied at the initial phases of ripening affected significantly the
microorganisms responsible of forming BA, and, in consequence, reduced its content, especially of
TY and PU in goats’ milk cheeses and TY and CA in ewes’ milk cheeses, assuring the safety of this
product for the most BA sensitive consumers. As previously mentioned, HIS and TY are the BA that
most frequently have been related with food-borne outbreaks, being suggested threshold values in
cheese between 200–400 mg/kg of HIS [6,72,73] and between 100–800 mg kg of TY [73,74]. TY dose of
6 mg [6] or above 20 mg of HIS [75] have been suggested as toxic to very sensitive individuals. If we
consider the consumption of 30 g of cheese as a serving the goats’ and ewes’ cheeses analysed in this
work would provide around 15 and 8.3 mg of TY, respectively, that can be dangerous for the most
sensible consumers but HHP1-treated cheeses would provide with less than 1 mg of TY considering
the same size of serving.
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Abstract: Fermented soybean foods possess significant health-promoting effects and are consumed
worldwide, especially within Asia, but less attention has been paid to the safety of the foods.
Since fermented soybean foods contain abundant amino acids and biogenic amine-producing
microorganisms, it is necessary to understand the presence of biogenic amines in the foods.
The amounts of biogenic amines in most products have been reported to be within safe
levels. Conversely, certain products contain vasoactive biogenic amines greater than toxic levels.
Nonetheless, government legislation regulating biogenic amines in fermented soybean foods is not
found throughout the world. Therefore, it is necessary to provide strategies to reduce biogenic amine
formation in the foods. Alongside numerous existing intervention methods, the use of Bacillus starter
cultures capable of degrading and/or incapable of producing biogenic amines has been proposed as
a guaranteed way to reduce biogenic amines in fermented soybean foods, considering that Bacillus
species have been known as fermenting microorganisms responsible for biogenic amine formation in
the foods. Molecular genetic studies of Bacillus genes involved in the formation and degradation of
biogenic amines would be helpful in selecting starter cultures. This review summarizes the presence
and control strategies of biogenic amines in fermented soybean foods.

Keywords: food safety; biogenic amines; fermented soybean foods; intervention methods; control;
starter culture; Bacillus spp.

1. Introduction

Microbial fermentation is one of the oldest and most practical technologies used in food processing
and preservation. However, fermentation of protein-rich raw materials such as fish, meat, and soybean
commonly provides abundant precursor amino acids of biogenic amines. Even though most fermented
foods have been found to be beneficial to human health, biogenic amines produced through
fermentation and/or contamination of protein-rich raw materials by amino acid-decarboxylating
microorganisms may cause intoxication symptoms in human unless they are detoxified by human
intestinal amine oxidases, viz., detoxification system [1,2]. Thus, the presence of biogenic amines
in fermented foods (and non-fermented foods as well) has become one of the most important food
safety issues.

According to old documents, the cultivation and use of soybeans, dating back to B.C.,
were launched in Manchuria on the north side of the Korean Peninsula and have spread to other
regions of the world. Hence, a variety of fermented soybean foods have been developed and consumed
in north-east Asian countries around the Korean Peninsula, and consequently humans in this region
have steadily taken the fermented foods for a long period of time from hundreds to thousands of years,
depending on the types of fermented soybean foods consumed [3]. Presently, fermented soybean foods
are of public interest and consumed more frequently even in western leading countries because the
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fermented foods, particularly fermented soybean pastes, not only have been believed by many people,
but also have been scientifically proven by researchers to have health-promoting and -protective
effects [4]. However, much less attention has been paid to the safety issues of fermented soybean
foods [5].

Fermented soybean foods, including various types of fermented soybean pastes and soy sauces,
are commonly made from whole soybeans containing abundant amino acids through microbial
fermentation. If the fermenting (or sometimes contaminating) microorganisms are significantly capable
of decarboxylating amino acids, the resultant fermented soybean foods may contain unignorable
amounts of biogenic amines. Indeed, the presence of biogenic amines seems to be quite frequent and
inevitable in fermented soybean foods. Therefore, the present review provides information on the
presence, bacterial production, and control strategies of biogenic amines in fermented soybean foods,
especially focusing on fermented soybean pastes usually considered as heathy foods.

2. A Brief on Biogenic Amines

Biogenic amines are defined as harmful nitrogenous compounds produced mainly by bacterial
decarboxylation of amino acids in various foods. The bacterial decarboxylation of amino acids to
biogenic amines have been well illustrated in literature and can be found elsewhere [6–8]. Biogenic
amines are also endogenous and indispensable components of living cells, and consequently most
food materials, including fruit, vegetables, and grains, contain different levels of biogenic amines
depending on their variety, maturity and cultivation condition [7]. Usual intake of dietary biogenic
amines generally causes no adverse reactions because human intestinal amine oxidases, such as
monoamine oxidase (MAO), diamine oxidase (DAO) and polyamine oxidase (PAO), quickly metabolize
and detoxify the biogenic amines. If the capacity of amine-metabolizing enzymes is over-saturated
and/or the metabolic activity is impaired by specific inhibitors, vasoactive biogenic amines, including
histamine, tyramine and β-phenylethylamine, may cause food intoxication and in turn be considered
to be toxic substances in humans [1,2]. Furthermore, the toxicity of biogenic amines can be enhanced
by putrefactive biogenic amines such as putrescine and cadaverine [9]. The most common symptoms
of biogenic amine intoxication in human are nausea, respiratory distress, hot flushes, sweating,
heart palpitation, headache, a bright red rash, oral burning, and hypo- or hypertension [10]. Figure 1
schematically illustrates the detoxification and toxicological risks of biogenic amines.

Figure 1. Detoxification and toxicological risks of biogenic amines. *: Metabolic inactivation of biogenic
amines through oxidative deamination by oxidases. †: Incapacitation of intestinal detoxication system
through saturation by biogenic amines or inhibition by antidepressant medications. BA: Biogenic amines.

The biosynthesis, toxicity and physiological effects have been well reviewed in recent articles [11,12],
and will not be summarized here. In addition, it is worth mentioning that in particular, vulnerable
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people who are immune compromised, such as the elderly, children, and infants, may exhibit
intolerance to even low levels of biogenic amines and suffer more severe symptoms [13]. The maximum
tolerance levels of vasoactive biogenic amines (mostly histamine in fish and fish products) have
established and proposed by government agencies or individual researchers as described below (refer
to Table 1), but may need to be further studies and subdivided, considering the vulnerable people.

3. Legal Limits and Toxic Levels of Biogenic Amines in Foods

Early in 1980, the U.S. Food and Drug Administration (FDA) first established regulations for tuna
and mahimahi that consider 200 mg histamine/kg as an indication of prior mishandling and 500 mg
histamine/kg as an indication of a potential health hazard [14]. Early in 1990, the European Economic
Community (EEC) also established regulation for fish species of the Scombridae and Clupeidae families
and fixed a three-class plan for maximum allowable levels of histamine in fresh fish (n = 9; c = 2; m = 100
ppm; M = 200 ppm) and enzymatically ripened fish products (n = 9; c = 2; m = 200 ppm; M = 400 ppm)
where n is the number of units to be analyzed from each lot, m and M are the histamine tolerances, and c
is the number of units allowed to contain a histamine level higher than m but lower than M [15]. In 1996,
Shalaby [16] suggested the guidelines for histamine content of fish as follows: <50 mg/kg (safe for
consumption), 50–200 mg/kg (possibly toxic), 200–1000 mg/kg (probably toxic), >1000 mg/kg (toxic
and unsafe for human consumption) based on the review of the regulations and other literature. In the
meantime, values of 100–800 mg/kg of tyramine and 30 mg/kg of β-phenylethylamine were reported
to be toxic doses in food, respectively, and 100 mg histamine per kg of food and 2 mg histamine per
liter of alcoholic beverage were suggested as upper limits for human consumption [6]. The upper
limits and toxic doses (stated right above) suggested by Brink et al. [6] have been steadily used by
numerous investigators as threshold values to assess human health risks derived from exposure to
vasoactive biogenic amines in foods because there have been no other reports describing the guidelines
for respective vasoactive biogenic amines in general foods, except for histamine (particularly in fish;
not applicable to other foods).

At present, histamine is the only biogenic amine for which the U.S. FDA has set a guidance
level, i.e., 50 mg/kg of histamine in the edible portion of fish [17], whereas the European Commission
(EC) has established regulatory limits of 100 mg/kg for histamine in fish species and 400 mg/kg
for histamine in fish sauce produced by fermentation of fishery products [18]. In the meantime,
the European Food Safety Authority [19] reported that although a dose of 50 mg histamine is
the no-observed-adverse-effect level (NOAEL), healthy individuals do not experience symptoms
unless they ingest a larger amount of histamine than NOAEL. Then, the Food and Agriculture
Organization/World Health Organization [20] announced 200 mg histamine/kg as the maximum
allowable level for consumption of fish and fish products. According to the Codex standard [21],
200 mg/kg of histamine in fish and fish products and 400 mg/kg of histamine in fish sauce are set as
the hygiene and handling indicator levels in the corresponding products, respectively. In addition,
the governments of several countries in Asia and Oceania have lately established regulatory limits for
histamine in fish and fish products [22–24]. Legal limits and toxic levels set by government agencies or
individual researchers for biogenic amines in food products are listed in Table 1. Although several
food scientists have referred the suggestion of Brink et al. [6], as described above, there have not
been government regulations on maximum allowable levels of biogenic amines, other than histamine,
in history. Besides, any government legislation or guidelines on the contents of biogenic amines in
fermented soybean foods are not found throughout the world.
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Table 1. Legal limits and toxic levels set by agencies for biogenic amines in food products.

Agency Food Toxicity Classification
Biogenic Amines (mg/kg) 1 Governing

Entity Ref.
PHE HIS TYR

Government
Fish 2 and fish

products

Defect action level 50
United States [17]

Toxicity level 500

Maximum allowable level 200 Australia and
New Zealand [22]

Maximum allowable level 200 Korea [23]

Maximum allowable level 400

China
[24]

Fish 3 and fish
products

Maximum allowable level 200

International
organization

Fresh fish 4 Defect action level 100

Europe

[15]
Maximum allowable level 200

Enzymaticallyripened
fish products 4

Defect action level 200

Maximum allowable level 400

Fish 2 Regulatory limit 100
[18]

Fish sauce 5 Regulatory limit 400

Fish 2 and fish
products

Maximum allowable level 200 [20]

Decomposition indicator 100

[21]Hygiene and handling indicator 200

Fish sauce 6 Hygiene and handling indicator 400

Independent
research

General foods Toxicity threshold 30 100 100–800 [6]

Fish 2

Safe for consumption <50

[16]
Possibly toxic 50–200
Probably toxic 200–1000
Toxic and unsafe for human consumption >1000

1 PHE: β-phenylethylamine, HIS: histamine, TYR: tyramine; 2 Scombridae, Clupeidae, Engraulidae, Pomatomide,
Scombresosidae and other fish species well known for high histamine content; 3 fish species without high histamine
content; 4 Scombridae and Clupeidae families only; 5 produced by fermentation of fishery products; 6 prepared from
fresh fish.

4. Fermented Soybean Foods and Vasoactive Biogenic Amines

Fermented soybean foods have not only been commonly consumed as they are, but have also
been frequently used in a variety of processed products, which make them become a necessity in
the household in Asian cultures. Moreover, fermented soybean food products have recently gained
popularity, crossing from Asian communities to mainstream markets, in many western countries due
to the healthy functions of the foods [3,4]. Aside from soy sauces, the most popular fermented soybean
foods produced mainly by bacterial fermentation (sometimes with molds) are Natto, Miso (Japanese
fermented soybean pastes), Cheonggukjang, Doenjang, Gochujang (Korean fermented soybean pastes),
Chunjang, Doubanjiang, Douchi (Chinese fermented soybean pastes) and Tempeh (an Indonesian
fermented soybean paste). Some other soybean foods such as Sufu (a Chinese fermented Tofu) and
Tauco (an Indonesian fermented yellow soybeans) prepared by mold fermentation are also available in
local area (but were excluded from this review due to great differences in the microorganisms involved
in fermentation processes as well as little data available in literature). The safety issues of traditional
fermented soybean foods have heretofore been overlooked because humans have consistently taken the
foods at least for centuries or millennia. However, considering that fermented soybean foods contain
not only abundant dietary amino acid precursors of biogenic amines, as mentioned at the beginning of
this article, but also significant biogenic amine-producing microorganisms, mainly bacterial species,
it is critically important to assess the levels of biogenic amines in the foods.

Based on a critical review of published data (refer to Table 2) [25–37], it seems that the amounts
of biogenic amines in most fermented soybean food products are usually within the safe levels for
human consumption. It is noteworthy, however, that some specimens of the fermented soybean food
products, including both fermented soybean pastes and soy sauces, have been reported to contain
vasoactive biogenic amines greater than toxic dose of each amine. For instance, β-phenylethylamine
has been detected at concentrations up to 185.6 mg/kg and 239.0 mg/kg in Doubanjiang and
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Douchi, respectively [26,36], which are approximately 6-8 times higher than toxic dose of this amine
(30 mg/kg) suggested by Brink et al. [6]. In another report, β-phenylethylamine was determined
to be 8704.6 mg/kg in a Doenjang sample [34], but which is unreliably larger than those in other
articles in which maximum β-phenylethylamine concentrations of 529.2 mg/kg and 544.0 mg/kg have
been reported [28,32]; this report was thus excluded from further review. In the meantime, histamine
has been detected at concentrations up to 952.0 mg/kg and 808.0 mg/kg in Doenjang and Douchi,
respectively [28,36], whereas tyramine has been detected up to 1430.7 mg/kg and 2539.0 mg/kg in
Doenjang and Cheonggukjang, respectively [28,33]. The maximum concentrations of histamine and
tyramine reported are approximately 8–10 times higher than upper limit of histamine (100 mg/kg)
and 14–25 times (on lower toxic dose basis; 2–3 times, upper dose basis) higher than toxic dose of
tyramine (100–800 mg/kg), respectively, suggested by Brink et al. [6]. Like the fermented soybean
pastes described above, some specimens of soy sauces have been reported to contain high levels of
vasoactive biogenic amines, including β-phenylethylamine (up to maximum 121.6 mg/kg), histamine
(398.8 mg/kg) and tyramine (794.3 mg/kg), which are much greater than toxic doses of respective
amines [28]. As a counter-example, there is a report in which the amounts of respective vasoactive
biogenic amines were very low or not detected in all samples (i.e., three batches) of commercial
Natto, Miso, Tempeh, and soy sauce products; however, this report seems to insufficiently brief the
presence of biogenic amines in the products because samples (batches) of only a single brand for
each type of product were available in local stores [4]. The contents of biogenic amines in different
types of fermented soybean food products reported in literature have been reviewed once in a book
chapter in 2011 [38], and those in the representative fermented soybean food products reviewed
herein are compiled in Table 2. After all, it seems likely that there may occasionally be a risk of
food poisoning associated with eating fermented soybean pastes, especially when the pastes contain
significant amounts of vasoactive biogenic amines, because some types of the pastes, for instance,
Natto, Tempeh and sometimes Cheonggukjang, are taken not only as side dishes, but also main dishes.
In the case of soy sauces, the risk to consumers may not be so great, considering the small quantity of
intake per serve [29].

Table 2. Biogenic amine content in fermented soybean food products.

Fermented
Soybean
Products

N 1
Biogenic Amines (mg/kg) 2

Ref.
TRP PHE PUT CAD HIS TYR SPD SPM

Cheonggukjang

7 6.7–236.4 3 ND–40.8 4.7–121.3 2.1–20.2 1.3–54.3 0.7–483.1 39.6–59.2 7.1–14.7 [28]

102 NT 4 NT NT NT ND 5–755.40 ND–1913.51 NT NT [30]

13 NT NT NT NT NT 117.5–2539.0 NT NT [33]

Chunjang
4 13.3–19.9 2.2–11.8 9.2–11.7 1.7–6.6 11.6–22.4 29.7–54.6 1.4–12.8 ND–2.9 [28]

4 19.57–31.35 ND–6.79 3.26–28.59 ND–2.04 1.85–272.55 19.78–131.27 0.24–11.63 ND–1.49 [25]

Doenjang

14 6.1–234.1 ND–529.2 9.9–1453.7 0.3–65.4 1.5–952.0 3.4–1430.7 4.2–23.4 ND–10.2 [28]

10 ND–449.8 ND–544.0 28.8–1076.6 2.7–144.1 1.4–329.2 12.5–967.6 ND–30.3 ND–9.8 [32]

23 ND–2808.1 ND–8704.6 ND–4292.3 ND–3235.5 ND–2794.8 ND–6616.1 ND–8804.0 ND–9729.5 [34]

7 13.5–45.9 3.3–65.0 46.7–168.2 ND–12.9 71.1–382.4 46.4–1190.7 ND–24.7 NT [29]

Doubanjiang 7 ND–62.43 1.43–185.61 1.15–129.17 ND–0.17 ND ND–25.75 ND–0.18 ND–1.69 [26]

Douchi 26 ND–440 ND–239 ND–596 ND–191 ND–808 ND–529 ND–719 ND–242 [36]

Gochujang 5 17.9–36.6 0.7–9.1 2.5–3.2 ND–1.1 0.6–1.3 2.1–4.9 1.6–3.4 1.4–1.8 [28]

7 ND–8.1 1.5–24.8 10.4–36.4 ND–18.1 2.2–59.0 2.9–126.8 ND–14.5 NT [29]

Miso

5 21.6–23.7 0.7–8.1 16.4–23.2 2.8–3.2 0.8–1.1 2.0–95.3 9.5–21.9 1.3–3.1 [28]

40 ND–762 ND ND–12 ND–201 ND–221 ND–49 ND ND–216 [31]

22 ND–9.71 2.38–11.76 2.69–14.09 ND–1.31 ND–24.42 ND–66.66 ND–28.31 ND–2.85 [27]

Natto
39 ND–301.0 ND ND–27.0 ND–42.0 ND–457.0 ND–45.0 ND–124.0 ND–71.0 [35]

21 ND–45.80 ND–51.50 ND–43.10 ND–36.80 ND–34.40 ND–300.20 246.50–478.10 18.80–80.10 [37]

Soy sauce 11 ND–45.8 1.5–121.6 2.5–1007.5 0.7–32.3 3.9–398.8 26.8–794.3 1.5–53.1 ND–16.1 [28]

1 Quantity of samples examined; 2 TRP: tryptamine, PHE: β-phenylethylamine, PUT: putrescine, CAD: cadaverine,
HIS: histamine, TYR: tyramine, SPD: spermidine, SPM: spermine; 3 the range from minimum to maximum (the same
number of digits is used after the decimal point in the values, as was presented in the corresponding references);
4 NT: not tested; 5 ND: not detected.
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It is also worth pointing out that some specimens of fermented soybean food products have
been found to contain relatively high levels of putrescine and cadaverine (Table 2). The putrefactive
biogenic amines have been known to enhance the toxicity of vasoactive biogenic amines in foods [9].
Therefore, comprehensive monitoring and reduction strategies are required to reduce the risk of
ingesting putrefactive biogenic amines as well as vasoactive biogenic amines in fermented soybean
foods, which may come from the understanding of why there are differences in the amounts and
diversity of biogenic amines between the types or batches of the food products. It is probably that the
differences may be attributed to (i) the ratio of ingredients used in raw material, (ii) physicochemical
and/or microbial contribution, and (iii) conditions and periods of the entire food supply chain [5].
Since fermented soybean foods have their own unique raw materials, physicochemical properties,
and production processes, the present review focuses on bacterial contribution to biogenic amine
formation conserved across most fermented soybean foods.

5. Bacterial Activity to Produce Biogenic Amines in Fermented Soybean Foods

It has been known that most fermented soybean foods, except for several types of soybean
foods prepared by mold fermentation, are mainly fermented (or contaminated) by Bacillus species
(particularly B. subtilis) [5,39,40], which, in turn, leads to biogenic amine formation in the
fermented foods, although the abilities of Bacillus strains to produce biogenic amines are diverse
depending on the types and/or batches of the food products from which the strains are isolated
(refer to Table 3) [25,26,31,35–37]. In the studies, the reported ranges (mean ± standard deviation;
minimum–maximum) of biogenic amines produced by Bacillus spp. in assay media, when cultured
for 24 h with proper precursor amino acids, are as follows: histamine 0.22 ± 0.65–29.9 ± 13.4 μg/mL,
tyramine 0.3 ± 0.5–30.6 ± 21.7 μg/mL, β-phenylethylamine not detected (ND)—11.2 ± 9.17 μg/mL,
tryptamine 0.20 ± 0.45–6.17 ± 3.98 μg/mL, putrescine ND—7.59 ± 3.06 μg/mL, cadaverine ND—1.8
± 1.1 μg/mL, spermidine 0.40 ± 0.20–9.26 ± 5.73 μg/mL, spermine 1.29 ± 0.86–27.2 ± 12.7 μg/mL.
Among the Bacillus strains reported, B. subtilis strains isolated from Natto exhibited the strongest
abilities to produce respective biogenic amines. Table 3 reveals the abilities to produce biogenic amines
of different bacterial species isolated from representative types of fermented soybean food products.

Table 3. Production of biogenic amines by bacteria isolated from fermented soybean food products.

Fermented
Soybean
Products

Isolates N 1
Biogenic Amines (μg/mL) 2

Ref.
TRP PHE PUT CAD HIS TYR SPD SPM

Chunjang Bacillus spp. 3 89 0.45 ± 0.32 4 0.85 ± 0.23 0.95 ± 0.55 ND 5 1.34 ± 1.19 1.41 ± 0.32 9.26 ± 5.73 2.17 ± 1.09 [25]

Doubanjiang Bacillus subtilis 18 0.20 ± 0.45 0.67 ± 1.42 3.45 ± 1.29 1.03 ± 0.46 0.22 ± 0.65 0.59 ± 0.65 0.40 ± 0.20 1.29 ± 0.86 [26]

Douchi

Bacillus subtilis 4 NT 6 2.3 ± 4.5 NT 0.5 ± 0.6 18.7 ± 9.3 0.3 ± 0.5 NT 4.5 ± 5.2

[36]
Staphylococcus

pasteuri 1 NT ND NT 1.2 20.0 ND NT ND

Staphylococcus
capitis 3 NT 5.4 ± 9.3 NT 1.1 ± 0.9 375.3 ±

197.0 1.1 ± 1.9 NT 2.7 ± 3.4

Miso

Staphylococcus
pasteuri 1 NT 6.4 ND ND 28.1 NT ND NT

[31]

Bacillus sp. 1 NT 2.7 1.6 2.1 15.3 NT 8.6 NT

Bacillus
amyloliquefaciens 2 NT 1.6 ± 2.2 ND 1.8 ± 1.1 16.5 ± 8.6 NT 4.2 ± 5.9 NT

Bacillus subtilis 2 NT ND 0.5 ± 0.7 0.6 ± 0.8 29.9 ± 13.4 NT 5.0 ± 7.1 NT

Bacillus
megaterium 2 NT 7.7 ± 0.4 ND ND 14.6 ± 2.8 NT 4.7 ± 6.6 NT

Natto

Bacillus subtilis 80 6.17 ± 3.98 11.2 ± 9.17 7.59 ± 3.06 0.94 ± 1.67 9.91 ± 1.61 30.6 ± 21.7 3.34 ± 1.82 27.2 ± 12.7 [37]

Bacillus subtilis 2 NT 2.4 ± 3.3 NT 1.5 ± 0.1 15.5 ± 2.9 NT NT NT
[35]Staphylococcus

pasteuri 2 NT ND NT 1.1 ± 0.1 15.0 ± 1.3 NT NT NT

1 Quantity of bacterial samples examined; 2 TRP: tryptamine, PHE: β-phenylethylamine, PUT: putrescine, CAD:
cadaverine, HIS: histamine, TYR: tyramine, SPD: spermidine, SPM: spermine; 3 Bacillus spp. were identified to
be B. subtilis (91.0%), B. coagulans (4.5%), B. licheniformis (1.1%) and B. firmus (1.1%); 4 mean ± standard deviation
(the same number of digits is used after the decimal point in the values, as was presented in the corresponding
references); 5 ND: not detected; 6 NT: not tested.
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In addition to the aforementioned Bacillus spp., Lactobacillus sp. and Enterococcus faecium,
which had been isolated from raw materials of Miso, were proposed to produce histamine and
tyramine in Miso, respectively, through a qualitative detection using BCP (Bromo-cresol purple) agar
plates and subsequently a quantitative test using liquid media [41,42]. In the quantitative test with
incubation for 90 days, the strains of Lactobacillus sp. and E. faecium produced histamine and tyramine
up to approximately 100 μg/mL and 150 μg/mL, respectively. Although Lactobacillus species are not
commonly involved in the preparation of fermented soybean foods, diverse species of Lactobacillus
have also been reported to be responsible for the formation of biogenic amines, including histamine,
in lactic fermented foods [12]. E. faecium and E. faecalis have been found to possess tdc gene and produce
tyramine in fermented foods, including dairy products, fermented sausages, wine and fermented
soybean foods [12]. Thus, E. faecium strains have been used as target organisms for studies on the
reduction of tyramine in fermented soybean foods [33,43], even though Enterococcus spp. are present
as contaminants at relatively low levels (maximum up to 106 CFU/g) in the foods [44–46]. In the
meantime, the absence of hdc gene encoding histidine decarboxylase was reported in both E. faecium
and E. faecalis in one study [47], while histidine decarboxylase-positive E. faecium and E. faecalis strains
were detected by a PCR (polymerase chain reaction) method in another study [48]. It is interesting to
note that the PCR screening method used in the latter study employed the primers developed in the
former study, which makes it difficult to conclude whether the species possess hdc gene or not.

As shown in Table 4, at present the Gene Bank database of the National Centre for Biotechnology
Information (NCBI, National Center for Biotechnology Information, U.S. National Library of Medicine,
Bethesda, MD, USA) provides the sequences of tdc, odc, and ldc genes in E. faecium and tdc and
ldc genes in E. faecalis, while hdc gene sequence of both species is not available in the database.
In contrast, the sequences of hdc gene in B. licheniformis and B. coagulans (this sequence is completely
conserved between the two species) and ldc in B. subtilis have been deposited in the database,
while tdc gene sequence is unavailable for the three species of Bacillus. Nevertheless, it has lately been
suggested that Bacillus spp. are as significant as Enterococcus spp. for tyramine formation in fermented
soybean foods [49]. The deposited genes encoding amino acid decarboxylases of Bacillus spp. and
Enterococcus spp., the most important species related to biogenic amine formation in fermented soybean
products, are listed in Table 4 (exceptionally, odc-Az encodes an antizyme inhibitor devoid of ornithine
decarboxylase activity). All the bacteria and genes mentioned above should be targeted for preventive
interventions to reduce biogenic amine formation in fermented soybean foods. Meanwhile, yeasts have
been considered to produce only negligible amounts of biogenic amines [50,51]. Fungal distribution to
biogenic amine accumulation is remained to be further studied because there appears to be but little
literature available dealing with fungal formation of biogenic amines [52].

It is well known that various vasoactive and putrefactive biogenic amines are commonly formed
by microbial decarboxylation of amino acids in fermented foods [6,7]. As such, it has been found that
soybean fermentation results in an increase in the amount of spermine (and other biogenic amines),
but a decrease in that of spermidine [26]. Since spermidine is essential for the growth and development
of plants [53,54], this polyamine is abundantly present in soybean and non-fermented soybean foods
such as Tofu (a curd product made from soy milk) [26,55,56] and degraded by bacterial enzymes
during fermentation [57]. Consequently, fermented soybean foods contain a lower level of spermidine
than their raw material, soybean [26,58]. This indicates that development and application of biogenic
amine-degrading starter cultures are possible (and necessary) to reduce the contents of biogenic
amines in fermented soybean foods. Identifying and understanding the dominant contributors to
the formation of biogenic amines may facilitate the development of starter cultures for delaying or
avoiding biogenic amine formation in the fermented foods. Taken together, it is clear that distinct
and diverse bacterial community and/or capability of producing (and degrading) biogenic amines
decisively determine the amounts and diversity of biogenic amines in fermented soybean foods.
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Table 4. Genes encoding amino acid decarboxylases in Bacillus spp. and Enterococcus spp. registered in
the NCBI database.

Species Strain 1 Source
Gene for

Amino Acid
Decarboxylase 2

No. of
Amino
Acids

Locus Name
Accession
(Version)

Size
(bp)

B. subtilis B. subtilis subsp.
subtilis strain 168

Isolated
strain

odc-Az 331 BACYACA L77246.1 996

ldc 490 AF012285 AF012285.1 1473

B. licheniformis/
B. coagulans

B. licheniformis A5/
B. coagulans SL5

Isolated
strain hdc 146 AB553282

/AB553281
AB553282.1

/AB553281.1 441

E. faecium

E. faecium strain 993 Isolated
strains odc 235 PDLZ01000281 PDLZ01000281.1 707

E. faecium ATCC
700221 ATCC ldc 191 CP014449 CP014449.1 576

E. faecium ATCC
700221 ATCC tdc 611 CP014449 CP014449.1 1836

E. faecalis

E. faecalis ATCC
51299 ATCC ldc 194 JSES01000022 JSES01000022.1 585

E. faecalis ATCC
19433 Type strain tdc 620 KB944589 KB944589.1 1863

1 Genes found in a single strain of each Bacillus species have been registered, while those of Enterococcus spp. found
in multiple strains have been separately assigned to different loci, of which a representative locus is presented in
the table; 2 odc-Az: 37.0% identity over 119 amino acids to the E. coli ornithine decarboxylase antizyme, odc: gene
for ornithine decarboxylase, ldc: gene for lysine decarboxylase, hdc: gene for histidine decarboxylase, tdc: gene for
tyrosine decarboxylase; ATCC: the American Type Culture Collection.

6. Control Strategies for Reducing Biogenic Amines in Fermented Soybean Foods

Regarding intervention measures that reduce biogenic amine formation in fermented soybean
foods, to date, only a few reports are available in literature as follows: the use of irradiation [59],
addition of nicotinic acid as a tyrosine decarboxylase inhibitor [43], and use of Bacillus starter
cultures [60–63]. However, when extended to other fermented foods, a review of the relevant
literature reveals that several types of intervention methods have been developed and used to reduce
biogenic amine contents in the foods (mainly fermented sausage and cheese), which involve chemical
intervention, such as the use of food additives and natural antimicrobial compounds [43,64–67],
physical intervention, such as the use of irradiation [59,68], high hydrostatic pressure [69,70] and
modified atmosphere packaging [71,72], and biological intervention, particularly such as the use
of starter cultures [60–63,73–76]. The biological intervention methods also involve the control or
adjustment of intrinsic and extrinsic factors, such as alterations of temperature, pH, aw, and Eh, which
have been well reviewed in literature [77–79].

Up to this day, thousands of additives have been used to extend shelf life of foods because of
their antimicrobials, antioxidants, and antibrowning properties. Natural additives have lately been
of great interest in food industry due to consumers’ health concerns [80]. Apart from being used
as food preservatives, numerous food additives and natural antimicrobial compounds, including
glycine [64], nicotinic acid [43], potassium sorbate, sodium benzoate [67], sodium chloride [64,66],
clove [65–67], garlic [65], etc., have been found to be effective in suppressing bacterial ability to produce
biogenic amines in foods. Among the compounds, nicotinic acid is only one compound proven to
practically inhibit the formation of biogenic amines (particularly tyramine) in a fermented soybean
food, viz., Cheonggukjang [43]. In the report, the addition of nicotinic acid at concentrations of 0.15%
and 0.20% resulted in significant reductions, by approximately 70% and 83%, respectively, compared
to the control, of tyramine content in the treated Cheonggukjang samples after 24 h of fermentation.
In addition, it is worth noting that even though a successful reduction of biogenic amines in a food
product can be achieved by the addition of any of a variety of compounds, some of the additives may
cause organoleptic alterations, such as an atypical taste and flavor, in the final food product, especially
in the case of fermented soybean foods [5,49]. Therefore, sensory evaluation should be incorporated
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as an integral part of a program investigating effective inhibitors of biogenic amine formation in
fermented soybean foods.

Besides the chemical intervention measures described above, a variety of physical intervention
processes have been developed and applied for food preservation, which involve not only well-known
classical processes, for instance, heating, refrigeration, and freezing, but also emerging novel processes
such as microwave heating, ohmic heating and pulsed electric fields developed during the past 25
to 35 years [81]. Among the physical intervention methods, irradiation, high hydrostatic pressure
and modified atmosphere packaging have been relatively recently reported to successfully inhibit
biogenic amine formation in fermented foods, which have been achieved mostly by reducing microbial
population, for instance, lactic acid bacteria, closely related to the fermentation of foods [59,69–72].
Despite the technological progress that has been made, as for fermented soybean foods, there has
been only a single report describing biogenic amine reduction in the food treated by one of the
physical intervention processes. In the report, γ-irradiation of raw materials with doses of 5, 10,
and 15 kGy significantly reduced the contents of histamine, putrescine, tryptamine and spermidine by
approximately 20–50% (but not tyramine, β-phenylethylamine, cadaverine, spermine and agmatine)
in the final product of a fermented soybean food, viz., probably Doenjang [59]. However, it needs here
to be noted that the irradiation even with the lowest dose resulted in an immediate and significant
decrease in the numbers of Bacillus spp. and lactic acid bacteria, known as dominant bacteria in
the food, by up to about 3 log CFU/g and 2 log CFU/g, respectively. As is well known, many of
the physical intervention processes prevent the growth of fermenting microorganisms, as well as of
biogenic amine-producing microorganisms, which may in turn not only delay fermentation, but also
lead to abnormal fermentation caused by undesirable microorganisms resistant to the treatments [82].
Thus, introducing the processes would be somewhat challenging in the case of fermented soybean
foods, considering the presence of fermenting and/or beneficial bioactive microorganisms in the foods.

The use of starter cultures has been suggested to be a successful way to enhance not only
the quality and safety, but also the healthy functions, of fermented foods, causing less adverse
organoleptic and unhealthy alterations [83–85]. Thus, with that a variety of microorganisms have
been compared and screened for the ability to degrade biogenic amines and/or inability to produce
biogenic amines in fermented foods, not only at the level of genus, species, or both, but also at the
level of individual strain [73–76]. As for the fermentation of soybean, Bacillus strains have been
steadily proposed as starter cultures to improve the sensory quality, but not the safety of fermented
soybean foods [86,87]. On the contrary, less attention has been given to starter cultures for preventing
or reducing biogenic amine formation in fermented soybean foods. As mentioned above, Bacillus
spp. have been known as fermenting (or contaminating) microorganisms responsible for biogenic
amine formation in different types of fermented soybean foods. Therefore, it is imperative to screen
proper starter cultures (particularly Bacillus starter culture) with no or less ability to produce biogenic
amines for the production of fermented soybean foods [62]. With respect to this, there have been a
few reports in literature in which Doenjang and Cheonggukjang samples prepared with B. subtilis and
B. licheniformis starter cultures, respectively, with low abilities to produce biogenic amines (the data on
individual strains were not presented in the reports) contained lower levels of biogenic amines than
those of previous studies [61,62]. Alternatively, the use of starter cultures that can degrade biogenic
amines may facilitate the reduction of biogenic amines in fermented soybean foods [77]. At present,
only two reports of biogenic amine-degrading starter cultures for the production of fermented soybean
foods are available in literature as described below. In one study, B. subtilis and B. amyloliquefaciens
strains which had been isolated from traditionally fermented soybean products degraded significant
amounts of histamine (up to 71% of its initial concentration by B. amyloliquefaciens), tyramine (up to 70%
by B. amyloliquefaciens), putrescine (up to 92% by B. subtilis) and cadaverine (up to 93% by B. subtilis) in
cooked soybean after 10 days of fermentation [60]. In another study, B. subtilis and B. amyloliquefaciens
strains which had been isolated from commercial fermented soybean products degraded 30–40% of
tyramine in a phosphate buffer and probably thereby reduced tyramine content by 40–65% in the final
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product of Cheonggukjang, as compared to the control [63]. In addition, B. subtilis and B. idriensis
strains isolated from a traditional fermented soybean food have been reported to be not only capable
of degrading of, but also incapable of producing histamine and tyramine in vitro (but not applied to
practical fermentation of soybean in the study) [88]. Consequently, it is feasible to screen Bacillus strains
capable of degrading and/or incapable (or less capable) of producing biogenic amines, which would,
in turn, make it possible to use them as starter cultures for reducing biogenic amine contents in
fermented soybean foods. In the meantime, it is also necessary to fully identify and characterize
Bacillus genes involved in the formation and degradation of biogenic amines, which would be helpful
not only in selecting starter culture candidates but also in providing strategies to efficiently regulate
the expression of these genes encoding relevant enzymes. Such molecular genetic studies would be
further needed for better understanding of mechanisms by which intervention methods influencing
intrinsic and extrinsic factors and/or microbial growth inhibit biogenic amine formation, at the level
of gene. It is noteworthy that in addition to the aforementioned Bacillus starter cultures, strains of
E. faecium and L. plantarum have also been proposed as starter cultures for fermented soybean foods
because of their abilities to produce bacteriocin or to degrade biogenic amines, respectively [46,89].
Considering that the species are present as contaminants at relatively low levels in fermented soybean
foods, as described above, further research is required prior to practical application to the fermentation
of soybean in food industry.

Aside from the use of starter cultures, the production of biogenic amines has been known to be
dependent on intrinsic and extrinsic factors of foods [77–79]. Furthermore, the factors may provide
combined effects, especially in connection with technology applied, viz., the chemical and physical
intervention measures described above [90]. As of now, however, the alterations of temperature,
pH, aw, and Eh (as another important, but classical, biological intervention strategy), seem to be less
preferable for studies on the reduction of biogenic amines in fermented soybean foods than other
alternatives, considering that there are no relevant reports available, which might be because of the
need to consider strict demands of consumers and governments on unique sensory properties and
manufacturing processes of fermented soybean foods. Nonetheless, it is expected that the changes
of the intrinsic and extrinsic factors within narrow ranges would be applicable, depending on the
types of fermented soybean foods, if organoleptic evaluation is preceded. The intrinsic and extrinsic
factors influencing biogenic amine formation in foods have been well reviewed in a recent article [8].
Biogenic amine reduction strategies, including chemical, physical and biological intervention methods,
are summarized in Table 5.

Table 5. Biogenic amine reduction strategies for food products.

Parameter Categories Highly Effective Strategies

Chemical intervention Nicotinic acid [43], glycine [64], garlic [65], clove [65], clove and sodium
chloride [66], clove with potassium sorbate and sodium benzoate [67]

Physical intervention Irradiation [59,68], high hydrostatic pressure [69,70], modified
atmospheric packaging and temperature [71,72]

Biological
intervention

Starter cultures

Lactic acid bacteria [84], Lactobacillus sake + Pediococcus pentosaceus +
Staphylococcus carnosus + S. xylosus [73], S. carnosus [74], S. xylosus [74–76],
L. plantarum [89], Bacillus subtilis [60,63,88], B. amyloliquefaciens [60,63], B.
licheniformis [62], B. idriensis [88], B. subtilis + Aspergillus oryzae + Mucor
racemosus [61]

Intrinsic and
extrinsic factors Temperature, pH, aw, Eh [77–79]

7. Conclusions

The presence of histamine in fish is of concern in many countries due to its toxic potential and
implications. Accordingly, there are specific legislations regarding the histamine content in fish and
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fish products in US, EU, and other countries. In contrast, the significance of biogenic amines in
fermented soybean foods has been overlooked despite the presence not only of abundant precursor
amino acids of biogenic amines in soybean, but also of microorganisms capable of producing biogenic
amines during the fermentation of soybean. Fortunately, the studies published to date indicate that
the amounts of biogenic amines in most fermented soybean food products are within the safe levels
for human consumption. However, it should be pointed out that the contents of vasoactive biogenic
amines in certain types and/or batches of fermented soybean food products are greater than toxic
levels. Nonetheless, lack of both legislation and guidelines on the contents of biogenic amines in
fermented soybean food products may lead to serious (or unnecessary) concerns about the safety of the
fermented foods. Therefore, it is required to establish guidance levels of biogenic amines in fermented
soybean food products based on information about the national daily intake of the fermented foods per
person and the amounts of biogenic amines in different types of fermented soybean foods commonly
consumed in each country.

Meanwhile, many efforts have been made to reduce biogenic amines in various fermented foods,
particularly fermented sausage and cheese, whereas less attention has given to biogenic amines in
fermented soybean foods. Consequently, there is at present a little information available regarding
intervention methods to reduce biogenic amines in fermented soybean foods. Although empirical
data on controlling biogenic amines in fermented soybean foods are not much in literature, several
reports have suggested that the use of starter cultures capable of degrading and/or incapable of
producing biogenic amines is a preferable way to biocontrol biogenic amines in fermented soybean
foods because it probably causes less adverse organoleptic and unhealthy alterations as well as little
changes in bacterial communities in the foods. Alterations of intrinsic and extrinsic factors, such as
temperature, pH, aw, and Eh, in fermentation and manufacturing processes are also needed to be
taken into consideration when biocontrol strategy is employed. With a successful reduction of biogenic
amines in addition to significant health benefits, consumers may place a much higher value on
fermented soybean foods.
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Abstract: This paper studies the changes that occur in free amino acid and biogenic amine contents
of raw meats (beef, pork, lamb, chicken and turkey) during storage (2 ◦C, 10 days). The meat cuts
samples were harvested from a retail outlet (without getting information on the animals involved) as
the following: Beef leg (four muscles), pork leg (five muscles), lamb leg (seven muscles), turkey leg
(four muscles), and chicken breast (one muscle). Meat composition varied according to meat types.
In general, pH, microbiology counts, biogenic amine (BA), and free amino acid (FAA) contents were
also affected by meat types and storage time (p < 0.05). Chicken and turkey presented the highest
levels (p < 0.05) of FAAs. Total free amino acids (TFAA) were higher (p < 0.05) in white meats than
in red ones. The behavior pattern, of the total free amino acids precursors (TFAAP) of Bas, was
saw-toothed, mainly in chicken and turkey meat during storage, which limits their use as quality
indexes. Spermidine and spermine contents were initially different among the meats. Putrescine was
the most prevalent BA (p < 0.05) irrespective of species. In general, chicken and turkey contained
the highest (p < 0.05) levels of BAs, and TFAAP of BAs. In terms of the biogenic amine index (BAI),
the quality of chicken was the worst while beef meat was the only sample whose quality remained
acceptable through the study. This BAI seems to be more suitable as a quality index for white meat
freshness than for red meat, especially for beef.

Keywords: meat species; free amino acid; biogenic amines; quality index

1. Introduction

Meat and meat products constitute an important protein group of foods, that can be consumed
directly or as products after undergoing different processes. Consumers nowadays are asking for
safe and high quality meat products. This quality is influenced by various factors, and complex
interactions between the biological traits of the live animal, including mainly the biological processes
that occur postmortem as muscles conversion to meat, processing and storage phases, etc. [1,2]. These
meat and meat products, especially when they are fresh, undergo spoilage even during refrigerated
storage [3]. This deterioration is associated with major proteolysis and microbial growth. Due to
proteolysis, peptides, dipeptides, and free amino acids (FAA) are formed and used by microorganisms
for their growth. Following these processes, different compounds, including biogenic amines (BA),
are formed by amino acid decarboxylase action from microbial origin (Figure 1). The biogenic amine
content depends on a number of interrelated factors such as the raw material (meat composition,
pH, handling and hygienic conditions, etc.), additives (salt, sugar, nitrites), etc. These factors affect
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free amino acid availability, microbiological aspects (bacterial species and strain, bacterial growth,
etc.), technical processing of the meat or meat products (e.g., steaks, roasts and hams, and ground,
restructured, comminuted, fresh, cooked, smoked, and fermented meats, etc.), and storage conditions
(time/temperature, packaging, temperature abuse, etc.). The combined action of all these factors will
determine the final biogenic amine profile and concentrations by directly or indirectly determining
substrate and enzyme presence and activity.

Figure 1. Biogenic amine formation from free amino acids.

Therefore, biogenic amines are of particular concern in food hygiene. Indeed, they have been
used as quality indices, mainly in fish and meat, under different processing and storage conditions,
whether considered individually or in combined forms [4–9]. In this regard, Hernández-Jover et al. [10]
suggested a biogenic amine index (BAI) as a sum of tyramine, histamine, putrescine and cadaverine,
with four-scale classification intended for cooked meat products which were based on the sum of
total BA concentration in the BAI. Tyramine is also widely used individually as a quality indicator for
vacuum-packed beef and cooked ham; this is also the case for spermidine and spermine [11]. Other
authors as Vinci & Antonelli [12] proposed the use of cadaverine and tyramine concentrations to assess
beef and chicken deterioration during storage. Moreover, some BAs were studied for their potential
toxicity for consumers, especially tyramine, histamine, cadaverine and putrescine [5,13,14]. Based on
these considerations, regulations have been introduced to limit BA intake levels in various kinds of
food [15,16].

Consequently, the determination of biogenic amines and free amino acid fractions can provide
useful information for the industry regarding freshness or spoilage and sanitary quality of fresh
muscle that could be consumed directly or used as raw material for meat products preparation. High
concentrations of certain amines in food may be interpreted as a consequence of poor quality of the
raw materials used, contamination, or inappropriate conditions during food processing and storage.
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In this regard, numerous studies were carried out in order to understand how FAA and biogenic
amine formation is associated with microorganisms development in various meat products, mainly in
fermented ones [5,7,8,17,18], and rarely in fresh meat [12]. On the other hand, “already-formed BAs”
in the raw meat materials cannot be destroyed by thermal action during meat product processing
or cooking, and this can lead to higher amine levels at the end of the pool [5,9]. However, some
authors reported that BA formation not only depends on the conservation method used (refrigeration,
protective atmosphere, etc.) or the type of processing (fermented, cooked, fresh, etc.), but it also
depends on the type of raw material or animal species studied. Delgado-Pando et al. [19] and
Triki et al. [20,21] observed differences in BA levels in reformulated (pork) frankfurters and fresh (beef)
“merguez” sausages. Thus, FAA and BA production and microbial growth in fresh meat is of great
interest for understanding and controlling the influence of raw meat as a factor in the final quality of
fresh meat products (hamburger, fresh sausages, etc.). This approach might improve the safety as well
as hygiene aspects of raw meat whether when they are used in the preparation for other meat products
or employed for direct consumption or during the chilled storage of such foodstuffs. The aim of this
study is, then, to assess the changes that take place in free amino acid and biogenic amine contents
during chilled storage of fresh meats from some of the most frequently consumed species (beef, pork,
lamb, chicken and turkey), which are used in the preparation of meat products as raw material.

2. Material and Methods

2.1. Fresh Meat Samples

Approximately 4 kg of commercial cuts of each type of fresh lean muscle meat from five
species were purchased from a local supermarket. Leg cuts were taken from the four species: Beef
(Rectus femoris M., Semitendinosus M., Flexor digitorum longus M., Gastrocnemius M.), pork (Biceps femoris
M., Semimembranosus M., Semitendinosus M., Gracilis M., Adductor M.), turkey (Flexor perforans
M., Gastrocnemius pars external M., Gastrocnemius pars internal M., Fiburalis longus M.), and lamb
(Quadriceps femoris M., Biceps femoris M., Semimembranosus M., Gluteus medius M., Gastrocnemius M.,
Adductor M., Semitendinosus M.). Breast cuts were taken from chicken (Pectoralis Major). Two hundred
to two hundred and fifty grams of each type of meat cut were representative of the pieces. Then meat
cuts were placed on expanded polystyrene (EPS) trays (Type 89 white SPT-Linpac Packaging Pravia,
S.A., Pravia, Spain) and covered with oxygen-permeable cling film (LINPAC Plastics, Pontivy, France)
in aerobic conditions. From the 15 trays of each meat type that were kept in chilled storage (0 to 4 ◦C),
three were taken periodically for further analysis. First was taken the sample for the microbiological
analysis and then the sample was homogenized for the other analysis (protein content, pH, FAA and
BA). Samples were assessed at 0, 3, 6, and 10 days of chilled storage.

2.2. Protein Content and pH Determination

Protein content was measured in quadruplicate with a LECO FP-2000 Nitrogen Analyzer
(Leco Corporation, St. Joseph, MI, USA). For pH determination, 10 g homogenate samples in 100 mL
of distilled water were prepared using a pH meter (827 pH Lab Methrom, Herisau, Switzerland).
Both analyses followed the methodology used by Triki et al. [20]. Three measurements were performed
per sample.

2.3. Microbiological Analysis

Ten grams of each representative sample were taken and placed in a sterile plastic bag with 90 mL
of peptone water (0.1%) with 0.85% NaCl. After 2 min in a stomacher blender (Stomacher Colworth
400, Seward, UK), appropriate decimal dilutions were pour-plated (1 mL) on the following media:
Plate Count Agar (PCA) (Merck, Darmstadt, Germany) for the total viable count (TVC) (30 ◦C for
72 h); De Man, Rogosa, Sharpe Agar (MRS) (Merck, Darmstadt, Germany) for lactic acid bacteria (LAB)
(30 ◦C for 3–5 days); and Violet Red Bile Glucose Agar (VRBG) (Merck, Darmstadt, Germany) for
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Enterobacteriaceae (37 ◦C for 24 h). All microbial counts were converted to logarithms of colony-forming
units per gram (Log cfu/g), following the methodology used by Triki et al. [20].

2.4. Determination of Free Amino Acids (FAA)

Free amino acids extracts were prepared with 5 g of fresh meat samples from each species.
They were homogenized with 10 mL of perchloric acid 6% (w/v) (to extract the FAA and precipitate
the proteins and peptides) in an Ultraturrax homogenizer (IKA-Werke, Janke, & Kunkel, Staufen,
Germany) then centrifuged at 27,000× g (Sorvall RTB6000B, DuPont, Wilmington, DE, USA) for 10 min
at 4 ◦C. 2 mL of KOH 1M were added to the centrifugation tube and the whole was centrifuged again.
Afterwards, the supernatant was filtered through a Millipore filter (45 μm) (Millipore, Ireland) and put
into vials until use [6].

Free amino acids (FAA) were determined by cation-exchange chromatography, using a Biochron
20 automatic amino acid analyser (Amersham Pharmacia LKB, Biotech Biocom, Uppsala, Sweden)
with an Ultropac high-resolution cation-exchange resin column (9 ± 0.5 μm particle size, Pharmacia,
Biotech) 200 × 4.6 mm. Amino acids were determined and measured using a ninhydrin derivative
reagent at 570 nm, while proline was measured at 440 nm. It should be noted that the derivatization
used did not allow the determination of tryptophan. Results are means of at least three determinations.

Total FAA precursors (TFAAP) of BA was calculated by summing the levels of the following FAA:
Tyrosine + Phenylalanine + Histidine + Lysine + Arginine

Total FAA (TFAA) was calculated by summing the levels of the following FAAs: Aspartic acid +
Threonine+ Serine + Glutamic acid + Glycine + β alanine + Cysteine + Valine + Methionine + Isoleucine
+ Leucine + TFAAP

2.5. Determination of Biogenic Amines (BA)

Tyramine, phenylethylamine, histamine, putrescine, cadaverine, tryptamine, agmatine,
spermidine, and spermine were determined using an acid based extraction prepared with
trichloroacetic acid (7.5%) in fresh meat samples from each specie. They were analyzed in a HPLC
model 1022 with a Pickering PCX 3100 post-column system (Pickering Laboratories, Mountain View,
Ca, USA) following the methodology of Triki et al. [22] by ion-exchange chromatography. Briefly, 15 g
of/from each sample were mixed with 30 mL of 7.5% trichloroacetic acid in an omnimixer (Omni
Internacional, Waterbury, CT, USA) (20,000 rpm, 3 min) and centrifuged at 5000 g for 15 min at 4 ◦C in
a desktop centrifuge (Sorvall RTB6000B, DuPont, Wilmington, DE, USA) (for proteins and peptides
precipitation and BA extraction in the supernatant). The supernatants were filtered through a Whatman
No. 1 filter, passed back through a 0.22 μm Nylon filter (Millipore, Ireland), and then placed in opaque
vials in the auto-sampler of the HPLC. The results are averages of at least 3 determinations.

Biogenic amine index (BAI) was calculated by summing tyramine, histamine, putrescine and
cadaverine levels in the different meat types according to Hernández-Jover et al. [10]. When one of the
BA involved was not detected (ND), its value was considered as being 0. BAI < 5 mg/kg means good
meat quality; between 5–20 mg/kg means acceptable meat quality; between 20–50 mg/kg means poor
meat quality; and BAI > 50 mg/kg means spoiled meat.

2.6. Statistical Analysis

A One-way ANOVA analysis of variance was performed in order to evaluate the statistical
significance (p < 0.05) of the meat type effect. Analysis of the main effect of each independent variable
and any interaction between them were carried out with two-way ANOVA, which was performed as a
function of meat type and storage days, using SPSS Statistics general linear model (GLM) procedure
(v.14, SPSS Inc.; Chicago, IL, USA). The types of meat and storage time were assigned as fixed effects
and the replication (samples were taken from meat types of different animals) was considered as a
random effect. Least squares differences were used for comparison between the mean values among
meat types and Tukey’s HSD (honestly significant difference) test was used to identify significant
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differences (p < 0.05) between sample type and storage time. The error terms used throughout this
study are standard deviations (SD). For the presented tables throughout the study: Different superscript
letters in the same row indicate significant difference (p < 0.05) between storage days for the same
meat type. Different superscript numbers in the same column indicate significant difference (p < 0.05)
between meat types for the same storage day.

3. Results and Discussion

3.1. Protein Content and pH

Protein contents of meat (pork, 21.30 ± 0.16; lamb 19.32 ± 0.39; beef, 21.78 ± 0.25; turkey 20.02 ± 0.21;
chicken 25.55 ± 0.36) were within the normal ranges for each species and type of meat cut [23]. Differences
between protein amounts were due to the nature of species and cuts. As reported previously, protein is an
important precursor of various compounds involved in BA formation.

The initial pH levels were significantly higher in pork (6.70) followed by turkey, chicken, lamb
and beef (Table 1). This variance could be due to post mortem metabolism difference between species.
As a matter of fact, both intrinsic (species, animal age, type of muscle and position of the muscle,
concentration of glycogen etc.) and extrinsic (pre-slaughter stress, slaughter conditions, post-slaughter
handling and temperature) factors can affect the extent of post-mortem glycolysis, and consequently
the ultimate pH [1,24].

Table 1. pH values of the fresh different meat types during chilled storage at 2 ◦C.

Meat Type
Chilling Storage at 2 ◦C

Day 0 Day 3 Day 6 Day 10

Pork leg (5 muscles) 6.70 ± 0.02 c5 5.89 ± 0.02 a2 6.26 ± 0.03 b3 6.32 ± 0.01 b3

Lamb leg (7 muscles) 5.90 ± 0.01 b2 6.05 ± 0.01 c3 5.77 ± 0.01 a2 6.01 ± 0.03 c1

Turkey leg (4 muscles) 6.54 ± 0.01 a4 6.89 ± 0.01 b5 6.63 ± 0.02 a4 7.34 ± 0.01 c5

Chicken breast (1 muscle) 6.39 ± 0.26 b3 6.30 ± 0.02 a, b4 6.26 ± 0.01 a3 6.67 ± 0.00 c4

Beef leg (4 muscles) 5.71 ± 0.01 a1 5.71 ± 0.10 a1 5.52 ± 0.02 a1 6.20 ± 0.01 b2

Each value is the mean of three replicates per meat sample and storage day ± standard deviation (SD). Different
superscript letters in the same row indicate significant difference (p < 0.05) between storage days for the same meat
type. Different superscript numbers in the same column indicate significant difference (p < 0.05) between meat
types for the same storage day.

Initial pH levels for fresh beef and lamb meats were considered normal in comparison with
reported levels in the literature [25,26]. However, they were high in pork, turkey and chicken compared
with other studies [27–29]. These initial values were related to the kind of the cut for each species
and its quality according to the rigor’s resolution. The pH increased in all meat types during storage,
except for pork, and at the end of the storage they were between 6.01 and 7.34 (Table 1). These results
agree with previous reports in different types of meats, also during refrigerated storage [30]. The
increases were associated with the production of nitrogenized basic compounds, mainly aminic, which
are the main results of microbial spoilage and are conditioned by the type of packaging. On the other
hand, some studies reported lower pH values particularly for pork, turkey and chicken [31].

3.2. Microbiology

Microbial growth (TVC, LAB and Enterobaceteriaceae) was affected by meat type and storage time
(p < 0.05) (Table 2). At the beginning of the experiment, the highest level of TVC was observed in lamb
(5.64 Log cfu/g) and the lowest in chicken (4.13 Log cfu/g). Similar behavior was observed in LAB
counts. Initial levels of Enterobacteriaceae were the lowest in pork (2.95 Log cfu/g). Generally, similar
amounts were also reported by other authors for meat and meat products based on the different meat
types [17,20,21,32,33].
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Table 2. Microbial counts Log (cfu/g) of the fresh different meat types during chilled storage at 2 ◦C.

Microorganisms Meat Type
Chilling Storage at 2 ◦C

Day 0 Day 3 Day 6 Day 10

Total Viable Count (TVC)

Pork leg (5 muscles) 5.53 ± 0.12 a4 7.79 ± 0.05 b3 9.74 ± 0.01 c4 10.04 ± 0.01 d1, 2

Lamb leg (7 muscles) 5.64 ± 0.25 a4 7.54 ± 0.40 b2 9.99 ± 0.17 c5 10.04 ± 0.02 c2

Turkey leg (4 muscles) 4.98 ± 0.01 a3 6.45 ± 0.13 b1 8.96 ± 0.05 c1 9.91 ± 0.09 d1

Chicken breast (1 muscle) 4.13 ± 0.17 a1 7.79 ± 0.03 b3 9.55 ± 0.02 c3 10.04 ± 0.05 d1, 2

Beef leg (4 muscles) 4.74 ± 0.10 a2 6.55 ± 0.09 b1 9.25 ± 0.04 c2 10.22 ± 0.03 d2

Lactic acid bacteria
(LAB)

Pork leg (5 muscles) 3.76 ± 0.07 a3 5.64 ± 0.01 b3 7.57 ± 0.03 c5 8.34 ± 0.08 d2

Lamb leg (7 muscles) 4.24 ± 0.01 a4 5.70 ± 0.05 b3 6.05 ± 0.11 c3 8.26 ± 0.09 d2

Turkey leg (4 muscles) 4.65 ± 0.03 a5 5.61 ± 0.10 b3 7.40 ± 0.02 c4 8.08 ± 0.13 d1

Chicken breast (1 muscle) 2.96 ± 0.02 a1 5.38 ± 0.06 b2 6.26 ± 0.02 b1 8.99 ± 0.09 c1

Beef leg (4 muscles) 3.20 ± 0.14 a2 4.34 ± 0.06 b1 5.89 ± 0.01 c2 8.04 ± 0.06 d1

Enterobacteriaceae

Pork leg (5 muscles) 2.95 ± 0.00 a1 4.95 ± 0.04 b1 6.11 ± 0.05 c1 7.53 ± 0.10 d1

Lamb leg (7 muscles) 4.71 ± 0.00 a4 6.55 ± 0.05 b3, 4 6.37 ± 0.02 b3 7.99 ± 0.04 c2

Turkey leg (4 muscles) 4.24 ± 0.02 a3 5.88 ± 0.06 b2 6.79 ± 0.02 c4 7.68 ± 0.03 d4

Chicken breast (1 muscle) 4.07 ± 0.76 a2, 3 6.73 ± 0.03 b4 6.72 ± 0.04 b2 7.27 ± 0.09 c1

Beef leg (4 muscles) 3.92 ± 0.03 a2 6.42 ± 0.12 b3 6.62 ± 0.01 c2 7.66 ± 0.05 d3

Each value is the mean of three replicates per meat sample and storage day ± standard deviation (SD). For every
type of microorganism: Different superscript letters in the same row indicate significant difference (p < 0.05) between
storage days for the same meat type, and different superscript numbers in the same column indicate significant
difference (p < 0.05) between meat types for the same storage day.

Microbial growth (TVC, LAB, Enterobacteriaceae) increased by 1 and 2 logarithmic units during
refrigerated storage (Table 2). After three days, all meat samples registered 6 Log cfu/g of TVC. These
levels reached more than 8.9 Log cfu/g on day six and up to one more Log cfu/g unit until day 10.
Other authors reported similar microbial behavior during chilled storage of fresh meat [17,20,21]. TVC
values are commonly associated with meat spoilage when it reaches levels higher than 6 Log cfu/g [34].
The high levels reported during the experiment were in relation of the high pH levels of the samples
(Table 1).

Microorganisms levels in raw meat are influenced by many factors which directly affect meat
quality such as animal stress susceptibility, pre- and post-slaughter handling, processing, transport,
packaging, storage, composition, etc. The experiment could have been finalized at microorganism
levels that limit meat consumption, but samples were analyzed for a longer period in order to better
understand BA and FAA formation and the relationship between microbial counts, FAA, and BA levels.

3.3. Free Amino Acids (FAA)

During storage, free amino acid levels and their behavior varied considerably depending on the
type of meat (Table 3 and Figure 2).

Initially, the most abundant FAA in all meat samples wasβ-alanine, with levels of 18.70–37.64 mg/100 g,
followed by the glutamic acid (4.42–28.95 mg/100 g) (Table 3). High levels of glycine, threonine and aspartic
acid were also detected at the beginning of the storage. The lowest amounts were observed in cysteine,
while histidine was not detected in any sample. Serine was highly present in turkey and chicken (37.63
and 27.67 mg/100 g, respectively) but it is not present in pork as much as in the aforementioned meat
types (5.18 mg/100 g). However, it was detected neither in lamb nor beef until the sixth and tenth days
of storage respectively (Table 3).

In general, chicken and turkey presented the highest levels of total free amino acids (TFAA)
and TFAAP of Bas, while the lowest levels were observed in lamb which are followed by beef and
pork (Figure 2a,b). These differences seem to be related to the type of meat (poultry or mammals).
Indeed, white meats (chicken and turkey) registered approximately twice the amounts of TFAAs
(234.30 and 201.33 mg/100 g respectively) as lamb (86.56 mg/100 g) and three times more than pork
(77.50 mg/100 g) or beef (67.5 mg/100 g) at the beginning of storage (Figure 2a). These results are
consistent with reports by the USDA [35] and other authors such as Leggio et al. [18], who reported
levels between 47.5 and 93.07 mg/kg of TFAA of industrial “sopressata” pork sausage. Even though
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higher levels have been reported in chicken [36], low concentrations were found by Cowieson et al. [37]
and Rabie et al. [7] in chicken, and in other meats (horse, beef, and turkey).

These differences could be due to many variables possibly influencing the formation and
destruction of FAAs in the various meat types. These include factors such as the intrinsic properties
of the product (biological factors relating to species, breed, sex, etc.; physiological aspects—genetic
background, stress responses, etc.; and production practice—feeding, finishing weight, age at slaughter,
etc.), handling, and processing conditions, etc. [5,38].

Table 3. Free amino acids (FAA) concentration (mg/100 g) of the fresh different meat types during
chilled storage at 2 ◦C.

FAA Meat Type
Chilling Storage at 2 ◦C

Day 0 Day 3 Day 6 Day 10

FAA no precursors of BA

Aspartic acid

Pork leg (5 muscles) 2.96 ± 0.04 a2 6.82 ± 0.86 c3 9.46 ± 2.59 d2 4.87 ± 0.02 b1

Lamb leg (7 muscles) 1.72 ± 0.00 a1 1.80 ± 0.31 a1 4.00 ± 0.12 b1 5.98 ± 0.04 c2

Turkey leg (4 muscles) 7.95 ± 0.41 a3 13.61 ± 0.32 b4 20.68 ± 0.02 d3 15.92 ± 0.39 c3

Chicken breast (1 muscle) 15.38 ± 0.83 b3 23.87 ± 0.16 c5 29.18 ± 0.29 d4 4.57 ± 0.11 a1

Beef leg (4 muscles) 2.37 ± 1.00 a1, 2 5.15 ± 0.18 b2 3.99 ± 0.00 b1 4.96 ± 0.11 b1

Threonine

Pork leg (5 muscles) 2.21 ± 0.04 a2 4.23 ± 0.23 b3 11.23 ± 2.71 c3 12.30 ± 0.04 c2

Lamb leg (7 muscles) 2.67 ± 0.04 a b2 2.10 ± 0.02 a1 4.08 ± 0.05 b c2 4.97 ± 0.19 c1

Turkey leg (4 muscles) 8.30 ± 0.80 a3 11.06 ± 0.48 b4 12.40 ± 0.18 b3 24.41 ± 0.14 c3

Chicken breast (1 muscle) 13.71 ± 0.59 a4 21.17 ± 0.34 b5 30.82 ± 0.23 c4 12.51 ± 0.26 a2

Beef leg (4 muscles) 1.40 ± 0.04 a1 2.58 ± 0.07 b2 2.75 ± 0.07 b1 5.10 ± 0.10 c1

Serine

Pork leg (5 muscles) 5.18 ± 0.45 a1 9.12 ± 0.74 b1 10.51 ± 2.41 c2 8.45 ± 0.06 b3

Lamb leg (7 muscles) ND ND 5.84 ± 0.12 b1 4.36 ± 0.00 a1

Turkey leg (4 muscles) 37.63 ± 1.04 c3 41.59 ± 0.32 d2 31.69 ± 0.17 b3 15.26 ± 0.19 a4

Chicken breast (1 muscle) 27.67 ± 1.42 b2 41.41 ± 0.52 d2 36.99 ± 0.73 c4 8.85 ± 0.28 a3

Beef leg (4 muscles) ND ND ND 7.40 ± 0.04 a2

Glutamic acid

Pork leg (5 muscles) 8.09 ± 0.96 a2 16.78 ± 0.94 b3 48.67 ± 1.93 d3 28.97 ± 0.19 c1

Lamb leg (7 muscles) 5.94 ± 0.14 a1 11.05 ± 0.26 b2 19.09 ± 0.39 c2 27.66 ± 1.73 d1

Turkey leg (4 muscles) 28.95 ± 1.66 a4 50.35 ± 0.09 b5 55.64 ± 0.04 b4 87.58 ± 0.19 c3

Chicken breast (1 muscle) 21.07 ± 0.88 a3 36.66 ± 0.54 c4 51.58 ± 0.73 d3 30.52 ± 0.66 b1

Beef leg (4 muscles) 4.42 ± 0.38 a1 8.81 ± 0.08 b1 15.06 ± 0.30 c1 65.41 ± 0.14 d2

Glycine

Pork leg (5 muscles) 6.17 ± 0.37 a2 12.65 ± 0.77 b c2 13.71 ± 3.14 c2 11.23 ± 0.06 b2

Lamb leg (7 muscles) 18.10 ± 0.02 a4 19.89 ± 0.06 b3 17.88 ± 0.33 a3 17.69 ± 0.42 a3

Turkey leg (4 muscles) 18.24 ± 0.99 a4 20.88 ± 0.22 b3,4 18.62 ± 0.18 a3 28.28 ± 0.01 c4

Chicken breast (1 muscle) 16.76 ± 0.75 b3 21.93 ± 0.44 c4 27.41 ± 0.45 d4 11.74 ± 0.21 a2

Beef leg (4 muscles) 3.14 ± 0.07 a1 10.31 ± 0.08 c1 6.73 ± 0.18 b1 7.04 ± 0.03 b1

β-alanine

Pork leg (5 muscles) 18.70 ± 1.06 a1 29.68 ± 1.51 b1 38.51 ± 8.70 c2 27.69 ± 0.03 b1

Lamb leg (7 muscles) 30.83 ± 0.00 a3 36.65 ± 0.09 c2 32.65 ± 0.68 b1 41.50 ± 0.87 d2

Turkey leg (4 muscles) 37.64 ± 2.14 a4 42.34 ± 0.10 b3 41.90 ± 0.45 b2 48.33 ± 0.11 c3

Chicken breast (1 muscle) 22.68 ± 0.86 a2 38.59 ± 0.67 c2 52.54 ± 0.87 d3 28.75 ± 0.72 b1

Beef leg (4 muscles) 29.09 ± 0.20 a3 47.69 ± 0.34 c4 41.59 ± 0.77 b2 42.99 ± 0.30 b2

Cysteine

Pork leg (5 muscles) 0.53 ± 0.12 a2 0.92 ± 0.04 b2 1.61 ± 0.27 c3 1.71 ± 0.03 c3

Lamb leg (7 muscles) 0.20 ± 0.04 a1 1.05 ± 0.09 b2 1.17 ± 0.00 b2 1.20 ± 0.04 b1

Turkey leg (4 muscles) 0.33 ± 0.00 a1 0.39 ± 0.00 a1 0.42 ± 0.04 a1 2.01 ± 0.09 b4

Chicken breast (1 muscle) 0.22 ± 0.00a1 0.33 ± 0.00 a1 3.95 ± 0.04 c4 1.74 ± 0.09 b3

Beef leg (4 muscles) 0.98 ± 0.04 a3 0.98 ± 0.12 a2 1.06 ± 0.00 a2 1.42 ± 0.03 b2

Valine

Pork leg (5 muscles) 5.77 ± 0.04 a2 8.17 ± 0.45 b3 13.16 ± 2.74 c3 16.25 ± 0.06 d3

Lamb leg (7 muscles) 2.59 ± 0.08 a1 4.64 ± 0.08 b1 7.58 ± 0.14 c1 7.09 ± 0.11 c1

Turkey leg (4 muscles) 8.29 ± 0.37 a3 11.28 ± 0.43 b4 11.49 ± 0.18 b2 23.19 ± 0.14 c4

Chicken breast (1 muscle) 12.97 ± 0.47 a4 20.28 ± 0.34 c5 23.45 ± 0.18 d4 16.67 ± 0.61 b3

Beef leg (4 muscles) 5.30 ± 0.08 a2 6.23 ± 0.56 b2 8.26 ± 0.16 c1 9.37 ± 0.04 d2

Methionine

Pork leg (5 muscles) 2.67 ± 0.29 a2 3.17 ± 0.10 a2 9.31 ± 1.94 b3 12.30 ± 0.04 c3

Lamb leg (7 muscles) 1.10 ± 0.00 a1 1.44 ± 0.30 a1 3.97 ± 0.01 b1 4.12 ± 0.10 b1

Turkey leg (4 muscles) 3.19 ± 0.07 a2 4.84 ± 0.34 b3 5.00 ± 0.04 b2 16.79 ± 0.01 c4

Chicken breast (1 muscle) 7.10 ± 0.30 a3 11.58 ± 0.27 b4 14.63 ± 0.21 c4 12.34 ± 0.29 b3

Beef leg (4 muscles) 1.31 ± 0.00 a1 2.20 ± 0.68 a1, 2 4.09 ± 0.05 b1 6.62 ± 0.08 c2

Isoleucine

Pork leg (5 muscles) 2.98 ± 0.12 a3 4.36 ± 0.25 b2 8.28 ± 1.74 c2 9.88 ± 0.08 d3

Lamb leg (7 muscles) 1.73 ± 0.13 a1 2.40 ± 0.10 b1 3.92 ± 0.08 c1 4.05 ± 0.00 c1

Turkey leg (4 muscles) 5.25 ± 0.21 a4 7.24 ± 0.18 b3 6.97 ± 0.08 b2 16.33 ± 0.00 c4

Chicken breast (1 muscle) 8.16 ± 0.35a5 13.98 ± 0.23 c4 15.75 ± 0.40 d3 10.08 ± 0.20 b3

Beef leg (4 muscles) 2.21 ± 0.04 a2 3.02 ± 0.51 a b1 3.90 ± 0.05 b1 5.88 ± 0.07 c2

Leucine

Pork leg (5 muscles) 5.35 ± 0.08 a2 6.88 ± 0.38 b3 14.18 ± 2.92 c3 16.65 ± 0.06 d3

Lamb leg (7 muscles) 3.09 ± 0.34 a1 4.20 ± 0.14 b1 7.05 ± 0.19 c1 7.22 ± 0.04 c1

Turkey leg (4 muscles) 7.66 ± 0.40 a3 11.28 ± 0.10 b4 10.84 ± 0.07 b2 26.19 ± 0.06 c4

Chicken breast (1 muscle) 14.29 ± 0.44 a4 24.10 ± 0.46 c5 26.76 ± 0.46 d4 16.86 ± 0.60 b3

Beef leg (4 muscles) 3.79 ± 0.04 a1 5.65 ± 0.54 b2 6.99 ± 0.05 c1 9.99 ± 0.09 d2
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Table 3. Cont.

FAA Meat Type
Chilling Storage at 2 ◦C

Day 0 Day 3 Day 6 Day 10

FAA precursors of BA

Tyrosine

Pork leg (5 muscles) 3.82 ± 0.24 a3 5.02 ± 0.35 b3 7.90 ± 1.79 c3 8.94 ± 0.27 c3

Lamb leg (7 muscles) 2.13 ± 0.06 a2 2.36 ± 0.04 b1 2.62 ± 0.17 c1 3.09 ± 0.47 c1

Turkey leg (4 muscles) 6.21 ± 0.34 a4 8.75 ± 0.13 b4 8.20 ± 0.41 b3 9.24 ± 0.07 a3

Chicken breast (1 muscle) 11.23 ± 0.54 b5 18.14 ± 0.43 d5 15.80 ± 0.20 c4 17.17 ± 0.27 c4

Beef leg (4 muscles) 1.63 ± 0.18 a1 2.96 ± 0.17 b2 5.22 ± 0.18 c2 6.04 ± 0.56 d2

Phenylalanine

Pork leg (5 muscles) 3.94 ± 0.33 a3 4.39 ± 0.37 a3 14.82 ± 3.31 b3 17.41 ± 0.22 b3

Lamb leg (7 muscles) 2.36 ± 0.22 a2 2.50 ± 0.12 a1 4.86 ± 0.63 b1 5.82 ± 0.59 b1

Turkey leg (4 muscles) 4.10 ± 0.46 a3 6.87 ± 0.28 b4 6.45 ± 0.15 b2 19.92 ± 0.05 c4

Chicken breast (1 muscle) 8.24 ± 0.12 a4 13.70 ± 0.35 b5 15.74 ± 0.34 c3 18.41 ± 0.78 d3

Beef leg (4 muscles) 1.72 ± 0.27 a1 3.54 ± 0.06 b2 4.72 ± 0.22 c1 13.18 ± 0.00 d2

Histidine

Pork leg (5 muscles) ND 3.26 ± 0.16 a1 3.85 ± 0.91 a1 5.00 ± 0.03 b1

Lamb leg (7 muscles) ND ND ND ND
Turkey leg (4 muscles) ND ND ND ND

Chicken breast (1 muscle) ND ND ND 5.62 ± 0.78 a1

Beef leg (4 muscles) ND ND ND ND

Lysine

Pork leg (5 muscles) 4.96 ± 0.29 a1 9.92 ± 056 b1 24.46 ± 5.63 c3 25.84 ± 0.04 c3

Lamb leg (7 muscles) 7.69 ± 0.00 a3 9.64 ± 0.06 b1 12.69 ± 0.16 c1 12.76 ± 0.24 c1

Turkey leg (4 muscles) 15.09 ± 0.92 a4 20.66 ± 0.17 b3 26.19 ± 0.26 c3 60.33 ± 0.04 d5

Chicken breast (1 muscle) 32.38 ± 1.74 b5 37.50 ± 0.73 c4 69.68 ± 0.89 d4 27.13 ± 0.52 a4

Beef leg (4 muscles) 5.91 ± 0.05 a2 12.09 ± 0.17 b2 13.58 ± 0.16 c2 18.56 ± 1.63 d2

Arginine

Pork leg (5 muscles) 4.19 ± 0.40 b1 7.56 ± 0.58 c1 0.12 ± 0.01 a2 ND
Lamb leg (7 muscles) 6.39 ± 0.28 b2 7.06 ± 0.12 c1 0.08 ± 0.01 a1 ND

Turkey leg (4 muscles) 12.49 ± 0.89 b3 16.17 ± 0.13 c2 1.45 ± 0.23 a3, 4 0.72 ± 0.04 d5

Chicken breast (1 muscle) 22.44 ± 1.21 b4 26.32 ± 0.62 c3 1.41 ± 0.06 a3 ND
Beef leg (4 muscles) 4.27 ± 0.11 b1 6.74 ± 0.33 c1 1.57±0.06 a4 ND

TFAAP of BA

Pork leg (5 muscles) 16.91 ± 1.25 a2 30.15 ± 0.55 b3 51.15 ± 11.76 c3 57.18 ± 0.04 c3

Lamb leg (7 muscles) 18.58 ± 0.56 a2 21.56 ± 0.02 c1 20.25 ± 0.85 b1 20.68 ± 0.12 b1

Turkey leg (4 muscles) 37.89 ± 2.61 a3 52.46 ± 0.70 c4 42.29 ± 0.52 b3 90.21 ± 0.27 d5

Chicken breast (1 muscle) 74.29 ± 3.60 b4 95.66 ± 2.12 c5 102.63 ± 1.48 d4 62.71 ± 1.37 a4

Beef leg (4 muscles) 13.53 ± 0.61 a1 25.33 ± 0.27 b2 25.09 ± 0.62 b2 37.79 ± 1.07 c2

TFAA

Pork leg (5 muscles) 77.50 ± 4.35 a2 132.94 ± 6.63 b3 229.78 ± 42.86 c3 207.48 ± 0.23 c3

Lamb leg (7 muscles) 86.56 ± 0.10 a3 106.78 ± 0.98 b1 127.48 ± 2.46 c2 147.51 ± 3.50 d1

Turkey leg (4 muscles) 201.33 ± 10.70 a4 267.32 ± 3.10 c4 257.94 ± 1.62 b3 394.50 ± 0.36 d5

Chicken breast (1 muscle) 234.30 ± 10.49 b5 349.56 ± 6.08 c5 415.68 ± 6.08 d4 217.34 ± 5.40 a4

Beef leg (4 muscles) 67.54 ± 0.94 a1 117.96 ± 2.37 b2 119.51 ± 2.12 b1 203.98 ± 0.26 c2

ND: Not Detected. Each value is the mean of three replicates per meat sample and storage day ± standard deviation
(SD). For every type of free amino acid: Different superscript letters in the same row indicate significant difference
(p < 0.05) between storage days for the same meat type, and different superscript numbers in the same column
indicate significant difference (p < 0.05) between meat types for the same storage day.

In general, the relative initial differences in TFAAs and TFAA precursors of BAs in chicken and
turkey were maintained until the end of storage. Contents were at their highest (p < 0.05) in these
species, although they were smaller in chicken than in turkey at the end of the experiment following a
decrease after day six (Figure 2a,b). Glutamic acid was the most prevalent FAA at the end of the storage
(reaching 87.58 mg/100 g in turkey and 65.41 mg/100 g in beef), followed by β-alanine (48.33 mg/100 g
in turkey and 41.50 mg/100 g in lamb), and lysine (27.13 mg/100 g in chicken and 60.33 mg/100 g in
turkey), which is a precursor of cadaverine. Serine registered a considerable decrease in all samples
while valine, methionine and isoleucine increased from the initial levels (Table 3). The concentration of
histidine, a precursor of histamine, was very low or beneath the threshold of detection throughout
the study since it is not typically present in meat, but it is rather one of the characteristics of fish
products [6]. On the other hand, Arginine was the most prevalent FAA precursor at the beginning
of the storage and went undetected at its end. This decrease in arginine was due to agmatine and
putrescine formation, which can also lead to spermidine and spermine production since the formation
of these three amines is interrelated [13,39].

Some meat types (mainly chicken and turkey) presented a saw-toothed pattern for TFAA and
TFAAP of BA over storage (Figure 2a,b). The saw-toothed pattern of the FAAs observed during
the experiment is typical of the one reported in myosystems such as meat [35] and in various
research studies on fish and seafood [40]. This pattern is related to both formation and destruction of
FAAs [6,41], which are associated with meat proteolysis (breakdown of proteins into small peptides
and free amino acids) during storage. This hydrolysis of the peptide bonds may be of endogenous
(endogenous proteolytic enzymes as exopeptidases) or exogenous origin. The latter origins are
associated with microbial activity and the transformation of FAAs into other compounds through

126



Foods 2018, 7, 132

chemical and metabolic reactions. Other authors [36] also reported significant increases of amino acid
levels in chicken during refrigerated storage that were associated with proteolysis. The saw-toothed
pattern could limit the use of FAAs as reliable quality indexes for fresh refrigerated meat, as reported
elsewhere [6].

 

(a) 

(b) 

Figure 2. Total free amino acid (TFAA) (a) and Total free amino acid precursors (TFAAP) (b) of biogenic
amines in mg/100 g of the different meat types during chilled storage at 2 ◦C. (Each value is the mean
of three replicates per meat sample and storage day ± standard deviation (SD). Different letters indicate
significant difference (p < 0.05) between storage days for the same meat type and different numbers
indicate significant difference (p < 0.05) between meat types for the same storage day).

Nevertheless, the presence of certain amino acids such as glutamic acid, β-alanine, and
phenylalanine were associated with typical flavors in meat and myosystems [42]. They are also
very important as potential flavor and odor precursors through their interactions during heating,
which contributes to the flavor and/or odor of cooked meat [43]. Indeed, glutamic acid and glycine
are used as flavor enhancing additives in the food industry [44,45].

3.4. Biogenic Amines

Biogenic amine contents of the different meat types were affected (p < 0.05) by storage (Table 4).
Except for the physiological amines spermidine and spermine (Spd and Spm), the initial levels of BAs
were very low, and in some cases they were not detected. Spermidine and spermine presented the
highest (p < 0.05) concentrations of BAs at the beginning of the experiment in all meat types, with
spermine as the most abundant one (27.60–45.03 mg/kg). Levels of Spd and Spm were significantly
lower in pork and beef as opposed to the rest of the meats, with the highest levels detected in chicken.

127



Foods 2018, 7, 132

The reported amounts of these amines in the literature are wide-ranging. Similar values of Spd
and Spm were reported in meat products formulated with pork and beef [5,7,12,20–22,39], in raw
turkey [46], lamb, and sheep liver [47]. On the other hand, Rokka et al. [48] reported higher levels of
Spm and Spd in chicken in comparison with our results, while other authors observed smaller amounts
for Spm [12,32]. In addition, significantly lower levels of the physiological amines were observed in
lamb and mutton as in our study [47].

Table 4. Biogenic amines (BA) concentration (mg/kg) of fresh different meat types during chilled
storage at 2 ◦C.

BA Meat Type
Chilling Storage at 2 ◦C

Day 0 Day 3 Day 6 Day 10

Tyramine

Pork leg (5 muscles) 0.67 ± 0.03 a3 1.10 ± 0.02 b3 11.20 ± 0.04 c4 16.58 ± 0.04 d4

Lamb leg (7 muscles) 0.10 ± 0.00 a1 0.19 ± 0.01 a1 7.05 ± 0.25 b3 10.71 ± 0.01 c3

Turkey leg (4 muscles) ND 0.40 ± 0.04 a2 1.72 ± 0.02 b2 6.88 ± 0.14 c2

Chicken breast (1 muscle) ND 0.47 ± 0.07 a2 27.54 ± 0.86 b5 35.16 ± 0.36 c5

Beef leg (4 muscles) 0.34 ± 0.04 a2 0.42 ± 0.02 a2 0.53 ± 0.03 b1 1.57 ± 0.07 c1

Histamine

Pork leg (5 muscles) ND ND ND ND
Lamb leg (7 muscles) ND ND ND ND
Turkey leg (4 muscles) ND ND ND ND
Chicken breast (1 muscle) 0.53 ± 0.03 a1 1.23 ± 0.03 b2 1.73 ± 0.03 c2 2.11 ± 0.01 d2

Beef leg (4 muscles) ND 0.10 ± 0.00 a1 0.21 ± 0.01 b1 0.50 ± 0.02 c1

Phenylethylamine

Pork leg (5 muscles) ND 0.77 ± 0.03 a1 1.28 ± 0.02 b1 1.66 ± 0.06 c1

Lamb leg (7 muscles) 0.76 ± 0.00 a3 4.80 ± 0.08 b3 7.57 ± 0.27 c3 9.05 ± 0.15 d3

Turkey leg (4 muscles) 0.21 ± 0.05 a1 15.07 ± 0.01 d4 12.85 ± 0.47 c4 11.33 ± 0.29 b4

Chicken breast (1 muscle) ND 16.87 ± 0.13 c5 17.99 ± 0.15 b5 12.81 ± 0.05 a5

Beef leg (4 muscles) 0.47 ± 0.01 a2 2.33 ± 0.05 b2 2.47 ± 0.05 b2 2.62 ± 0.02 c2

Putrescine

Pork leg (5 muscles) 0.57 ± 0.09 a1 0.72 ± 0.02 a1 5.10 ± 0.48 b2 14.55 ± 0.09 c3

Lamb leg (7 muscles) 1.19 ± 0.07 a2 3.22 ± 0.00 b4 6.40 ± 0.24 c3 10.11 ± 0.01 d2

Turkey leg (4 muscles) 1.23 ± 0.03 a2 4.70 ± 0.08 b5 8.44 ± 0.44 c5 68.72 ± 0.02 d5

Chicken breast (1 muscle) 1.23 ± 0.03 a2 1.83 ± 0.01 b2 7.47 ± 0.07 c4 51.99 ± 0.29 d4

Beef leg (4 muscles) 1.34 ± 0.02 a3 2.07 ± 0.03 b3 3.99 ± 0.03 c1 7.40 ± 0.04 d1

Cadaverine

Pork leg (5 muscles) ND ND 1.11 ± 0.07 a1 16.16 ± 0.28 b4

Lamb leg (7 muscles) ND ND 3.42 ± 0.02 a2 5.08 ± 0.12 b1

Turkey leg (4 muscles) ND ND 1.27 ± 0.03 a1 13.25 ± 0.27 b2

Chicken breast (1 muscle) ND ND 3.98 ± 0.10 a3 14.31 ± 0.11 b3

Beef leg (4 muscles) ND ND ND ND

Tryptamine

Pork leg (5 muscles) ND ND 6.37 ± 0.07 a1 6.56 ± 0.10 a2

Lamb leg (7 muscles) ND ND ND ND
Turkey leg (4 muscles) ND ND ND ND
Chicken breast (1 muscle) 3.82 ± 0.12 b1 15.78 ± 0.16 d1 7.47 ± 0.07 c2 0.37 ± 0.01 a1

Beef leg (4 muscles) ND ND ND ND

Agmatine

Pork leg (5 muscles) ND ND ND ND
Lamb leg (7 muscles) ND 0.15 ± 0.01 a1 1.14 ± 0.02 b1 2.30 ± 0.08 c1

Turkey leg (4 muscles) ND ND ND ND
Chicken breast (1 muscle) ND ND ND ND
Beef leg (4 muscles) ND ND ND ND

Spermidine

Pork leg (5 muscles) 2.63 ± 0.13 a2 2.70 ± 0.00 a1 3.18 ± 0.14 b1 3.88 ± 0.18 c1

Lamb leg (7 muscles) 8.09 ± 0.13 a4 11.99 ± 0.13 c4 8.69 ± 0.21 a4 10.16 ± 0.12 b5

Turkey leg (4 muscles) 7.33 ± 0.05 a3 18.27 ± 0.07 d5 12.14 ± 0.10 c5 9.67 ± 0.09 b4

Chicken breast (1 muscle) 9.78 ± 0.06 d5 6.69 ± 0.13 b3 6.24 ± 0.20 a3 7.02 ± 1.10 c3

Beef leg (4 muscles) 2.29 ± 0.05 a1 3.39 ± 0.05 b2 4.35 ± 0.01 c2 5.39 ± 0.05 d2

Spermine

Pork leg (5 muscles) 27.60 ± 0.96 b1 27.10 ± 0.12 b1 25.23 ± 1.17 a1 26.87 ± 0.31 b2

Lamb leg (7 muscles) 31.36 ± 0.58 a2 40.85 ± 0.37 c3 31.60 ± 0.98 a3 36.42 ± 0.00 b4

Turkey leg (4 muscles) 35.44 ± 1.28 b3 49.20 ± 0.40 d4 36.95 ± 0.53 c4 32.55 ± 0.09 a3

Chicken breast (1 muscle) 45.03 ± 0.81 b4 53.60 ± 0.24 d5 47.26 ± 0.54 c5 41.92 ± 0.16a5

Beef leg (4 muscles) 30.86 ± 0.36 b2 33.02 ± 0.24 c2 29.54 ± 0.40 b2 25.08 ± 0.04 a1

BAI

Pork leg (5 muscles) 1.24 1.82 17.41 47.29
Lamb leg (7 muscles) 1.29 3.41 16.87 25.90
Turkey leg (4 muscles) 1.23 5.10 11.43 88.85
Chicken breast (1 muscle) 1.76 3.53 40.72 103.57
Beef leg (4 muscles) 1.68 2.59 4.73 9.47

Each value is the mean of three replicates per meat sample and storage day ± standard deviation (SD). ND: Not
detected (average limit of detection being 0.065 mg/L). For every biogenic amine: Different superscript letters in
the same row indicate significant difference (p < 0.05) between storage days for the same meat type, and different
superscript numbers in the same column indicate significant difference (p < 0.05) between meat types for the same
storage day.
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During refrigerated storage, the levels of physiological amines fluctuated in turkey for Spd and in
turkey and chicken for Spm following a saw-toothed pattern (Table 4). Irrespective of the meat type.
Both amines increased, peaking after the third day (18.27 mg/kg of Spd in turkey and 53.60 mg/kg
of Spm in chicken) which was followed by a decrease until the end of the storage. This pattern,
which is reported in other meat products in chilled storage [7], could reflect the relationship between
these FAAs and the evolution pattern of their precursor, arginine (Figure 1). Initial arginine levels
were considerable (Table 3). In fact, these levels increased up to day six and then decreased. Finally,
they disappeared in all the samples except in turkey, which registered very low levels at the end of
the experiment.

Putrescine (Put) was also detected throughout the study in all samples. Initial levels of these
physiological amines were low in pork (0.57 mg/kg) while the other meat types contained the double
of that amount (Table 4). Put levels increased significantly in all meats during the experiment but
not at the same rate for all samples. For instance, in lamb and turkey, levels increased considerably
by day three but the highest Put levels were recorded in chicken and turkey at the end of the study
(51.99 mg/kg and 68.72 mg/kg, respectively). These were the highest levels among all BAs, even
higher than tyramine, which is the most prevalent BA in meat products. At the end of the storage,
only in the case of pork and lamb, similar levels of putrescine and tyramine were observed (Table 4).
These putrescine levels were mainly related to Enterobacteriaceae growth (Table 2), which registered the
highest levels. In addition, put production is associated with a reduction in arginine, which was also
observed in all samples (Table 3) as noted earlier. Put is identified as one of the toxic biogenic amines,
together with cadaverine (Cad), since they favor intestinal absorption of HIS and Tyr and contribute to
catabolism reduction, thus enhancing their toxicity [5,14].

Cadaverine (Cad) is another important amine that was not detected in the meat samples until
day six of chilled storage, except for beef, where it was not detected throughout the study. Other
authors [20] reported that cadaverine was undetectable in beef whereas the meats in which it was
detected, concentrations rose quickly, except for lamb. However, considerable levels were observed
in pork, chicken, and turkey (16.16, 14.31 and 13.25 mg/kg, respectively). In most cases, no clear
relationship was observed regarding the levels of its FAA lysine precursor, except for chicken and
turkey, in which there was some correlation (coefficient > 0.92). It is worth noticing that at the end of
storage, lysine was the precursor with the highest levels, peaking in turkey and chicken at day six of
the experiment (Table 3). High levels of the FAA precursors that did not correlate with high levels of
their corresponding BAs could be due to the lower BA decarboxylation capacity of the microorganisms
that grow in this type of meat. These amines are also associated with Enterobacteriaceae growth; but,
in this study, there was no clear relationship. However, there are other factors that can also affect BA
presence in meat or meat products such as processing, meat matrix nature, etc. [9,20–22,49].

Agmatine (Agm) was present only in lamb meat with very low levels (0.15–2.30 mg/kg) (Table 4)
starting from the third day of storage. However, its precursor arginine was widely represented in all
meats, especially chicken, throughout the study (Table 3). This inverse behavior in lamb could be due
to the weakness or lack of aminogenetic capacity of the microbiota [8] and the fact that arginine can be
transformed into Putrescine (Figure 1) depending on the microbial flora type present in the matrix. As
explained before, put levels were indeed consistent with the arginine levels observed in this study.

In general, the other BAs’ levels increased, from day three until the end of the storage. Levels of
toxic amines such as tyramine (Tyr) and β-phenylethylamine (Phe) were very low (<0.8 mg/kg) at
the beginning of the study and were not even detected in some meats such as in chicken and turkey
(Tyr), and in pork and chicken (Phe). However, they were detected afterwards in all the studied kinds
of meats during storage. These amounts increased during the experiment until day 10, but levels
remained below 36 mg/kg in the case of Tyr, which reached its highest levels in chicken and lowest in
beef (1.57 mg/kg), followed by turkey (6.88 mg/kg), lamb (10.71 mg/kg), and pork (16.58 mg/kg).
Phe levels registered lower amounts in all species at the end of the storage. Chicken also contained
the highest levels of Phe (12.81 mg/kg), followed by turkey, lamb, beef, and pork (Table 4) at the
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end of the experiment. These levels are very low in terms of toxicological limits, especially for Tyr
(800 mg/kg) [50] while the limit for Phe is 30 mg/kg, which is twice the level found in this study [51].
These BAs are formed from the decarboxylation reactions of tyrosine and phenylalanine, respectively.
The highest levels of tyrosine were observed in chicken, which can be associated with the high levels of
tyramine in this species. However, no clear relationship was observed for the other species regarding
tyramine and tyrosine even though the evolution of this FAA was clear throughout the storage and
was species-dependent (Table 3). As a matter of fact, in some species, such as pork, lamb, beef or turkey,
tyramine increased over storage, and these changes correlated with tyrosine production. On the other
hand, the evolution in chicken followed a saw-toothed pattern, thus the possibility for establishing a
correlation became more unlikely with Tyr production. Several authors reported similar evolutions of
these FAAs and their relationship with BAs [6].

Phenylalanine levels (Table 3) were higher than tyrosine’s although its corresponding biogenic
amine (Phe) levels were significantly lower than tyramine in some species. Phenylalanine levels were
significantly higher at the end of the storage in all meat types, particularly turkey, chicken, and pork
(Table 3). Other authors also found little correlation between Phe and its FAA precursor, which seems
to be closely related to the nature of the flora and its aminogenic capacity [8,52]. Lamb, for example,
contained higher levels of Phe (9.05 mg/kg) at the end of the experiment than of phenylalanine
(5.82 mg/100 g) suggesting that its flora has high Phenylalanine decarboxylation capacity. The rest
of the meats presented the opposite pattern suggesting that their flora presented less phenylalanine
decarboxylation capacity.

On the other hand, histamine (HIS), another toxicological amine, was not detected in the majority
of meat types (pork, lamb and turkey), except in chicken and beef where levels were very low (2.11
and 0.50 mg/kg, respectively at the end of storage) (Table 4). This was consistent with histidine levels,
the FAA precursor of HIS (Table 3), which were not initially detected in any type of meat, except for
pork and chicken, with very low levels (<6 mg/100 g). Final HIS levels in the meat types samples were
significantly lower than the legal limit of 50 mg/kg [15], meaning that there is no potential health risk
after consumption of these meats in their fresh status. Moreover, HIS levels are related to those of its
FAA precursor, which is poorly represented in the studied meats (Table 3). Some authors also reported
very low to undetectable HIS levels in fresh beef sausages and dry fermented pork sausages [20,21,39].
These low amounts are consistent with the type of samples analyzed since HIS is not typically found
in fresh meat and meat products [5].

Tryptamine (Trp) was detected only in chicken and pork. While its presence in chicken was
observed from the beginning of the storage, in the case of pork it was only detected after six days.

In general, higher BA levels (Table 4) were observed in chicken, turkey and pork, and these
results were associated with the total free amino acid BA precursors (TFAAP) (Table 3). Given the
importance of BAs as quality indexes, the application of the biogenic amines index (BAI) in this study
showed a clear increase over storage, which was related to the meat type (Table 4). At the outset, all
the BAIs registered less than 2 mg/kg, with the highest levels in chicken. According to the index’s
classification, all meat types presented good quality, which was maintained until day six, afterwards
there was a considerable increase in BAI levels, with the highest registered once more in chicken. The
latter reached levels of 40.72 mg/kg, followed by pork (17.41 mg/kg), lamb (16.87 mg/kg), turkey
(11.43 mg/kg), and beef (4.73 mg/kg). According to this index, chicken was considered of poor quality
at day six while the other meats were still classified as acceptable. However, this classification is not
related to microorganism levels on the same day of analysis (Table 2). As a matter of fact, a delay was
observed in the formation of biogenic amines with respect to microbial growth. Such a delay was also
reported by other authors [21,53] and constituted one of the factors that some authors used to set the
limit of 6 Log/cfu for TVC as indicating unfitness for consumption.

At the end of storage, the highest BAI levels were observed in chicken (103.87 mg/kg) and turkey
(88.85 mg/kg), which were spoiled, and the lowest BAI level was found in beef (9.47 mg/kg), which
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was still the only meat in the range of BAI acceptability (Table 4), while pork and lamb were considered
as exhibiting poor quality.

Several authors demonstrated that beef is less spoilable than the other types of meats and that
chicken is the first to undergo deterioration reactions [12,54]. BAI levels in turkey, beef, and pork
presented a high correlation with TFAAP (0.97, 0.92, and 0.86, respectively) as well as with TFAA levels
in lamb (0.97), beef (0.96, and turkey (0.95) throughout the storage (Table 4).

These results support the theory of rapid white meat spoilage compared with red meat [12,54], as
shown in the FAA section. This behavior was also observed in tuna, where amine levels were generally
higher in the white than in the red muscle [40]. In this study; the BAI levels of white meats (turkey
and chicken) close to and above 50, at 10 days of chilling storage.

These BAI levels reflect the rate of deterioration of each type of meat and thus provide useful
information when planning meat product processing and manufacture strategies. These BAI levels
showed better results than some BA contents such as Tyramine or Spermidine and Spermine
individually. However, BAI results did not show any clear relationship with microbial levels, which
exceeded the permitted limits of microorganisms in all types of meats from day three of storage
(Table 2). Therefore, in this case, the BAI index seems to be a more suitable indicator for white meat
freshness than for red ones, especially beef, which was also reported by other authors [10].

4. Conclusions

The evolutions of free amino acids (FAA) and biogenic amines (BA) were clearly influenced by
the meat type. The largest amounts were observed in chicken and turkey followed by the other meat
types. Even though a clear relationship was observed for certain meat species between the biogenic
amine index (BAI) and total free amino acids (TFAA), this index did not correlate with microbial
growth. The relationship between overall TFAAs and BAIs was closer between an FAA precursor
and its corresponding biogenic amine when considered individually. BAIs showed that only beef
maintained acceptable quality throughout the study (<10 at day 10 of chilling storage), while chicken
presented a poor quality (103.57) followed by turkey, lamb and pork. Overall, BA levels were higher in
white meats than in red ones. During storage, some TFAAP of BA followed a saw-toothed pattern
mainly in chicken and turkey meat. This limits its use as a quality index for fresh meat during chilled
storage. Finally, the BAI index seems to be more suitable as a quality index for white meat freshness
than for red meat, especially for beef.
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Abstract: The objective of this study is to measure the amounts of biogenic amines, microbial counts,
values of pH, titratable acidity, dry matter, and salt (%) in herby cheese, a very popular staple in the
Turkish diet, and to evaluate the concentration of biogenic amines in terms of public health risks.
A high-performance liquid chromatography (HPLC) method was used for the determination of eight
biogenic amines in 100 herby cheeses sold in the local markets of Van. The bacterial load of the
herby cheeses ranged between 4.0 and 8.90 log CFU/g for viable total aerobic mesophilic bacteria
(TAMB), <1 and 7.0 log CFU/g for lactic bacteria (LAB), <1 and 6.08 log CFU/g for coliform bacteria,
<1 and 5.81 log CFU/g for Enterobacteriaceae, <1 and 2.60 log CFU/g for Staphylococcus aureus, and
3.70 and 8.05 log CFU/g for yeasts and molds. The results obtained suggested significant changes
in the pH, titratable acidity, dry matter, and salt contents of the examined herby cheese samples.
The detection levels of biogenic amines in the samples ranged from <0.025 to 33.36 mg/kg for
tryptamine, from <0.038 to 404.57 mg/kg for β-phenylethylamine, from 0.03 to 426.35 mg/kg for
putrescine, from <0.039 to 1438.22 mg/kg for cadaverine, from <0.033 to 469 mg/kg for histamine,
from <0.309 to 725.21 mg/kg for tyramine, from <0.114 to 1.70 mg/kg for spermidine, and from
<0.109 to 1.88 mg/kg for spermine. As a result, these cheeses are fit for consumption in terms of the
amounts of biogenic amines they contain.

Keywords: biogenic amines; histamine; herby cheese; HPLC; decarboxylase enzymes

1. Introduction

Biogenic amines (BAs) are organic bases with an aliphatic, aromatic, or heterocyclic structure,
which have been found in many foods, such as fish products, cheese, wine, beer, and other fermented
foods [1–3]. Biogenic amine accumulation in foods usually results from the decarboxylation of amino
acids by enzymes of bacterial origin, which is associated with food hygiene and technology [3–5].
The term “biogenic amines” defines decarboxylation products such as histamine, serotonin, tyramine,
phenylethylamine, tryptamine, and also aliphatic polyamines [6].

Numerous bacteria, both intentional and adventitious, have been reported as being capable of
producing biogenic amines. These are Escherichia, Enterobacter, Salmonella, Shigella, Clostridium perfringens,
Streptococcus, Lactobacillus, and Leuconostoc [7–9]. The main biogenic amine producers in cheese are
Gram-positive bacteria, with LAB being the main histamine and tyramine producers [10]. Leuconostoc
mesenteroides has a high potential to form tyramine or histamine in wine [11,12]. The presence of
biogenic amines in food constitutes a potential public health concern due to their psychological
and toxicological effects [13]. Biogenic amines may also be considered as carcinogens because
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they are able to react with nitrites to form potentially carcinogenic nitrosamines [14]. Consuming
contaminated fish of the Scombridae family is the most common type of fish poisoning in Europe
and worldwide, as it is consumed in large quantities (tuna, bonito, and mackerel), thereby causing
a pseudoallergic poisoning known as the scombroid syndrome. This syndrome may be triggered
by various species from the family, such as sea urchins, bluefish, herring, anchovies, sardines, and
dolphin fish. Poisoning resulting from the ingestion of this fish accounts for 40% and up to 5% of all
food poisoning cases reported in the United States [15]. Histamine poisoning is the most common and
toxic form of poisoning. Histamine intoxication, also termed scombroid poisoning, is an important
foodborne disease common all over the world [8]. The intake of foods with high concentrations of
biogenic amines can cause migraines, headaches, gastric and intestinal problems, and pseudoallergic
responses [9,16].

Cheese represents an ideal environment for biogenic amine production. Several factors may
contribute to biogenic amine formation in cheese. The utilization of raw or pasteurized milk in
cheesemaking, higher ripening temperature, excessive proteolysis, high pH, and low salt concentration
may contribute to the ability of an organism to produce biogenic amines [17–19].

Herby cheese, which has a semihard texture and a salty taste, is produced in small family
businesses for their needs and for commercial purposes in Van city. Van city is located by the shores of
Lake Van, in the eastern part of Turkey, bordering Iran. In addition, it is produced in well-equipped
factories. It is made from raw sheep milk in the eastern and southeastern parts of Turkey. If sheep milk
is not available, a mixture of sheep and cow or sheep and goat milk can be used for cheesemaking.
Herby cheese, named “Otlu peynir” in Turkish, is homemade in villages and by some small local
producers for many years. Most people consume it as a part of almost every meal [20–22]. There has
been a continuous demand for this cheese in recent years, and this may further increase in the future,
since the market of herby cheese has been spreading to the big cities in the country [23].

This study was undertaken to determine the amounts of biogenic amines in herby cheese, since
biogenic amines are important with regard to toxicological effects. Besides the content of biogenic
amines, microbial counts, values of pH, titratable acidity, dry matter, and salt parameters were also
measured to provide complementary information on the microbiological and biochemical features of
herby cheese, focusing on hygiene and the consumer health aspects of herby cheese.

2. Materials and Methods

2.1. Sample Origin

In the present study, 100 samples of herby cheese, collected from various sales points in Van city
center, were used in this study. The samples were placed in sterile jars and brought to the laboratory in
a cooler (3–6 ◦C) and analyzed immediately. Assays were done on duplicate samples with the results
being averaged.

2.2. Microbiological Analysis

In brief, 10 g of herby cheese samples were weighed in stomacher bags, and then 90 mL of
sterile physiologic water with peptone (0.85% NaCl + 0.1% peptone) was added. Then, samples
were homogenized in stomacher bags for 2 min. After homogenization, serial decimal dilutions were
prepared until dilutions of 109 CFU/mL were reached, and from these dilutions, Petri dishes were
inoculated. To assess the viable total aerobic mesophilic bacteria (TAMB), plates of plate count agar
(Oxoid CM325) were incubated for 48 h at 35 ◦C; for lactic acid bacteria (LAB), plates of de Man,
Rogosa and Sharpe (MRS) agar (Oxoid CM 361) were incubated for two days at 35 ◦C; for yeasts and
molds (YM), plates of potato dextrose agar (Oxoid CM139) were incubated for five days at 21 ◦C;
for coliform bacteria, plates of violet red bile lactose agar (Oxoid CM 107) were incubated for 24 h at
35 ◦C; for Enterobacteriaceae, plates of violet red bile glucose agar (Oxoid CM 485) were incubated for
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48 h at 32 ◦C, and for S. aureus, plates of Baird–Parker agar (Oxoid CM 275) were incubated for 48 h at
35 ◦C. After inoculation on Petri dishes, colonies formed were counted [24].

2.3. Chemical Analysis

Herby cheese samples were analyzed for titratable acidity, also known as lactic acid (LA%), and
dry matter, salt (%), and pH according to the method described by Tekinsen et al. [25].

2.4. Biogenic Amine Analysis

Sample preparation and biogenic amine analysis were done according to the high-performance
liquid chromatography (HPLC) method described by Eerola et al. [26].

2.4.1. Sample Preparation and Homogenization Procedure

One hundred herby cheese samples were collected, where each one weighed approximately
750 g. Then, the herby cheese samples were sliced with a clean stainless steel knife and were grated
and homogenized thoroughly, and from each cheese sample, a 2 g sample was weighed (to the
nearest 0.001 g) and transferred into a plastic Falcon tubes, then homogenized with a metallic staff
homogenizer tool (T-25 digital Ultra-Turrax from IKA®-Works, Inc., Wilmington, NC, USA) for about
2 min. The homogenization was done by adding 125 μL of an internal standard (1.7-diaminoheptane)
Sigma-Aldrich Company, St. Louis, MO, USA) with 10 mL of 0.4 M perchloric acid (Merck, Darmstadt,
Germany) to the sample. In the next step, the homogenized samples were centrifuged (1210× g for
10 min under 4 ◦C) by high-speed refrigerated centrifuge (Hitachi Koki Co., Ltd., Tokyo, Japan), and
then the extraction solvents were transferred and filtered with filter paper (Schleicher and Schuell,
589 Black ribbon Ø 70 mm, Dassel, Germany) into a volumetric flask. The remaining (supernatant)
part was again centrifuged with 10 mL of perchloric acid and filtered into the same volumetric flask,
then supplemented to 25 mL with 0.4 M perchloric acid. An aliquot of 1 mL of the final extract was
then used for analysis after derivatization, while the remaining volume was stored at 4 ◦C for no more
than one week.

2.4.2. Derivatization of Extracts and Standards

Eight aqueous standard solutions containing cadaverine dihydrochloride (purchased from Aldrich
Company, Buchs, Switzerland), putrescine dihydrochloride, tyramine hydrochloride, histamine
dihydrochloride, tryptamine hydrochloride, 2-phenylethylamine hydrochloride, spermidine, spermine,
or 1.7-diaminoheptane (as the internal standard) (all purchased from Sigma-Aldrich, St. Louis, MO,
USA) were obtained. The standards used were prepared by our group with materials purchased from
the respective suppliers. The dansylated derivatives of the amines were formed by adding 1 mL of
sample extract or standard solution to 200 μL of 2 N NaOH (Merck, Germany) and 300 μL of saturated
NaHCO3 (Merck) solution and mixing by vortex (Heidolph D-91126, Reax top, Schwabach, Germany),
and then 2 mL of dansyl chloride solution and 2 mg of dansyl chloride per mL in acetone (Sigma)
were added and the solution was again vortexed. Fresh dansyl chloride solutions were prepared each
time immediately before use. After shaking, samples were left in the incubator at 40 ◦C for 45 min.
After the reaction time had passed, the residual dansyl chloride was removed by the addition of
100 μL of ammonia (Merck) 25% (v/v), followed by vortex mixing and holding for 30 min at room
temperature. The derivatization was completed upon the addition of an ammonium acetate (Merck,
Germany) and acetonitrile (Merck) mixture (1:1; v/v) and adjustment to 5 mL. Finally, the mixture was
centrifuged (Hettich Zentrifugen, Werk Nr, Tuttlingen, Germany) at 1210× g for 5 min under 4 ◦C and
the supernatant was filtered through 0.45-μm pore-size filters (Millipore Co., Bedford, MA, USA).
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2.4.3. Chromatographic Conditions

Two solvent reservoirs containing (A) ammonium acetate and (B) acetonitrile were used to
separate all the amines with an HPLC elution program (Shimadzu, Kyoto, Japan). The gradient–elution
system used 0.1 M ammonium acetate as solvent A and acetonitrile as solvent B. The gradient–elution
program was started with 50% solvent B and ended at 90% solvent B after 25 min. The system was
equilibrated for 10 min before the next analysis. The flow rate was 1.0 mL/min and the column
temperature was 40 ◦C. A 20 μL sample was injected onto the column. The quantitative determinations
were carried out by an internal standard (1.7-diaminoheptane) method using peak heights.

2.5. Statistical Analysis of Data

SAS version 9.4 (SAS Institute, Inc. Cary, NC, USA) [27] was used for all data analysis. PROC
UNIVARIATE in SAS was used for the descriptive statistics for variables. The results were defined as
the mean values ± standard error of the mean.

3. Results

Tables 1–3 show the results of the microbial counts (in log CFU/g), chemical results, and biogenic
amine levels (mean ± SE (standard error of the mean), mg/kg wet weight) found for the herby
cheese samples. Log10 transformations were applied on the microbiological data. Presumptive viable
total aerobic mesophilic bacteria (TAMB), lactic bacteria (LAB), Enterobacteriaceae, coliform bacteria,
Staphylococcus aureus, and yeast and mold counts were investigated as general microbiological quality
parameters. As can be seen from Table 1, the bacterial load of herby cheese ranged between 4.0
and 8.90 log CFU/g for viable total aerobic mesophilic bacteria (TAMB), <10 and 7.0 log CFU/g
for lactic bacteria (LAB), <10 and 6.08 log CFU/g for coliform bacteria, <10 and 5.81 log CFU/g for
Enterobacteriaceae, <10 and 2.60 log CFU/g for S. aureus, and 3.7 and 8.05 log CFU/g for yeasts
and molds.

Table 1. Results of microbial counts (in log CFU/g) in herby cheese samples.

Microorganisms N Mean ± SE Min. Max.

TAMB 100 5.52 ± 0.10 4.00 8.90
LAB 100 3.70 ± 0.17 <10 7.00

Coliform 100 3.57 ± 0.11 <10 6.08
Enterobacteriaceae 100 3.42 ± 0.13 <10 5.81

S. aureus 100 0.11 ± 0.04 <100 2.60
YM 100 5.31 ± 0.07 3.70 8.05

SE: standard error of the mean, TAMB: total mesophilic aerobic microorganisms,
LAB: lactic acid bacteria, YM: yeasts and molds, N: number of analyzed samples.

Table 2. Results of chemical results found in herby cheese samples.

Chemical Features N Mean ± SE Min. Max.

Salt 100 8.64 ± 0.17 (%) 5.85 11.70
LA 100 2.01 ± 0.04 (%) 1.00 3.16
pH 100 5.47 ± 0.04 4.49 6.64
DM 100 60.37 ± 0.39 (%) 49.66 65.80

LA%: lactic acid, DM: dry matter, N: number of analyzed samples.
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Table 3. Results of biogenic amine levels (mean ± SE, mg/kg wet weight) in herby cheese samples.

Biogenic Amines N Mean ± SE Min. Max. LOD

TR 100 2.24 ± 0.47 ND 33.36 0.025
PEA 100 14.81 ± 4.53 ND 404.57 0.038
PUT 100 44.71 ± 8.06 0.03 426.35 0.028
CAD 100 98.42 ± 23.47 ND 1438.22 0.039

HI 100 54.20 ± 10.08 ND 469.00 0.033
TY 100 103.18 ± 17.10 ND 725.21 0.309

SPD 100 0.17 ± 0.03 ND 1.70 0.114
SPM 100 0.25 ± 0.03 ND 1.88 0.109

TR: tryptamine, PEA: β-phenylethylamine, PUT: putrescine, CAD: cadaverine, HI: histamine, TY: tyramine,
SPD: spermidine, SPM: spermine, N: number of analyzed samples, ND: not detected.

4. Discussion

Various studies have been carried out on the microbiological quality of herby cheeses in Turkey;
for example, Ozturk [28] determined the TMAB, coliform, S. aureus, and mould–yeast counts in herby
cheese to be 7.14, 3.96, 3.29, and 3.48 log CFU/g, respectively. Isleyici and Akyuz [29] reported a
herby cheese TMAB count of 7.82 log CFU/g, mould–yeast count of 5.81 log CFU/g, coliform bacteria
count of 2.23 log CFU/g, staphylococci count of 3.93 log CFU/g, and LAB count of 8.08 log CFU/g.
Sagun et al. [30] found the TMAB, coliform, LAB, and mould–yeast counts in herby cheese to have
the mean values of 6.24 ± 0.66, 2.99 ± 2.27, 5.48 ± 0.61, and 4.60 ± 2.11 log CFU/g, respectively.
Tekinsen [31] determined the TMAB, Enterobacteriaceae, coliform, S. aureus, and mould–yeast counts
in herby cheese as being 8.53, 5.44, 4.61, 4.34, and 5.50 log CFU/g, respectively. Alemdar and
Agaoglu [32] reported the TMAB and LAB counts in herby cheese as 8.45 and 8.61 log CFU/g,
respectively. These diverse results from various researchers and the present study could be explained
by the nonstandardized production of herby cheese and the sale of both ripened and unripened cheeses
in different storage conditions in the market [33].

Today, society is increasingly aware of the importance of diet for health, and hence, any issue
relating to food safety has a considerable impact on consumer behavior and official policy [16]. Among
fermented food products, cheese is most commonly related with biogenic amines (mostly histamine,
tyramine, cadaverine, and putrescine) intoxication [34,35]. Recently, the EFSA (European Food Safety
Authority) Panel on Biological Hazards (BIOHAZ) conducted a qualitative risk assessment for biogenic
amines (BAs) in fermented foods, and concluded that our present knowledge of their toxicity was
limited and that further research was needed [36,37]. In normal circumstances, the human body
is able to rapidly detoxify histamine and tyramine absorbed from foods through acetylation and
oxidation mediated by the enzymes monoamine oxidase (MAO; EC 1.4.3.4), diamine oxidase (DAO;
EC 1.4.3.6), and polyamine oxidase (PAO; EC 1.5.3.11) [16]. The ingestion of biogenic amine (BA)-rich
food can cause adverse toxicological reactions and intoxications harmful to health [38]. In fact, the
presence of these biogenic amines in food, especially in conjunction with other factors, such as the
consumption of monoamine oxidase-inhibiting drugs, alcohol, and other food amines (e.g., spermine,
spermidine, putrescine, and cadaverine), may cause food poisoning [39].

Regarding the content of biogenic amines in herby cheese, the highest level of cadaverine was
observed to be 1438.22 mg/kg (Table 3). Standarová et al. [40] reported that Olomouc tvorogs
contained, among other amines, the highest level of cadaverine, at up to 2413.00 mg/kg. According to
Bonczar et al. [35], this amine is predominant in Harzer cheese and can occur at the level of
377.50 mg/kg, and Fiechter et al. [41] found this amine at the level of 1268.00 mg/kg in Harzer cheese.
According to Andiç et al. [22], the levels of cadaverine ranged from not detected to 1844.50 mg/kg
in herby cheese. Vale and Gloria [42] reported finding cadaverine at levels of up to 1110.00 mg/kg
in Brazilian cheese. These results are higher than that found in this study and are less than that
found by Andiç et al. [22]. According to the European Food Safety Authority [36], fresh cheeses can
contain cadaverine at levels from 10.70 to 45.00 mg/kg and hard cheeses from 47.80 to 83.50 mg/kg.
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The levels of cadaverine and putrescine are usually considered to be indicators of contamination
and also markers of the hygiene standards of the production process. The representatives of
the Enterobacteriaceae family and Pseudomonas genus are regarded as sources of cadaverine and
putrescine [43].

The amount of histamine found in the herby cheese samples tested in this paper ranged from
<0.033 to 469.00 mg/kg (Table 3). The histamine content of some cheeses varies widely; for example,
Budak et al. [44] noted that the histamine concentration reached the level of 265.50 mg/kg after
90 days ripening at 10 ◦C, and it was detected in an amount higher than those of other biogenic
amines in the Turkish white cheese samples investigated. Sancak et al. [45] reported that the histamine
amount in 47 herby cheeses ranged between 25.62 and 957.62 mg/kg. Andiç et al. [22] reported that
histamine levels ranged from 0 to 681.50 mg/kg. Antila et al. [46] found the amount of histamine in
Emmental cheeses matured for 3 and 6 months to be 12.20 mg/100 g and 17.50 mg/100 g, respectively.
According to Madejska et al. [47], the highest amount of histamine, of 730.47 ± 20.01 mg/kg, was
found in in Gorgonzola Piccante cheese stored for 42 days at room temperature. The amount of
histamine was less than what was reported previously by Madejska et al. [47] in Gorgonzola Piccante
cheese and was in agreement with those reported previously by Andiç et al. [22] for herby cheese. The
formation of histamine throughout the ripening period in herby cheese was studied by Sagun et al. [48],
who reported that the concentration of histamine was 21.90 mg/kg on the first day of ripening, which
then gradually increased and reached 46.20 mg/kg on the 90th day. Although the toxicity of histamine
to man is a controversial subject, ingestion of 70–1000 mg histamine will usually cause the clinical
symptoms of intoxication [49]. Food and Drug Administration (FDA) has established a hazard
action concentration for histamine in tuna fish of 50 mg histamine/100 g [9,50]. The amounts of
histamine found in the present research are lower than those that lead to clinical symptoms, which are
70–1000 mg [49]. The histamine content found in 10 of the 100 (10%) cheese samples was found to be
higher than 200 mg/kg. The prevalence of this amine was high, but the levels detected were low and
below its toxic threshold (50 mg histamine/100 g).

The amount of β-phenylethylamine found in the herby cheeses ranged from <0.038 to
404.57 mg/kg of sample (Table 3). The phenylethylamine level was previously reported to be
3.77 mg/kg in feta cheese by Valsamaki et al. [51]. Andiç et al. [22] reported that phenylethylamine
levels in herby cheese ranged between 0 and 100 mg/kg, and Bonczar et al. [35] reported the mean
phenylethylamine level of 8.76 ± 6.85 mg/kg in Emmental cheese.

The level of tryptamine determined in the herby cheeses ranged from <0.025 to 33.36 mg/kg of
sample (Table 3). Andiç et al. [22] described tryptamine levels in the range of not detected to
172.60 mg/kg in herby cheese. According to Bonczar et al. [35], the mean amount of tryptamine
was 48.91 ± 19.99 mg/kg in Harzer cheese. This variability within the same type of cheeses could be
attributed to differences in the manufacturing process, such as the type of milk used (sheep or cow),
heat treatment of the milk (such as pasteurization), ripening time, microflora, and cheese mass, as
discussed by Andiç et al. [22].

The amount of tyramine found in the herby cheeses ranged from <0.309 to 725.21 mg/kg of
sample (Table 3). According to Andiç et al. [22], tyramine levels in herby cheese ranged between
18.00 and 1125.50 mg/kg, and according to Fiechter et al. [41], were 51.60 mg/100 g in Harzer cheese
with caraway seeds. Nout [52] pointed out that the maximum allowable level of tyramine in foods
should be in the range of 100–800 mg/kg, and Shalaby [14] and Valsamaki et al. [51] stated that the
safe summed level of histamine, tyramine, putrescine, and cadaverine should not significantly exceed
the higher dose of 900 mg/kg. The concentrations of tyramine found in our study were lower than
these levels.

Putrescine levels ranged from 0.03 to 426.35 mg/kg in the herby cheeses (Table 3).
Bonczar et al. [35] described the mean putrescine level of 281.33 ± 114.90 in Harzer cheese. The biogenic
amine (BA) content of cheese can be extremely variable and depends on the type of cheese, the ripening
time, the manufacturing process, and the microorganisms present. The production of biogenic amines
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in cheese has often been associated with non-starter lactic acid bacteria and Enterobacteriaceae [53], so it
may be a toxicological risk associated with the consumption of raw milk cheese, especially for sensitive
individuals [34].

The mean level of spermine found in the herby cheeses was 0.25 ± 0.03 mg/kg of sample
(Table 3). According to Vale and Gloria [42], spermine levels in Prato cheese ranged between 0.07
and 0.90 mg/kg, and according to Komprda et al. [1], the mean was 0.2 ± 0.1 mg/kg in Dutch-type
hard cheese. According to Spizzirri et al. [54], the mean level of spermine in Parmigiano Reggiano
cheese was 36.7 ± 2.3 mg/kg, and Bonczar et al. [35] reported the mean spermine level of 5.70 ± 1.48
mg/kg in Harzer cheese. The presence of these amines in herby cheese should be considered as a
consequence of poor hygienic milk quality [22].

The mean content of spermidine found in herby cheese was 0.17 ± 0.03 mg/kg of sample (Table 3).
According to El-Zahar [34], the mean level of spermidine in Mish cheese was 4 ± 0.63 mg/100 g,
and Komprda et al. [1] reported the mean as being 0.3 ± 0.1 mg/kg in Dutch-type hard cheese.
Spizzirri et al. [54] described that mean spermidine levels in Parmigiano Reggiano cheese were 73.1 ±
1.5 mg/kg, and Bonczar et al. [35] determined the mean spermidine content of Harzer cheese as being
7.74 ± 1.09 mg/kg.

The risk of biogenic amine poisoning could be controlled by applying basic good manufacturing
and hygiene practices associated with an appropriate hazard analysis critical control point (HACCP)
system [55]. In evaluating the risks of foodstuffs to the consumer’s health, the safe daily biogenic
amines (BAs) intake should be regarded as complex. Some substances, such as alcohol, can decrease
the activity of enzymes that participate in the degradation of BAs in the human intestines [14]. Since
cheeses are often served with alcoholic drinks such as beer or wine, even low concentrations of BAs in
cheeses can cause adverse effects. Beer and wine often contain high amounts of BAs, which might
intensify the negative impact of BAs in cheeses on human health [43,56].

The pH value is an important factor influencing amino acid decarboxylase activity, which is
stronger in an acidic environment, with the optimum pH level being between 4.00 and 5.50 [9]. The pH
values ranged from 4.49 to 6.64 in this paper (Table 2). According to Andic et al. [22], the pH of herby
cheeses ranges from 4.03 to 6.09. Kavaz et al. [57] reported the mean pH value in herby cheeses as
being 5.82 ± 0.07. According to Tarakci et al. [20], the pH values of herby cheeses range from 4.01 to
5.40. The ripened herby cheeses showed pH values close to being alkaline, which is caused by the
change of lactic acid into carbon dioxide. Sagun et al. [30] reported the pH value of herby cheese of 4.59
± 0.44 as mean. Tuncturk et al. [58] described the mean pH value of herby cheeses as being 5.32 ± 0.04.
Higher levels of organic acids or lower pH in ripened herby cheeses is found to be the specific result
for this kind of cheese.

The dry matter content ranged from 49.66 to 65.80% with the mean of 60.37 ± 0.39% in this study
(Table 2). Andic et al. [22] found the mean dry matter content in herby cheese to be 54.3 ± 1.03%.
Kavaz et al. [57] reported the mean dry matter content as being 58.15 ± 0.28 in herby cheese, and
Tarakci et al. [20] determined that the dry matter content of herby cheese ranges from 50.54 to 66.05%,
with the mean being 55.41 ± 4.454%. Isleyici [59] found the mean dry matter content in herby cheese
to be 47.783 ± 5.06%. Tekinsen [31] reported that the dry matter content in herby cheese ranges from
29.10 to 61.57%. According to Tuncturk et al. [58], the mean dry matter content in herby cheese was
46.01 ± 0.09%.

Titratable acidity (TA), measured by in lactic acid (LA%), ranged from 1.00 to 3.16 with the
mean of 2.01 ± 0.04 in this study (Table 2). Tarakci et al. [20] reported that the titratable acidity
(LA%) of herby cheese ranges from 0.82 to 2.35 with the mean of 1.84 ± 0.374. Isleyici [59] found the
mean TA in herby cheese to be 0.809 ± 0.333%, and Sagun et al. [30] reported the TA in herby cheese of
1.18 ± 0.21. Tekinsen [31] reported that the TA of herby cheese ranges from 0.184 to 1.757. According to
Tuncturk et al. [58], the mean TA of herby cheese is 1.47 ± 0.05.
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The salt levels (%) ranged from 5.85 to 11.70% with the mean of 8.64 ± 0.17% in this study (Table 2).
Sagun et al. [30] described that the mean salt level in herby cheese was 5.14 ± 0.61%. Isleyici [59]
found the mean salt level in herby cheese to be 5.69 ± 1.11%. Kavaz et al. [57] reported the mean salt
level to be 3.63 ± 0.14% in herby cheese. Tarakci et al. [20] found that the salt level of herby cheese
ranged from 4.80 to 9.07% with the mean of 6.64 ± 1.190%. According to Andic et al. [22], the mean
salt level in herby cheese was 9.01 ± 0.4%. Tuncturk et al. [58] described that the mean salt level in
herby cheese was 4.45 ± 0.17%. There has been great variability in the results obtained for the chemical
composition of the examined herby cheeses. This variability depends on many factors, such as the
fresh milk quality, technological processes applied (pasteurization, starter culture addition, time and
temperature of thermomechanical curd treatment, salting), and time and temperature of ripening,
among many others [60].

5. Conclusions

The current study provides valuable information on the bacterial, chemical, and biogenic amine
content in herby cheese. Taking into account all the microbiological results, it could be concluded that
herby cheese can be highly prone to contamination, particularly with Enterobacteriaceae, coliform, and
S. aureus, which is probably related to poor hygiene during cheesemaking manipulations. The use of
raw milk and various herbs in the making of herby cheeses may result in pathogen contamination.
Nevertheless, it can be said that the herby cheeses analyzed presented remarkably low bacterial
densities. During the manufacture of herby cheese, it has been deemed necessary and highly
appropriate to take several measures aimed at reducing the production of biogenic amines, to ensure
sanitary conditions in making herby cheese, and to use starter cultures formed by lactic acid bacteria
with acidifying capacity. The amines were not detected in every sample, and there was high variability
in the amine levels among the samples analyzed. Histamine was only found in ten (10%) herby cheese
samples at levels of up to 200 mg/kg, which can be considered toxicologically significant. The levels of
spermine and spermidine were low and did not exceed the value of 35 mg/kg [52]. The levels of
tyramine were also low and did not exceed the value of 800 mg/kg that is regarded as safe for the
consumer’s health. These cheeses are fit for consumption in terms of the amount of biogenic amines
they contain. Moreover, susceptible individuals should be advised to consume cheeses with low
biogenic amine contents. However, the handling of raw materials and production technology for herby
cheeses are relatively primitive in Turkey. Particularly if the person is vulnerable (when the histamine
detoxification mechanism is inhibited), biogenic amines in amounts much lower than those mentioned
here may cause intoxications. For this reason, the sources and critical control points for biogenic
amine formation during cheesemaking should be determined in order to limit amine formation and
accumulation in herby cheese.
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32. Alemdar, S.; Ağaoğlu, S. Behavior of E. coli O157:H7 during the ripening of herby cheese manufactured from

raw milk. Food Health 2016, 2, 49–56. [CrossRef]
33. Erkan, E.M.; Cıftcıoglu, G.; Vural, A.; Aksu, H. Some microbiological characteristics of Herbed cheeses.

J. Food Qual. 2007, 30, 228–236. [CrossRef]
34. El-Zahar, K.M. Biogenic amines and microbiological profile of Egyptian cheeses. Univers. J. Food Nutr. Sci.

2014, 2, 18–26.
35. Bonczar, G.; Filipczak-Fiutak, M.; Pluta-Kubica, A.; Duda, I.; Walczycka, M.; Staruch, L. The range of protein

hydrolysis and biogenic amines content in selected acid-and rennet-curd cheeses. Chem. Pap. 2018, 72,
2599–2606. [CrossRef] [PubMed]

36. European Food Safety Authority (EFSA). Scientific opinion on risk based control of biogenic amine formation
in fermented foods. Panel on Biological Hazards (BIOHAZ). EFSA J. 2011, 9, 2393–2486. [CrossRef]

37. Linares, D.M.; del Rio, B.; Redruello, B.; Ladero, V.; Martin, M.C.; Fernandez, M.; Ruas-Madiedo, P.;
Alvarez, M.A. Comparative analysis of the in vitro cytotoxicity of the dietary biogenic amines tyramine and
histamine. Food Chem. 2016, 197, 658–663. [CrossRef]

38. Ladero, V.; Calles-Enriquez, M.; Fernandez, M.; Alvarez, M.A. Toxicological effects of dietary biogenic
amines. Curr. Nutr. Food Sci. 2010, 6, 145–156. [CrossRef]

39. Parente, E.; Martuscelli, M.; Gadrini, F.; Grieco, S.; Crudele, M.A.; Suzzi, G. Evolution of microbial
populations and biogenic amine production in dry sausages produced in Southern Italy. J. Appl. Microbiol.
2001, 90, 882–891. [CrossRef] [PubMed]

40. Standarová, E.; Vorlová, L.; Kordiovská, P.; Janštová, B.; Dračková, M.; Borkovcová, I. Biogenic amine
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Abstract: A qualitative microplate screening method, using both low nitrogen (LND) and low
glucose (LGD) decarboxylase broths, was used to evaluate the biogenic amine (BA) forming capacity
of bacteria present in two types of Spanish ripened cheeses, some of them treated by high hydrostatic
pressure. BA formation in decarboxylase broths was later confirmed by High Performance Liquid
Chromatography (HPLC). An optimal cut off between 10–25 mg/L with a sensitivity of 84% and
a specificity of 92% was obtained when detecting putrescine (PU), tyramine (TY) and cadaverine
(CA) formation capability, although these broths showed less capacity detecting histamine forming
bacteria. TY forming bacteria were the most frequent among the isolated BA forming strains showing
a strong production capability (exceeding 100 mg/L), followed by CA and PU formers. Lactococcus,
Lactobacillus, Enterococcus and Leuconostoc groups were found as the main TY producers, and some
strains were also able to produce diamines at a level above 100 mg/L, and probably ruled the BA
formation during ripening. Enterobacteriaceae and Staphylococcus spp., as well as some Bacillus spp.
were also identified among the BA forming bacteria isolated.

Keywords: biogenic amines; decarboxylase activity; screening method; artisanal cheese; high
hydrostatic pressure

1. Introduction

Cheese is, after fish, the food product that most usually causes poisoning due to the presence of
high amounts of biogenic amines (BA), compounds with psychoactive and vasoactive properties
that can be formed in foodstuffs due to the microbial decarboxylation of amino acids [1–6].
Amino acid decarboxylase activity has been described for several groups of microorganisms, such as
Enterobacteriaceae, Pseudomonas spp, Enteroccoccus, Microccoccus and Lactic Acid Bacteria (LAB).
These BA-producing organisms may be part of the microbiota of the raw materials or may be introduced
by contamination during or after processing of foodstuffs [4,7–14]. The specificity of the amino acid
decarboxylases is strain dependent [11,15]. Lactic acid bacteria (LAB) have an important role in
cheese elaboration and they are also the most important bacterial group that may build-up biogenic
amine (BA), especially tyramine (TY) and putrescine (PU), but also cadaverine (CA) and histamine
(HI) [13,16–18]. Sumner et al. [19] isolated a strain of Lactobacillus buchneri (strain St2A) from a Swiss
cheese involved in an outbreak of HI poisoning occurred in the USA in 1980 that was able to form high
amounts of HI. This LAB, later classified al L. parabuchneri, is able to grow and produce histamine at
refrigeration temperatures [20]. Enterobacteriaceae, Staphylococcus spp. or Bacillus spp. have also been
related to the accumulation of diamines in foods, including cheese, but also TY and/or HI [8,17,21,22].

Diverse qualitative and quantitative methods have been described in the literature to evaluate
the amino acid decarboxylase activity of microorganisms isolated in food products. Different culture
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media have been proposed to be used as screening qualitative procedures, the most being formulated
as a basal medium that include sources of carbon (glucose), nitrogen (peptone, yeast or meat extract),
vitamins, salt, a relative high amount of one (or several) precursor amino acids and a pH indicator
(e.g., bromocresol purple). Decarboxylase activity is then detected by the pH shift that changes the
color of the medium when the carboxylic group is released from the amino acid(s) leaving in the
medium the more alkaline BA(s) [23,24]. False-positive results have been described probably due to
the formation of other alkaline compounds [9,22,25], but also false-negative responses are possible as a
result of the fermentative activity of some bacteria, such as LAB, which produce acid that neutralize
the alkalinity of BA [23,26].

In a previous work, the formation of BA in two artisanal varieties of Spanish ripened cheese,
one made of ewe’s raw milk and other of goat’s raw milk, was presented. The effect of high hydrostatic
pressure (HHP) treatments on both the levels of BA formed and on the main microbial groups present
was also evaluated [27]. The aim of the present work has been to develop a fast, reliable and easy
to perform screening method to evaluate the bacterial formation capacity of a wide range of BA,
and evaluate the BA formation capability of the microbiota present in these two varieties of cheese to
understand why HHP treatments reduce the formation of BA.

2. Materials and Methods

2.1. Cheese Manufacturing

Two types of artisan ripened cheeses elaborated in Spain were studied in this survey, both made
of enzymatic curd and pressed paste. The first one was produced from goat’s raw milk in the region
of Catalonia, northeast of Spain, and the second was made from ewe’s raw milk in Castilla y León,
central Spain. The procedure of sampling as well as the HHP treatment applied have been described
in a previous work [27]. Three independent batches of each type of cheese were produced following
the usual manufacturing procedures used by the manufacturers. Cheese samples were separated in
three batches: samples not HHP treated (Control samples); samples HHP treated before the 5th day of
ripening (HHP1) and samples treated after 15 days of ripening (HHP15, only for ewe’s milk cheeses).
HHP treatments were performed at 400 MPa for 10 min at a temperature of 2 ◦C using an Alstom HHP
equipment (Alstom, Nantes, France) with a 2 L pressure chamber.

2.2. Strain Isolation

Ten grams of each cheese sample were homogenized in 90 mL of sterile Buffered Peptone Water
(Oxoid, Basingstoke, Hampshire, UK) with a BagMixer 400 paddle blender (Interscience, St Nom
la Bretèche, France) and plated on M-17 agar (Oxoid) supplemented with a bacteriological grade
lactose solution (5 g/L, Oxoid) and incubated at 30 ◦C, 48 h to isolate Lactococcus spp.; on de Man
Rogosa Sharpe agar (MRS, Oxoid) incubated at 30 ◦C for 48 h to isolate Lactobacilli; on Kenner Fecal
Streptococcus Agar (KF, Oxoid) supplemented with 2,3,5-triphenyltetrazolium chloride solution 1%
(Oxoid) and incubated at 37 ◦C for 48 h to isolate Enterococci; Violet Red Bile Glucose Agar (VRBG,
Oxoid) incubated at 37 ◦C for 24 h to isolate Enterobactericeae and Baird Parker Agar (BPA, BioMérieux,
Marcy L’Etoile, France) incubated at 37 ◦C for 24–48 h to isolate Staphylococcus strains.

A total of 688 isolates were randomly picked out from the different selective media. The purification
of each isolated was made by streaking single colonies on Petri plates with Tryptone Soy Agar (Oxoid)
and incubating at 30 ◦C for 24–48 h. Two TY producing strains of Lactobacillus brevis and Lactobacillus
casei and an HI producing strain of Staphylococcus epidermidis, isolated from previous surveys were used
as positive controls [8,9]. These cultures were recovered in 10 mL of Tryptone Soy Broth (Oxoid) and
incubated at 30 ◦C for 24 h. The purity of each culture was verified by subculturing the Lactobacillus
brevis and Lactobacillus casei strains onto MRS agar (Oxoid), incubated at 30 ◦C for 24 h, and the
Staphylococcus epidermidis strain on BPA (BioMérieux) incubated at 37 ◦C for 24 h. Before performing
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the decarboxylase assay, each strain was suspended in a tube with physiological solution of NaCl
0.85% (Panreac, Barcelona, Spain) until reaching a turbidity of about 0.5 in the McFarland scale.

2.3. Preparation of Decarboxylase Media

Table 1 shows the composition of the two synthetic media formulated to determine the ability
to form the most toxic BA (HI and TY) and their enhancers (PU and CA): Low Nitrogen Broth
(LND), prepared with the objective to decrease the incidence of false positive results of bacteria
with a strong peptidase (or deaminase) activity; and the Low Glucose Broth (LGD) developed with
the aim to decrease the incidence of false negative responses of bacteria with a great fermentative
activity. Before performing the tests both base broth media were supplemented with the precursor
amino acids (L-Lysine monohydrate (Merck, Darmstadt, Germany), L-Ornithine monohydrate
(Sigma-Aldrich, Steinheim, Germany), L-Histidine monohydrochloride (Merck) and L-Tyrosine
disodium salt (Sigma-Aldrich), individually, or adding a mixture of all them (described in the next
section as total amino acid broth). The base broth without amino acids added was used as negative
control. All media were adjusted to the pH values indicated in Table 1 and autoclaved at 120 ◦C during
5 min.

Table 1. Composition of broth media (g/100 mL)) used to evaluate decarboxylase ability of strains
isolated from cheeses.

Reagent
Low Nitrogen Decarboxylase Broth

(LND)
Low Glucose Decarboxylase Broth

(LGD)
Adjusted pH

Tryptone 0.125 0.25
Yeast extract 0.125 0.25

NaCl 0.25 0.25
CaCO3 0.01 0.01

Pyridoxal-5-phosphate 0.03 0.03
Glucose 0.05 0.001

Bromocresol purple 0.01 0.01
All amino acids 1.0 1.0 5.5

L-Lysine 1.0 1.0 5.0
L-Ornithine 1.0 1.0 5.5
L-Histidine 1.0 1.0 5.7
L-Tyrosine 0.25 0.25 5.5

2.4. Assessment of Amino Acid Decarboxylase Activity

In order to detect the capacity of the isolated strains to form BA and to determine which of the two
decarboxylase broths (LND and LGD) show the best results in each one, a screening test was performed
on a 96-wells flat bottom Microtiter plate. Aliquots of 200 μL of total amino acid broth (TAB) and 20 μL
saline solution were added into 6 wells of a 96 well (decarboxylase control assay: DCA); 200 μL of
TAB and 20 μL of bacterial suspension were added into another 6 wells (positive decarboxylase assay:
PDA); and 200 μL of broth base without amino acids with 20 μL of bacterial suspension were added
into another 6 wells (negative decarboxylase assay: NDA). Microplates were incubated at 30 ◦C for
24 h. A positive result was considered in PDA wells when a purple color appeared due to an increase
of alkalinity (Figure 1a). In LGD broth positive results were also considered when no color changes
were observed in PDA wells and yellow color appeared in NDA wells, because a high acidification
was produced due to the bacterial growth (Figure 1b). Negative results were considered when no color
changes were observed in PDA wells (Figure 1a,b), or when a purple color appeared in NDA wells
due to another alkaline compounds different than BA (Figure 1a).
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(a) LND

DCA PDA NDA

(b) LGD

DCA PDA NDA
Positve

Positve

Negative

Negative

Negative

Figure 1. Example of negative and positive responses to amino acid decarboxylase activity in Low
Nitrogen Decarboxylase (LND) and Low Glucose Decarboxylase (LGD) media. DCA: decarboxylase
control assay; PDA: positive decarboxylase assay; NDA: negative decarboxylase assay.

2.5. Confirmation of Amino Acid Decarboxylase Activity by HPLC

Decarboxylase activity of strains was confirmed by the quantitative analysis of BA produced
in the decarboxylase broths by means of reverse-phase High Performance Liquid Chromatography
(HPLC), using an automated HPLC system (HPLC P680, Dionex, Sunnyvale, CA, USA) equipped
with an Ultra Violet (UV) detector Dionex UVD170U (Thermo-Fisher Scientific, Waltham, MA, USA).
Briefly: one mL of each bacterial suspension (0.5 McFarland) was inoculated into a tube containing
4 mL of the TAB version of LND or LGD broths (depending on the previous results for each strain).
After 4 days of incubation at 30 ◦C, the media was centrifuged (9000× g, 10 min, 20 ◦C) and 3 mL of the
supernatant was extracted with 2 mL of 0.4 M HClO4 (Panreac). Determination of BA was carried out
according to the RP-HPLC method described by Eerola et al. [28] and modified by Roig Sagués et al. [8]
using dansyl chloride reagent (Sigma-Aldrich Chemical) to derivate the sample. The separation was
performed on a Waters Spherisorb S5 ODS 2 45 × 150 mm column (Waters Corporation, Milford,
MA, USA). All reagents were of analytical grade and all solvents involved in derivatization and in
the separation process were of HPLC grade. The BA standards: putrescine (PU), cadaverine (CA),
histamine (HI), tyrosine (TY), and the internal standard 1,7-diaminoheptane, were all purchased from
Sigma-Aldrich Chemical.

2.6. Analytical Validation of the Qualitative Microplate Method of Amino Acid Decarboxylase Activity

The sensitivity, specificity, and the positive and negative predictive values were obtained to
determine the diagnostic properties of the qualitative method [29–31] and were calculated by the
following equations:

Sensitivity =
TP

TP + FN
× 100

where TP is the truly positive amino acid decarboxylating isolates, correctly identified by the screening
test and FN is the false negative responses obtained.

Specifity =
TN

TN + FP
× 100

where TN is the truly negative (TN) amino acid decarboxylating isolates, correctly identified by the
screening test and FP is the false positive responses obtained.

PPV =
TP

TP + FP
× 100
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where PPV is the positive predictive value and reflects the proportion of truly positive isolates
confirmed by HPLC among all positive isolates evaluated by Microtiter plate screening.

NPV =
TN

TN + FN
× 100

where negative predictive value (NPV) is reflects the proportion of truly negative isolates confirmed
by HPLC among all negative isolates evaluated by Microtiter plate screening.

The Receiver Operating Characteristic (ROC) curves were assessed using the MedCalc statistical
software, version 11.2.1 (MedCalc, Ostend, Belgium), to know the discriminative power of the
qualitative method referred to the HPLC method with its 95% confidence interval. In a ROC curve the
true positive rate (Sensitivity) is plotted in function of the false positive rate (100-Specificity). A test
with perfect discrimination (no overlap in the two distributions) has a ROC curve that passes through
the upper left corner (100% sensitivity, 100% specificity). Therefore, the closer the ROC curve is to the
upper left corner, the higher the overall accuracy of the test [32]. The area under the ROC curve (AUC)
is a measure of how well a parameter can distinguish between two groups (isolates with amino acid
decarboxylase activity/isolates without this capacity). The better overall diagnostic performance of
the test is when the AUC value is closer to 1 and the practical lower limit for the AUC of a diagnostic
test is 0.5 [31,33]. A classification of diagnostic accuracy for the qualitative method is given according
to AUC value: AUC 0.90–1.0 excellent, 0.80–0.90 good, 0.70–0.80 fair, 0.60–0.70 poor, 0.50–0.60 deficient
and 0.50 null [34].

The point of intersection of the ROC curve with the diagonal line drawn from 100% sensibility to
100% 1-specificity was chosen as the best discriminator value. The optimal cut-off value showed the
highest accuracy, the lowest false negative (FN) and the highest false positive (FP) results.

2.7. Identification of Strains with Decarboxylase Activity

Confirmed decarboxylase-positive strains were identified based on Gram stain and catalase and
citochromooxidase activity [35]. Further identification to the species level was carried out by a variety
of biochemical tests using API 20-E, API 20-Strep, API-Staph and API 50-CH strips (BioMérieux,
Marcy l’Etoile, France).

3. Results and Discussion

3.1. Validation of the Qualitative Microplate Method of Amino Acid Decarboxylase Activity

ROC curve analysis was used to determine the discriminative power and the cuts-off of the amino
acid decarboxylase screening method with both media (LND and LGD) to evaluate the specific amino
acid decarboxylase activity (Table 2).

Tyrosine decarboxylase test showed an area under the ROC curve (AUC) around 0.98, with an
optimal cut-off value at 25 mg/L and 20 mg/L of TY on LND and LGD broths, respectively. This means
that the microplate screening method could discriminate the isolates with tyrosine decarboxylase
activity the 98% of the time at optimal cut-off. The sensitivity and specificity values obtained with both
broths were higher than 92%, reflecting that the number of false negative (FN) and false positive (FP)
responses obtained by the qualitative method were generally low. However, the negative predictive
value (NPV) was considered low (<66%). AUC for the lysine decarboxylase test displayed was greater
than 0.930 with an optimal cut-off concentration of 15 mg/L and 10 mg/L for LND and LGD broths,
respectively. In this case, the sensitivity and specificity values using LND broth were about 98% and
93%, respectively, while for LGD broth values were about 88% and 98%, respectively. The assay to
detect ornithine decarboxylase with the LND broth showed the highest diagnostic values (over 98%)
with the lowest cut-off concentration (10 mg/L) and an AUC higher than 0.995. On the other hand,
for the same test using LGD broth an 84% of sensitivity and a 97.5% of specificity were reached at a
cut-off value of 15 mg/L with an AUC of 0.907.
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Histidine decarboxylase test showed the lowest sensitivity values (below 60%) using both broths
with the highest optimal cut-off concentration set at 50 mg/L with specificity values up to 90%.
Likewise, the AUC value was the lowest, possibly due to a 16.5% of FP and 24% of FN reactions
observed at the optimal cut-off using LND broth, whereas a 9.9% and 25% of FP and FN were obtained,
respectively, in LGD broth.

Table 2. Receiver Operating Characteristic (ROC) curve analysis of qualitative method to predict
specific amino acid decarboxylase activity in isolates using Low Nitrogen Decarboxylase (LND) and
Low Glucose Decarboxylase (LGD) broths.

Broth Data of ROC Analysis Ornithine Lysine Histidine Tyrosine

LND

AUC 0.999
(0.974–1.00)

0.992
(0.961–1.00)

0.737
(0.659–0.806)

0.980
(0.943–0.996)

Optimal cut-off (mg/L) 10 15 50 25
Sensitivity at optimal cut-off (%) 98.53 98.68 65.38 92.25
Specificity at optimal cut-off (%) 100 93.15 91.75 100
PPV (%) 100 83.7 81 100
NPV (%) 99.0 98.6 83.2 66.7
FN at cut-off 3 6 11 1
FP at cut-off 1 1 17 6

LGD

AUC 0.907
(0.849–0.948)

0.935
(0.883–0.969)

0.592
(0.509–0.672)

0.989
(0.956–0.999)

Optimal cut-off (mg/L) 15 10 50 20
Sensitivity at optimal cut-off (%) 84.37 88 30 93.06
Specificity at optimal cut-off (%) 97.5 97.6 100 100
PPV (%) 90 88 100 100
NPV (%) 95.8 97.6 90.3 37.5
FN at cut-off 5 5 2 0
FP at cut-off 5 3 14 8

AUC: Area under ROC curve and 95% confidence interval; PPV: Positive predictive value; NPV: Negative predictive
value; FN: Number of false negative: FP: Number of false positive.

In many occasions it has been reported that qualitative screening decarboxylase methods have
some limitations in terms of sensitivity in detecting BA production. The presence of FP and FN
reactions reported has not been insignificant. Hernández-Herrero et al. [9] observed that 96.5% of the
suspected histamine formers detected by Niven decarboxylase media were finally considered as FP.
Likewise, Roig-Sagués et al. [36] found that only a 15.8% of the total presumptively histamine-formers
obtained in Joosten and Northolt media [37] were confirmed. Similar results were observed when
tyramine decarboxylase capacity was tested in the same media, where only 8.4% of the suspected
isolates with tyrosine decarboxylase activity were confirmed. The FP results were attributed to the
production of other substances able to alkalinize the media [25]. Similarly, Moreno-Arribas et al. [38]
used the Maijala modified decarboxylase media and noticed a high number of FP reactions to PU and
agmatine production, but less than were found in the tyrosine decarboxylase activity test. On the
contrary, de las Rivas et al. [15] did not find any correlation between the positive responses in the
decarboxylase activity media and the BA detected by HPLC. They suggested that the screening
Maijala modified decarboxylase media underestimates the number of BA-producing strains. On the
contrary, Bover-Cid and Holzapfel [23], in their improved screening media tested on LAB, did not
observe FP reactions and only 3 strains showed a negative response with the screening procedure.
They justified these FN results due to the low amount of tyramine formed that did not neutralize the
acid production of LAB. Although these authors proposed their improved decarboxylase medium as a
rapid preliminary method to select strains with low decarboxylase activity, the optimal cut-off value
was around 300 mg/L. Torracca et al. [17] reported, using the same decarboxylase medium described
by Bover-Cid and Holzapfel [23], an optimal cut-off value of 631 mg/L and 810 mg/L for PUT and
TY, respectively.
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3.2. Amino Acid Decarboxylase Activity of the Control Strains

Table 3 shows the results after testing the control strains in the microplate screening method and
the result of the confirmation by HPLC. Lactobacillus brevis and Lactobacillus casei showed tyrosine
decarboxylase activity in LGD broth, and Staphylococcus epidermidis histidine decarboxylase capacity
in LND broth. All strains were also able to produce low amounts of PU (around 1 mg/L) but were
only detected by HPLC.

Table 3. Biogenic amine production by positive control bacteria strains in the amino acid decarboxylase
microplate assay (DMA) and HPLC analysis (mg/L).

Strain
PU CA HI TY

Broth DMA HPLC DMA HPLC DMA HPLC DMA HPLC

L. brevis LGD (−) 1.11 (−) ND ND ND (+) 109.8
L. casei LGD (−) 0.78 (−) ND ND ND (+) 77.14

S. epidermidis LND (−) 0.85 (−) ND (+) 46.48 (−) ND

PU: putrescine; CA: cadaverine; HI: histamine; TY: tyramine; LND: Low Nitrogen Decarboxylase; LGD: Low
Glucose Decarboxylase; DMA (detection on microplate assay): (+) Positive; (−) Negative; ND: not detected.

3.3. Biogenic Amine Production by Isolates from Goat’s and Ewe’s Milk Cheeses

3.3.1. Total Amino-Acid Decarboxylase Activity of the Isolated Strains

A total of 688 strains were obtained from the different culture media and a 43.02% of them gave a
positive response in the microplate assay with TAB, being subsequently confirmed by HPLC. A 37.7%
of the bacteria isolated from goat’s milk cheeses and a 47% of the strains picked up from ewe’s milk
cheeses were BA-formers. The number of isolates obtained from VRBG and BPA media was much
lower since these two groups of microorganisms are a minority among the microbiota of ripened
cheeses, and their counts are usually low [27], but the percentage of decarboxylase positive results
among these isolates was higher (87.5% and 92% on VRBG and BPA, respectively) than in KF, M-17 and
MRS media (49.7, 36.8, and 35% respectively). Several studies found that the decarboxylase activity is
more frequent in Enterobacteriaceae strains (from 80 to 95%) and in less extension among LAB strains
(from 9.5 to 65%) [8,21,36,38,39]. Nevertheless, Enterobacteriaceae and Staphylococcus usually do not
achieve high counts in ripened cheeses made under good hygienic practices and normally become
undetectable after few days of ripening, reason why decarboxylase positive LAB is usually considered
the main responsible for the formation of high concentrations of BA in cured cheeses [17,21].

3.3.2. Specific Amino Acid Decarboxylase Activity of the Isolated Strains

The assessment of the specific amino acid decarboxylase activity was done with the strains that
gave positive responses in the screening assay with TAB. Up to 150 of these isolates were recovered
and tested in LND and LGD media, respectively. In general, the capability to decarboxylate tyrosine
was the most frequent activity detected (91.6% of the total isolates tested) in the specific amino acid
decarboxylase screening assay, followed by the ability to decarboxylate lysine and ornithine (around
33.5%). In these cases, the 95%, 96% and 94% were confirmed by the HPLC analysis, respectively.
However, histidine decarboxylase activity was detected in only a 24% of the isolates tested, a 76% of
them confirmed by HPLC.

Table 4 shows the number of strains with HPLC-confirmed BA-producing capability obtained
from goat´s and ewe’s milk cheeses according to the culture media of origin. These results are shown as
a whole without considering the HHP treatment to which cheese samples were subjected. Strains were
grouped in four categories according to Aymerich et al. [38]: medium amine formers (25–50 mg/L),
good amine formers (50–100 mg/L), strong amine formers (100–1000 mg/L) and prolific amine formers
(>1000 mg/L). In general, strong amine formers were more frequent among strains with TY-producing
capability, followed by those able to form CA and PU. Prolific amine production capacity was only
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observed in some diamine formers, while the formation of HI in amounts above 100 mg/L was a rare
event (Table 4).

Table 4. Biogenic amine forming capacity of bacteria isolated from goat´s and ewe’s milk cheeses
according to the culture media. High hydrostatic pressure (HHP) treatments to which cheese samples
were subjected are not considered.

Medium BAP
PU CA HI TY

± + ++ +++ ± + ++ +++ ± + ++ +++ ± + ++ +++

VRBG 25 1 2 17 4 0 0 17 7 8 10 4 0 3 6 9 0
BPA 15 1 1 3 3 0 0 4 3 4 4 1 0 2 2 7 0
KF 89 5 3 22 4 13 0 22 9 19 21 4 0 4 8 71 0

M-17 98 7 2 5 0 7 1 2 1 14 6 2 0 5 6 69 0
MRS 72 2 2 2 3 0 0 2 3 7 0 0 0 5 8 50 0

Total 299 16 10 49 14 20 1 47 23 52 41 11 0 19 30 206 0

BAP: Number of positive BA producers; PU: putrescine; CA: cadaverine; Hi: histamine; TY: tyramine; Number of
BA-forming isolates detected depending on their production (in mg L−1): (±) 25–50, medium; (+) 50–100, good;
(++) 100–1000, strong; and (+++), >1000, prolific.

The isolates obtained from VRBG medium showed the highest frequency of PU and CA forming
activity. Lysine and ornithine decarboxylases are very common among enterobacteria, and their
detection is commonly used for the biochemical identification of Enterobacteriaceae species. A 100%
of the isolates picked up from goat’s and ewe’s milk cheeses showed strong activity (>100 mg/L) for
CA, and 87.5% and 85.35% for PU, respectively. Strong TY forming capacity was detected in only
one isolate obtained from goat’s milk cheeses and in 8 from ewe’s milk cheese. The isolates with
histidine decarboxylase activity showed a weak production and only one isolate obtained from goat’s
milk cheese and three from ewe’s milk cheese presented the ability to produce more than 100 mg/L.
Enterobacteriaceae are known to decarboxylate several amino acids, specially arginine, lysine and
ornithine [11,39–41] and histidine [17,25,42]. The number of isolates with amino acid decarboxylase
activity obtained from BPA culture medium was low. Between 75–100% of these isolates displayed a
strong PU, CA and TY forming ability. Whereas histamine accumulation was detected especially in
a range of 25–100 mg/L in the 89% of the cases. Little information is available about the production
of BA by Staphylococcus spp. in cheese. However, some species of this group have been related to a
variable formation of TY, PU, CA and/or HI in meat and fish fermented products. Martin et al. [43]
found in fermented sausages that TY was the main amine produced by this group and some strains also
were able to produce PU, CA and HI. Hernández-Herrero et al. [9] reported that the main HI-formers
detected in salted anchovies belonged to this genus and de las Rivas et al. [15] reported some strains
isolated from “Chorizo”, a Spanish ripened sausage, as TY-formers. Most of the isolates obtained from
the KF medium were strong TY formers (76% from goat’s milk cheese and 81% from ewe’s milk cheese)
and some of them were also able to produce above 100 mg/L of PU and CA. The ability to form TY
was also frequent in the strains isolated from M-17 medium in both kind of cheeses (79% from goat’s
and 65% from ewe’s milk cheeses, respectively) in amounts above 100 mg/L. In that case, the ability to
form diamines was less frequent (around 5% of the isolates) in both type of cheeses. Similar results
were found in the isolates obtained from MRS medium where around 69% of them were considered
strong TY-producers, but no PU or CA formation was detected in any of the isolates obtained from
goat’s milk cheese and only a 10% of those obtained from ewe’s milk cheese were able to from up to
100 mg/L.

3.3.3. Identification of BA-Producing Strains

The result of the identifications of the BA-forming strains isolated from cheese samples, as well as
their BA forming capacity expressed as mg/L, are shown in Table 5 (goat’s milk cheese) and Table 6
(ewe’s milk cheese). It was not possible to establish a clear effect of the HHP treatments to which
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some of the cheese samples were submitted on the type of strain and its amine-forming capacity.
Consequently, results are shown globally, without considering the type of treatment to which the
samples were submitted. In both types of cheese, most of the strains with decarboxylase activity
were Gram positive. In the case of the goat’s milk cheese only 5 Gram negative strains showed
decarboxylase activity, four of them identified as Hafnia alvei, all of them with a strong PU and CA
forming capacity. One of these strains also showed a strong capacity to form TY, but much lower than
diamines. Nevertheless, the maximum capacity to form these amines (and also HI) was shown by a
strain that could not be precisely identified. In the case of the ewe’s milk cheese, 11 Gram negative
strains showed decarboxylase activity, most of them (5) also identified as Hafnia alvei and one of them
showing the maximum capability to form CA, PU and HI. The maximum TY-forming capacity was
shown by a strain of Citrobacter freundii. Strains of Klebsiella oxytoca and Escherichia coli with strong
diamine production capacity were identified from ewe’s cheese samples. However only one strain
of each specie and other identified as C. freundii were able to produce CA and TY in a considerable
amount (above 100 mg/L). H. alvei, K. oxytoca and E. coli have been previously associated with the
formation of PU, CA and/or HI in foods [8,9,11,17,21,25,36,41]. Also, some strains of these species
have been reported to possess the ability to decarboxylate tyrosine [21]. The formation of high amounts
of PU and CA, as well as of TY, has been previously reported by C. freundii [21,40], indicating that
this specie is more prolific forming PU than CA. Enterobacteria is usually a minor group among the
microbiota present on fermented products. In the cheese object of this work, enterobacteria counts
were usually below 3 Log10 after 60 days of ripening, but their counts at the beginning of the process
were above 6 Log10 [27]. When unhygienic manufacturing practices allow for achieving high counts of
enterobacteria at the beginning of the process, the fact that their counts would be later reduced during
ripening does not necessarily imply the inhibition of their decarboxylase activity and consequently
may contribute to BA formed in the final product [36].

Among strains identified as Gram positive, 50 that showed decarboxylase activity were obtained
from the goat’s milk cheese and 55 from the ewe’s milk cheese, and in general this activity was much
higher than the Gram negative strains. Among the positive decarboxylase bacteria isolated from the
ewe’s milk cheeses one strain of Staphylococcus chromogenes showed to be a prolific diamine former and
strong TY former. Likewise, strains of Staphylococcus xylosus and Staphylococcus aureus with strong TY
and HI production, respectively, were also found. On the other hand, the most frequent strains with
high BA forming capacity obtained from goat’s milk cheeses were identified as Staphylococcus hominis,
that were capable to produce high levels of PU, CA and TY, and Staphylococcus warneri, which showed
to be a strong diamine producer.

S. chromogenes was previously reported as a prolific PU former, good CA and strong TY and
HI-forming bacteria in Spanish salted anchovies [44]. Masson et al. [45] detected a weak TY-production
capacity in strains of S. xylosus isolated from fermented sausages and Martin et al. [43] found
in slightly fermented sausages some strains of S. xylosus capable to produce strong and prolific
amounts of TY, PU and/or HI, and in a lesser extent of CA. Silla-Santos [46] observed HI-production
in the 76% of S. xylosus strains isolated from Spanish sausages. Strains of S. warneri have also
been reported to possess tyrosine decarboxylase, but with great variability of production [15,43,45].
CA and PU formation, in medium-good and strong concentration, have also been described [39].
Drosinos et al. [47] isolated one strain of S. hominis novobiosepticus in traditional fermented sausages
with lysine and tyrosine decarboxylase activity. As enterobacteria, Staphylococcus spp. are associated
to the contamination of food during unhygienic handling, and consequently it is important to follow
always good manufacturing practices to avoid the proliferation of this kind of bacteria in the product.
Nevertheless, in the cheeses from where the studied strains were obtained Staphylococcus spp. counts
were always low (below 3 Log10 at the beginning of the ripening), and their counts reduced during
ripening until being undetectable after 60 days in most cases.

Enterococcus faecalis, Enterococcus faecium and Enterococcus durans were the most frequent amine
producing bacteria identified from both types of cheese, with a varied production capacity of TY,
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PU and CA (Tables 5 and 6). In addition, one strain of E. faecium and two of E. durans showed a strong
HI formation capacity. Enteroccoci are commonly associated with unhygienic conditions during the
production and processing of dairy, although they can play an important role for developing the
aroma and flavor of certain type cheeses, especially traditional cheeses produced in the Mediterranean
area [48]. Several authors have described E. faecalis, E. faecium and E. durans as the most frequently
TY formers in food [12,17,21,23,25,49–52] and also some strains of E. faecalis and E. faecium have been
registered as capable of producing amounts up to 100 mg/L of PU [12,17,21,53] and CA [17,21,50]
and/or HI [17,21,54]. Tyrosine is a relevant amino acid for the formation of BA in cheese as it can be
an inducer of PU production in E. faecalis and would be received by the enterococci cells as a signal to
growth, what would lead in an increment in the number of BA-producing cells increasing the risk of
accumulating TY and PU in cheese [55]. No references concerning histidine decarboxylase activity of
E. durans have been found in the literature.

Several BA producing strains isolated from M-17 and MRS media of goat’s milk cheeses were
identified as Lactococcus lactis subsp. lactis, followed by Lactobacillus brevis, Lactobacillus plantarum,
and Leuconostoc spp. All of them showed strong TY forming ability and Leuconostoc spp. also showed a
strong-prolific PU formation. In the case of ewe’s milk cheeses, L. lactis subsp. lactis, L. lactis subsp.
cremoris, Pediococcus pentosaceus, Lactobacillus paracasei subsp. paracasei, L. plantarum and Leuconostoc
spp. were often associated with a strong TY-forming capability. Moreover, two strains identified as
L. lactis subsp. lactis showed strong PU and CA forming ability, respectively, while two strains of P.
pentosaseus species were strong PU and prolific CA producers, respectively.

Table 5. Identification of strains obtained from goat’s raw milk cheeses with decarboxylase activity
and their BA production in decarboxylase broths (mg/mL). Results are shown without considering the
HHP treatments to which some cheese samples were subjected.

Identification N PU CA HI TY

Gram Negative
Hafnia alvei 4 4 537.7–889.54 2 641–1001.30 4 30.43–95.68 4 22.44–151.54
Enterobacteriaceae 1 1 1037.52 1 1173.24 1 111.43 1 73.41

Gram Positive
Staphylococcus cohni subsp. cohni 1 - 1 1.50 1 1.57 1 25.78
Staphylococcus warneri 2 2 69.29–753.55 2 240.94–694.22 1 88.63 1 65.50
Staphylococcus capitis 1 1 310.30 1 246.37 1 95.13 -
Staphylococcus lentus 2 1 23.44 2 5.41–19 - 2 39.58–191.69
Staphylococcus hominis 2 1 890.96 1 998.20 1 91.63 2 102.42–245.22
Enterococcus faecalis 8 8 39.66–884.27 8 32.44–972 6 25.62–92.35 8 327.5–477.20
Enterococcus durans 2 - - - 2 337.40–357.44
Enterococcus avium 1 - 1 26.52 1 56.51 1 24.88
Enterococcus faecium 6 3 19.68–1113.80 3 1.32–1281.50 3 20.22–111.38 6 9.91–366.47
Lactococcus lactis subsp. lactis 10 1 7.25 1 7.50 2 21.24–33.38 10 198.77–450.77
Pediococcus pentosaceus 1 - - 1 33.44 1 55.71
Lactobacillus brevis 5 - - 1 22.51 5 212.58–519.52
Lactobacillus plantarum 3 1 22.41 - 1 24.5 3 307.62–528.45
Lactobacillus paracasei subps. paracasei 1 - - - 1 307.03
Leuconostoc spp. 3 2 252.88–749.05 2 14.47–28.83 2 22.74–25.75 3 330.01–417
Bacillus macerans 1 - - - 1 418.10
Bacillus licheniformis 1 - - - 1 403.07

N: number of strains identified; PU: putrescine; CA: cadaverine; HI: histamine; TY: tyramine.

Several studies have reported different species of LAB able to form BA, especially
TY [8,11,16–18,21,23,25,50,54–57], but also HI [58,59]. Within the species of LAB that may occur in
food some strains of L. brevis and L. plantarum were reported to possess the potential to form TY,
PU and/or HI [15,18,21,23,25,60,61]. Strains of P. pentosaceus isolated from commercial starters [26]
and ripened sausages [25] were reported to form TY. Although L. lactis subsp. lactis, L. lactis subsp.
cremoris and L. paracasei subsp. paracasei are species usually used as starter cultures or probiotic
strains and usually reported as non-decarboxylating strains [16–18,62], some strains of L. lactis and L.
paracasei have been reported with the ability to form TY, HI, PU and/or CA in amounts up to 1000
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mg/L [8,17,18,21,23,25,51,58] and L. lactis subsp. cremoris has been also described as a PU-producer [12].
Leuconostoc spp. has been frequently described among the microbiota present in several Spanish farm
house cheeses [3,63,64], and has also been described to possess tyrosine, lysine and/or histidine
decarboxylase activity [39]. Likewise, González de Llano et al. [63] reported the production of TY in a
range of 100–1000 mg/L by strains of Leuconostoc. Pircher et al. [21] found that strains of this genus
could form TY, PU, CA and /or HI in amounts up to 100 mg/L.

Strains belonging to the Bacillus genus isolated from ripened salted anchovies, cheese and raw
sausages have previously been described as BA-formers [9,22,36]. One of them was Bacillus macerans
isolated from Italian cheese, which was capable to from prolific amounts of HI. Formation of CA and
PU was also observed in this strain [22].

Table 6. Identification of strains obtained from ewe’s raw milk cheeses with decarboxylase activity and
their BA production in decarboxylase broths (mg/mL). Results are shown without considering the
HHP treatments to which some cheese samples were subjected.

Identification N PU CA HI TY

Gram Negative
Escherichia coli 2 2 746–857.48 2 762.35–983.93 2 41.37–74.12 2 21.7–281.48
Hafnia alvei 5 5 738.50–1049.51 5 787.20–1180.12 4 43.52–185.54 5 48.83–184.79
Klebsiella oxytoca 2 2 30.63–458.50 2 493.41–866.96 2 16.04–27.22 2 5.01–167.24
Citrobacter freundii 1 1 67.1 1 1095.3 1 45.62 1 372.38
Enterobacteriaceae 1 1 832.76 1 846.95 1 83.95 1 69.42

Gram Positive
Staphylococcus xylosus 2 - - 2 42.31–68.5 2 92.09–475.35
Staphylococcus chromogenes 1 1 1142.92 1 1760.06 1 31.12 1 441.40
Staphylococcus aureus 1 - - 1 100.54 -
Enterococcus faecalis 5 3 860.29–978.9 4 35.43–1394.87 5 20.7–92.98 5 338.01–461.50
Enterococcus durans 9 9 12.63–1160.44 8 13.32–1773.03 9 30.8–179.32 9 46.09–747.33
Enterococcus faecium 2 2 24.89–847.05 2 877.24–941.69 2 28.98–29.97 2 100.54–149.41
Enterococcus hirae 2 2 552.4–579.25 2 600.67–615.75 2 32.36–45.95 2 108.01–187.58
Enterococcus avium 2 - 1 15.17 1 2.18 2 19.93–434.25
Streptococcus salivarius 1 - - - 1 742.1
Lactococcus lactis subsp. lactis 9 3 34.39–795.26 2 14.95–844.13 2 16.38–30.72 9 211.93–566.2
Lactococcus lactis subsp. cremoris 4 3 4.78–37.63 3 5.23–22.94 2 11.15–19.03 4 229.47–406.87
Pediococcus pentosaceus 4 3 9.91–897.67 3 10.25–1018.4 3 27.06–88.78 4 34.58–411.66
Lactobacillus paracasei
subsp. paracasei 6 2 17.42–45.05 1 17.18 1 51.93 6 365.79–575.73

Lactobacillus plantarum 4 1 8.58 1 17.58 1 26.26 4 45.1–353.31
Lactobacillus brevis 1 - - - 1 240.08
Lactobacillus pentosus 1 1 50.79 - - 1 422.75
Leuconostoc spp. 5 2 11.13–1162.76 2 22.52–1781.26 3 29.63–33.82 5 392.01–626.42

N: number of strains identified; PU: putrescine; CA: cadaverine; HI: histamine; TY: tyramine.

3.4. Consequences of HHP Treatments on the Formation of BA

The effect of the HHP treatments on the microbial counts, the proteolytic activity and the formation
of BA in the cheeses from where we obtained the studied strains are described in the previous
work of Espinosa-Pesqueira et al. [27]. TY and PU were the main BA formed in control (untreated)
cheeses, whereas in ewe’s milk chesses the level of CA was also relevant. However, in cheeses
that were pressurized on the 5th day of ripening (HHP1) the amounts TY formed at the end of the
ripening (60th day) were about 93% and 88% lower than in control goat’s and ewe’s raw milk cheeses,
respectively, and similar was the result for PU. The application of an HHP treatment on the 15th day of
ripening (HHP15) showed to be less efficient reducing the formation of BA. HHP1 treatments caused
a significant decrease on microbiological counts, specially of LAB, enteroccocci and enterobacteria,
and also reduced the proteolytic activity, showing a reduction of about 34% and 49% of the free
amino-acid content in goat’s and ewe’s cheeses, respectively. Although HHP15 samples also reduced
the microbial counts, this did not affect the proteolysis, and consequently the release of amino acids.
Several authors mentioned that the specificity of the amino acid decarboxylases is specially strain
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dependent [11,15,39,60] and a great variability in BA production by different groups and species of
bacteria, either in type or amount, was found in this survey. LAB and enterococci were among the
most efficient TY producers found in this work. LAB ruled the ripening process of cheeses from
the beginning, especially Lactococcus, becoming the most important group of microorganisms in the
ripened cheese.

The application of the HHP treatments in the early stages of ripening (HHP1) caused a significant
reduction of LAB counts, although they recovered along the ripening process. It should be considered
that the BA forming rate is greater during the first 15–30 days of ripening, and consequently,
the reduction on the counts of the most prolific BA forming groups at these stages could have
contributed to reduce the decarboxylase potential, as well as the availability of amino acids,
reducing the final amounts of BA. Enterococci were also affected by HHP1 treatments and could
not recover their initial counts during the rest of the ripening, affecting their contribution to the
formation of BA.

The role of other minority bacterial groups, such as enterobacteria, on the BA formation is
not so clear. In the cheeses object of this work their counts were above 6 Log10 at the beginning
of the ripening, although practically disappeared after both HHP1 and HHP15 treatments samples.
Different enterobacteria have been identified as prolific PU, CA and even TY formers, and consequently
its elimination the first days of ripening could have reduced their contribution to the amino acid
decarboxylase activity. When treatments are applied after 15 days of maturation, the decarboxylase
capacity of these microorganisms in the early stages of maturation was still present and consequently
their elimination from the 15th day of ripening reduced the consequences on the BA formation.

4. Conclusions

The microplate screening method allows for a rapid preliminary selection of strains with low
decarboxylase activity, with a detection limit estimated around 50 mg/L. Moreover, the use of
Microtiter plates allows for processing a large numbers of samples, reducing the volume of material
and culture media needed. The data indicates that, in general, the specific amino acid decarboxylase
assay with LND and LGD broths have satisfactory diagnostic parameters to discriminate bacterial
isolates with ornithine, lysine and tyrosine decarboxylases. Moreover, the sensitivity and specificity
values for ornithine, lysine and tyrosine decarboxylase test with both types of media were acceptable
with low numbers of FP and FN responses. Generally, FN responses were due to weak BA producers.
The detection of histidine decarboxylase activity in bacterial isolates using LND and LGD broths have
a low sensitivity, but a high specificity value. About a 43% of the strains isolated from cheeses showed
decarboxylase activity on one or more amino acids and most of them were later confirmed, especially of
TY, PU and CA that were the most important present in cheeses after ripening. The application of the
HHP treatments, especially in the early stages of ripening, caused a significant reduction among the
most prolific BA forming groups including LAB. Considering that the BA forming rate is greater during
the first 15–30 days of ripening, this effect on the microbiota reduces the decarboxylase potential,
as well as the availability of amino acids, reducing the final amounts of BA formed. Most of the
strains were LAB, including some species that are important for the development of the typical cheese
characteristics, such as L. lactis, that can be used as starter culture, or Lactobacillus casei/paracasei,
Lactobacillus plantarum and Lactobacillus curvatus, of which there is increasing interest to be employed
in dairy products with ‘protected geographic indication’ [18]. Consequently, the formation of BA
should always be considered among the selecting criteria for strains considered as suitable to be used
as starter cultures.

Author Contributions: Conceived and designed the experiments: D.E.-P., M.M.H.-H. and A.X.R.-S.; performed
the experiments: D.E.-P.; analysed the data; D.E.-P. and M.M.H.-H.; wrote the paper: D.E.-P. and A.X.R.-S.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

157



Foods 2018, 7, 182

References

1. Karovicova, J.; Kohajdova, Z. Biogenic amines in food. ChemInform 2005, 36, 70–79. [CrossRef]
2. Collins, J.D.; Noerrung, B.; Budka, H.; Andreoletti, O.; Buncic, S.; Griffin, J.; Hald, T.; Havelaar, A.; Hope, J.;

Klein, G.; et al. Scientific Opinion on risk based control of biogenic amine formation in fermented foods.
EFSA J. 2011, 9, 2393. [CrossRef]

3. Costa, M.P.; Rodrigues, B.L.; Frasao, B.S.; Conte-junior, C.A. Chemical Risk for Human Consumption;
Elsevier Inc.: Amsterdam, The Netherlands, 2018; ISBN 9780128114421.

4. Benkerroum, N. Biogenic amines in dairy products: Origin, incidence, and control means. Compr. Rev. Food
Sci. Food Saf. 2016, 15, 801–826. [CrossRef]

5. Naila, A.; Flint, S.; Fletcher, G.; Bremer, P.; Meerdink, G. Control of biogenic amines in food-existing and
emerging approaches. J. Food Sci. 2010, 75, R139–R150. [CrossRef] [PubMed]

6. Novella-Rodriguez, S.; Veciana-Nogues, M.T.; Izquierdo-Pulido, M.; Vidal-Carou, M.C. Distribution of
biogenic amines and polyamines in cheese. J. Food Sci. 2003, 68, 750–756. [CrossRef]

7. Roig-Sagués, A.X.; Ruiz-Capillas, C.; Espinosa, D.; Hernández, M. The decarboxylating bacteria present in
foodstuffs and the effect of emerging technologies on their formation. In Biological Aspects of Biogenic Amines,
Polyamines and Conjugates; Dandrifosse, G., Ed.; Transworld Research Network: Trivandrum, India, 2009;
pp. 201–230.

8. Roig-Sagués, A.; Molina, A.; Hernández-Herrero, M. Histamine and tyramine-forming microorganisms in
Spanish traditional cheeses. Eur. Food Res. Technol. 2002, 215, 96–100. [CrossRef]

9. Hernández-Herrero, M.M.; Roig-Sagués, A.X.; Rodríguez-Jerez, J.J.; Mora-Ventura, M.T. Halotolerant
and halophilic histamine-forming bacteria isolated during the ripening of salted anchovies (Engraulis
encrasicholus). J. Food Prot. 1999, 62, 509–514. [CrossRef] [PubMed]

10. Kalac, P.; Abreu Gloria, M.B. Biogenic amine in cheeses, wines, beers and sauerkraut. In Biological Aspects
of Biogenic Amines, Poliamines and Conjugates; Dandrifosse, G., Ed.; Transworld Research Network: Kerala,
India, 2009; pp. 267–285, ISBN 9788178952499.

11. Bover-Cid, S.; Hugas, M.; Izquierdo-Pulido, M.; Vidal-Carou, M.C. Amino acid-decarboxylase activity of
bacteria isolated from fermented pork sausages. Int. J. Food Microbiol. 2001, 66, 185–189. [CrossRef]

12. Ladero, V.; Fernández, M.; Calles-Enríquez, M.; Sánchez-Llana, E.; Cañedo, E.; Martín, M.C.; Alvarez, M.A.
Is the production of the biogenic amines tyramine and putrescine a species-level trait in enterococci?
Food Microbiol. 2012, 30, 132–138. [CrossRef] [PubMed]

13. Linares, D.M.; Martín, M.; Ladero, V.; Alvarez, M.A.; Fernández, M. Biogenic amines in dairy products.
Crit. Rev. Food Sci. Nutr. 2011, 51, 691–703. [CrossRef] [PubMed]

14. Latorre-Moratalla, M.L.; Bover-Cid, S.; Veciana-Nogués, M.T.; Vidal-Carou, M.C. Control of biogenic amines
in fermented sausages: Role of starter cultures. Front. Microbiol. 2012, 3, 169. [CrossRef] [PubMed]

15. De las Rivas, B.; Ruiz-Capillas, C.; Carrascosa, A.V.; Curiel, J.A.; Jiménez-Colmenero, F.; Muñoz, R. Biogenic
amine production by Gram-positive bacteria isolated from Spanish dry-cured “chorizo” sausage treated
with high pressure and kept in chilled storage. Meat Sci. 2008, 80, 272–277. [CrossRef] [PubMed]

16. Novella-Rodríguez, S.; Veciana-Nogués, M.T.; Roig-Sagués, A.X.; Trujillo-Mesa, A.J.; Vidal-Carou, M.C.
Influence of starter and nonstarter on the formation of biogenic amine in goat cheese during ripening.
J. Dairy Sci. 2002, 85, 2471–2478. [CrossRef]

17. Torracca, B.; Pedonese, F.; Turchi, B.; Fratini, F.; Nuvoloni, R. Qualitative and quantitative evaluation of
biogenic amines in vitro production by bacteria isolated from ewes’ milk cheeses. Eur. Food Res. Technol.
2018, 244, 721–728. [CrossRef]

18. Ladero, V.; Martín, M.C.; Redruello, B.; Mayo, B.; Flórez, A.B.; Fernández, M.; Alvarez, M.A. Genetic and
functional analysis of biogenic amine production capacity among starter and non-starter lactic acid bacteria
isolated from artisanal cheeses. Eur. Food Res. Technol. 2015, 241, 377–383. [CrossRef]

19. Sumner, S.S.; Speckhard, M.W.; Somers, E.B.; Taylor, S.L. Isolation of histamine-producing Lactobacillus
buchneri from Swiss cheese implicated in a food poisoning outbreak. Appl. Environ. Microbiol. 1985, 50,
1094–1096. [PubMed]

20. Diaz, M.; del Rio, B.; Sanchez-Llana, E.; Ladero, V.; Redruello, B.; Fernández, M.; Martin, M.C.; Alvarez, M.A.
Lactobacillus parabuchneri produces histamine in refrigerated cheese at a temperature-dependent rate. Int. J.
Food Sci. Technol. 2018, 53, 2342–2348. [CrossRef]

158



Foods 2018, 7, 182

21. Pircher, A.; Bauer, F.; Paulsen, P. Formation of cadaverine, histamine, putrescine and tyramine by bacteria
isolated from meat, fermented sausages and cheeses. Eur. Food Res. Technol. 2007, 226, 225–231. [CrossRef]

22. Rodriguez-Jerez, J.J.; Giaccone, V.; Colavita, G.; Parisi, E. Bacillus macerans—A new potent histamine
producing micro-organism isolated from Italian cheese. Food Microbiol. 1994, 11, 409–415. [CrossRef]

23. Bover-Cid, S.; Holzapfel, W.H. Improved screening procedure for biogenic amine production by lactic acid
bacteria. Int. J. Food Microbiol. 1999, 53, 33–41. [CrossRef]

24. Marcobal, Á.; de las Rivas, B.; Moreno-Arribas, M.V.; Muñoz, R. Multiplex PCR method for the simultaneous
detection of histamine-, tyramine-, and putrescine-producing lactic acid bacteria in foods. J. Food Prot. 2005,
68, 874–878. [CrossRef] [PubMed]

25. Roig-Sagués, A.X.; Hernàndez-Herrero, M.M.; López-Sabater, E.I.; Rodríguez-Jerez, J.J.; Mora-Ventura, M.T.
Evaluation of three decarboxylating agar media to detect histamine and tyramine-producing bacteria in
ripened sausages. Lett. Appl. Microbiol. 1997, 25, 309–312. [CrossRef] [PubMed]

26. Maijala, R.L. Formation of histamine and tyramine by some lactic acid bacteria in MRS-broth and modified
decarboxylation agar. Lett. Appl. Microbiol. 1993, 17, 40–43. [CrossRef]

27. Espinosa-Pesqueira, D.; Hernández-Herrero, M.; Roig-Sagués, A.; Espinosa-Pesqueira, D.; Hernández-Herrero, M.M.;
Roig-Sagués, A.X. High Hydrostatic Pressure as a tool to reduce formation of biogenic amines in artisanal
Spanish cheeses. Foods 2018, 7, 137. [CrossRef] [PubMed]

28. Eerola, S.; Hinkkanen, R.; Lindfors, E.; Hirvi, T. Liquid chromatographic determination of biogenic amines
in dry sausages. J. AOAC Int. 1993, 76, 575–577. [PubMed]

29. Altman, D.G.; Bland, J.M. Statistics Notes: Diagnostic tests 1: Sensitivity and specificity. BMJ 1994, 308, 1552.
[CrossRef] [PubMed]

30. Altman, D.G.; Bland, J.M. Statistics Notes: Diagnostic tests 2: Predictive values. BMJ 1994, 309, 102.
[CrossRef] [PubMed]

31. Altman, D.G.; Bland, J.M. Statistics Notes: Diagnostic tests 3: Receiver operating characteristic plots. BMJ
1994, 309, 188. [CrossRef] [PubMed]

32. Zweig, M.H.; Campbell, G. Receiver-operating characteristic (ROC) plots: A fundamental evaluation tool in
clinical medicine. Clin. Chem. 1993, 39, 561–577. [PubMed]

33. Park, S.H.; Goo, J.M.; Jo, C.-H. Receiver Operating Characteristic (ROC) Curve: Practical review for
radiologists. Korean J. Radiol. 2004, 5, 11–18. [CrossRef] [PubMed]

34. Hanley, J.A.; McNeil, B.J. The meaning and use of the area under a receiver operating characteristic (ROC)
curve. Radiology 1982, 143, 29–36. [CrossRef] [PubMed]

35. Harrigan, W.F. Laboratory Methods in Food Microbiology; Academic Press: Cambridge, MA, USA, 1998;
ISBN 0123260434.

36. Roig-Sagues, A.X.; Hernandez-Herrero, M.; Lopez-Sabater, E.I.; Rodriguez-Jerez, J.J.; Mora-Ventura, M.T.
Histidine decarboxylase activity of bacteria isolated from raw and ripened salchichón, a Spanish cured
sausage. J. Food Prot. 1996, 59, 516–520. [CrossRef]

37. Joosten, H.M.; Northolt, M.D. Detection, growth, and amine-producing capacity of lactobacilli in cheese.
Appl. Environ. Microbiol. 1989, 55, 2356–2359. [PubMed]

38. Moreno-Arribas, M.V.; Polo, M.C.; Jorganes, F.; Muñoz, R. Screening of biogenic amine production by lactic
acid bacteria isolated from grape must and wine. Int. J. Food Microbiol. 2003, 84, 117–123. [CrossRef]

39. Marino, M.; Maifreni, M.; Bartolomeoli, I.; Rondinini, G. Evaluation of amino acid-decarboxylative microbiota
throughout the ripening of an Italian PDO cheese produced using different manufacturing practices.
J. Appl. Microbiol. 2008, 105, 540–549. [CrossRef] [PubMed]

40. Suzzi, G.; Gardini, F. Biogenic amines in dry fermented sausages: A review. Int. J. Food Microbiol. 2003, 88,
41–54. [CrossRef]

41. Marino, M.; Maifreni, M.; Moret, S.; Rondinini, G. The capacity of Enterobacteriaceae species to produce
biogenic amines in cheese. Lett. Appl. Microbiol. 2000, 31, 169–173. [CrossRef] [PubMed]

42. Halász, A.; Baráth, Á.; Simon-Sarkadi, L.; Holzapfel, W. Biogenic amines and their production by
microorganisms in food. Trends Food Sci. Technol. 1994, 5, 42–49. [CrossRef]

43. Martín, B.; Garriga, M.; Hugas, M.; Bover-Cid, S.; Veciana-Nogués, M.T.; Aymerich, T. Molecular,
technological and safety characterization of Gram-positive catalase-positive cocci from slightly fermented
sausages. Int. J. Food Microbiol. 2006, 107, 148–158. [CrossRef] [PubMed]

159



Foods 2018, 7, 182

44. Pons-Sánchez-Cascado, S.; Vidal-Carou, M.C.; Mariné-Font, A.; Veciana-Nogués, M.T. Influence of the
Freshness grade of raw fish on the formation of volatile and biogenic amines during the manufacture and
storage of vinegar-marinated anchovies. J. Agric. Food Chem. 2005, 53, 8586–8592. [CrossRef] [PubMed]

45. Masson, F.; Talon, R.; Montel, M.C. Histamine and tyramine production by bacteria from meat products.
Int. J. Food Microbiol. 1996, 32, 199–207. [CrossRef]

46. Santos, M.H. Amino acid decarboxylase capability of microorganisms isolated in Spanish fermented meat
products. Int. J. Food Microbiol. 1998, 39, 227–230. [CrossRef]

47. Drosinos, E.H.; Paramithiotis, S.; Kolovos, G.; Tsikouras, I.; Metaxopoulos, I. Phenotypic and technological
diversity of lactic acid bacteria and staphylococci isolated from traditionally fermented sausages in Southern
Greece. Food Microbiol. 2007, 24, 260–270. [CrossRef] [PubMed]

48. Foulquié Moreno, M.R.; Sarantinopoulos, P.; Tsakalidou, E.; De Vuyst, L. The role and application of
enterococci in food and health. Int. J. Food Microbiol. 2006, 106, 1–24. [CrossRef] [PubMed]

49. Leuschner, R.G.K.; Kurihara, R.; Hammes, W.P. Formation of biogenic amines by proteolytic enterococci
during cheese ripening. J. Sci. Food Agric. 1999, 79, 1141–1144. [CrossRef]

50. Galgano, F.; Suzzi, G.; Favati, F.; Caruso, M.; Martuscelli, M.; Gardini, F.; Salzano, G. Biogenic amines during
ripening in ‘Semicotto Caprino’ cheese: Role of enterococci. Int. J. Food Sci. Technol. 2001, 36, 153–160.
[CrossRef]

51. Landete, J.M.; Pardo, I.; Ferrer, S. Tyramine and phenylethylamine production among lactic acid bacteria
isolated from wine. Int. J. Food Microbiol. 2007, 115, 364–368. [CrossRef] [PubMed]

52. Burdychova, R.; Komprda, T. Biogenic amine-forming microbial communities in cheese. FEMS Microbiol. Lett.
2007, 276, 149–155. [CrossRef] [PubMed]

53. Martuscelli, M.; Gardini, F.; Torriani, S.; Mastrocola, D.; Serio, A.; Chaves-López, C.; Schirone, M.; Suzzi, G.
Production of biogenic amines during the ripening of Pecorino Abruzzese cheese. Int. Dairy J. 2005, 15,
571–578. [CrossRef]

54. Tham, W.; Karp, G.; Danielsson-Tham, M.L. Histamine formation by enterococci in goat cheese. Int. J.
Food Microbiol. 1990, 11, 225–229. [CrossRef]

55. Perez, M.; Ladero, V.; del Rio, B.; Redruello, B.; de Jong, A.; Kuipers, O.; Kok, J.; Martin, M.C.; Fernandez, M.;
Alvarez, M.A. The relationship among tyrosine decarboxylase and agmatine deiminase pathways in
Enterococcus faecalis. Front. Microbiol. 2017, 8, 2107. [CrossRef] [PubMed]

56. Novella-Rodriguez, S.; Veciana-Nogues, M.T.; Trujillo-Mesa, A.J.; Vidal-Carou, M.C. Profile of biogenic amines
in goat cheese made from pasteurized and pressurized milks. J. Food Sci. 2002, 67, 2940–2944. [CrossRef]

57. Fernández-García, E.; Tomillo, J.; Núñez, M. Effect of added proteinases and level of starter culture on the
formation of biogenic amines in raw milk Manchego cheese. Int. J. Food Microbiol. 1999, 52, 189–196. [CrossRef]

58. Sumner, S.S.; Taylor, S.L. Detection method for histamine-producing, dairy-related bacteria using diamine
oxidase and leucocrystal violet. J. Food Prot. 1989, 52, 105–108. [CrossRef]

59. Ascone, P.; Maurer, J.; Haldemann, J.; Irmler, S.; Berthoud, H.; Portmann, R.; Fröhlich-Wyder, M.-T.;
Wechsler, D. Prevalence and diversity of histamine-forming Lactobacillus parabuchneri strains in raw milk and
cheese—A case study. Int. Dairy J. 2017, 70, 26–33. [CrossRef]

60. Kung, H.F.; Tsai, Y.H.; Hwang, C.C.; Lee, Y.H.; Hwang, J.H.; Wei, C.I.; Hwang, D.F. Hygienic quality and
incidence of histamine-forming Lactobacillus species in natural and processed cheese in Taiwan. J. Food
Drug Anal. 2005, 13, 51–56.

61. Leuschner, R.G.; Heidel, M.; Hammes, W.P. Histamine and tyramine degradation by food fermenting
microorganisms. Int. J. Food Microbiol. 1998, 39, 1–10. [CrossRef]

62. Straub, B.W.; Kicherer, M.; Schilcher, S.M.; Hammes, W.P. The formation of biogenic amines by fermentation
organisms. Z. Lebensm. Unters. Forsch. 1995, 201, 79–82. [CrossRef] [PubMed]

63. González de Llano, D.; Ramos, M.; Rodriguez, A.; Montilla, A.; Juarez, M. Microbiological and physicochemical
characteristics of Gamonedo blue cheese during ripening. Int. Dairy J. 1992, 2, 121–135. [CrossRef]

64. Fontecha, J.; Peláez, C.; Juárez, M.; Requena, T.; Gómez, C.; Ramos, M. Biochemical and microbiological
characteristics of artisanal hard goat’s cheese. J. Dairy Sci. 1990, 73, 1150–1157. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

160



foods

Article

The Occurrence of Biogenic Amines and
Determination of Biogenic Amine-Producing Lactic
Acid Bacteria in Kkakdugi and Chonggak Kimchi

Young Hun Jin, Jae Hoan Lee, Young Kyung Park, Jun-Hee Lee and Jae-Hyung Mah *

Department of Food and Biotechnology, Korea University, 2511 Sejong-ro, Sejong 30019, Korea;
younghoonjin3090@korea.ac.kr (Y.H.J.); jae-lee@korea.ac.kr (J.H.L.); eskimo@korea.ac.kr (Y.K.P.);
bory92@korea.ac.kr (J.-H.L.)
* Correspondence: nextbio@korea.ac.kr; Tel.: +82-44-860-1431

Received: 3 February 2019; Accepted: 12 February 2019; Published: 14 February 2019

Abstract: In this study, biogenic amine content in two types of fermented radish kimchi (Kkakdugi and
Chonggak kimchi) was determined by high performance liquid chromatography (HPLC). While most
samples had low levels of biogenic amines, some samples contained histamine content over the
toxicity limit. Additionally, significant amounts of total biogenic amines were detected in certain
samples due to high levels of putrefactive amines. As one of the significant factors influencing
biogenic amine content in both radish kimchi, Myeolchi-aekjoet appeared to be important source of
histamine. Besides, tyramine-producing strains of lactic acid bacteria existed in both radish kimchi.
Through 16s rRNA sequencing analysis, the dominant species of tyramine-producing strains was
identified as Lactobacillus brevis, which suggests that the species is responsible for tyramine formation
in both radish kimchi. During fermentation, a higher tyramine accumulation was observed in both
radish kimchi when L. brevis strains were used as inocula. The addition of Myeolchi-aekjeot affected
the initial concentrations of histamine and cadaverine in both radish kimchi. Therefore, this study
suggests that reducing the ratio of Myeolchi-aekjeot to other ingredients (and/or using Myeolchi-aekjeot
with low biogenic amine content) and using starter cultures with ability to degrade and/or inability
to produce biogenic amines would be effective in reducing biogenic amine content in Kkakdugi and
Chonggak kimchi.

Keywords: kimchi; Kkakdugi; Chonggak kimchi; radish kimchi; biogenic amines; tyramine; lactic acid
bacteria; Lactobacillus brevis

1. Introduction

Biogenic amines (BA) have been considered to be toxic compounds in foods. Several authors
have proposed the maximum tolerable limits of some toxicologically important BA in foods as
follows: histamine, 100 mg/kg; tyramine, 100–800 mg/kg; β-phenylethylamine, 30 mg/kg; total
BA, 1000 mg/kg [1,2]. In addition, polyamines such as putrescine and cadaverine have been known
to potentiate the toxicity of BA, especially histamine and tyramine, in foods, although they are less
toxic [1]. Consumption of foods containing excessive BA may cause symptoms such as migraines,
sweating, nausea, hypotension, and hypertension, unless human intestinal amine oxidases—such
as monoamine oxidase (MAO), diamine oxidase (DAO), and polyamine oxidase (PAO)—quickly
metabolize and detoxify BA [3]. Thus, it is important to know that, although relatively low levels of
BA naturally exist in common foods, microbial decarboxylation of amino acids may sometimes lead to
a significant increment of BA in fermented or contaminated foods [2]. In lactic acid fermented foods
such as cheese and fermented sausage, some species of lactic acid bacteria (LAB) have been considered
as producers of BA, particularly tyramine [4]. On the other hand, several reports have indicated that
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use of LAB starter cultures unable to produce BA may reduce BA accumulation during fermentation
and storage [5,6].

Kimchi is a generic term of Korean traditional lactic fermented vegetables. According to Codex
standard [7], for preparation of kimchi, salted Chinese cabbage (as a main ingredient) is mixed with
seasoning paste consisting of red pepper powder, radish, garlic, green onion, and ginger, and then
fermented properly, however, which, in reality, refers to Baechu kimchi. Alongside the Chinese cabbage,
various vegetables such as radish, ponytail radish, cucumber, and green onion are also used as main
ingredients of kimchi depending on kimchi varieties in Korea [8]. Among numerous kimchi varieties
prepared with different vegetables, Baechu kimchi, Kkakdugi (diced radish kimchi), and Chonggak kimchi
(ponytail radish kimchi) are the most popular varieties of kimchi in Korea [9]. In the meantime, for
improving sensory quality of kimchi, various types of salted and fermented seafood (Jeotgal) and sauces
thereof (Aekjeot) are usually used for kimchi preparation in Korea [10]. Particularly, Myeolchi-jeotgal
(salted and fermented anchovy), Saeu-jeotgal (salted and fermented shrimp), Myeolchi-aekjeot (a sauce
prepared from Myeolchi-jeotgal) are commonly used Jeotgal and Aekjeot [11]. As Jeotgal and Aekjeot
contain high levels of proteins and amino acids, when kimchi is prepared with them, BA accumulation
may occur during kimchi fermentation [12]. Hence, several authors have intensively investigated BA
content and BA-producing LAB in Baechu kimchi [13–15]. On the other hand, there is a lack of study
on BA content and BA-producing LAB in Kkakdugi and Chonggak kimchi, although the two types of
radish kimchi are as popular as Baechu kimchi in Korea.

In this study, therefore, BA content in Kkakdugi and Chonggak kimchi was determined to evaluate
BA-related risks. Several possible contributing factors to BA content, including physicochemical
properties and microbial BA production, were also investigated in the study. Finally, fermentation of
both radish kimchi was carried out to determine the most important bacterial species contributing
to BA formation in the radish kimchi, employing LAB strains with distinguishable BA-producing
activities as fermenting microorganisms. This is the first study describing that Lactobacillus brevis is the
species responsible for tyramine formation in kimchi variety throughout fermentation period.

2. Materials and Methods

2.1. Sampling

Two types of radish kimchi (Kkakdugi and Chonggak kimchi) samples of five popular kimchi
manufacturers made within 30 days were obtained from the retail markets. After arrival, samples
were stored at 4 ◦C or immediately analyzed for BA content, physicochemical parameters, and
microbial measurement.

2.2. Physicochemical Measurements

pH, acidity, salinity, and water activity of Kkakdugi and Chonggak kimchi samples were determined.
The pH of the samples was determined by Orion 3-star Benchtop pH meter (Thermo Scientific, Waltham,
MA, USA). Acidity and salinity were measured according to the AOAC method [16]. The water activity
was determined by water activity meter (AquaLab Pre; Meter Group, Inc., Pullman, WA, USA).

2.3. Microbial Measurement, Isolation, and Identification of Strains

Lactic acid bacterial counts and total aerobic bacterial counts were determined on de Man, Rogosa,
and Sharpe (MRS, Laboratorios Conda Co., Madrid, Spain) agar and Plate Count Agar (PCA, Difco,
Becton Dickinson, Sparks, MD, USA). According to manufacturer’s instructions, MRS agar was
incubated at 37 ◦C for 48–72 h, and PCA at 37 ◦C for 24 h. After incubation, enumeration was carried
out on plates with 30–300 colonies.

LAB strains were isolated on MRS agar. Individual colonies on MRS agar were randomly selected
and streaked on the same media. The single colonies were transferred to MRS broth at 37 ◦C for 48–72 h.
Then, the cultured broth was stored in the presence of 20% glycerol (v/v) at −80 ◦C. In Kkakdugi and
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Chonggak kimchi samples, 130 and 120 LAB strains were isolated, respectively. The strains were
identified by 16s rRNA gene sequence analysis with the universal bacterial primer pair (518F and 805R,
Solgent Co., Daejeon, Korea).

2.4. BA Extraction from Samples and Bacterial Cultures for HPLC Analysis

BA extraction from Kkakdugi and Chonggak kimchi samples was conducted by the methods
developed by Eerola et al. [17], with minor modification. The sample broth (5 g) was mixed with 20 mL
of perchloric acid (0.4 M). The mixture was incubated at 4 ◦C for 2 h and centrifuged at 3000× g at
4 ◦C for 10 min. After collecting the supernatant, the pellet was extracted again with equal volumes of
perchloric acid under the same conditions. The total volume of supernatant was adjusted to 50 mL
with perchloric acid. The extract was filtered using Whatman paper no. 1 and stored before analysis.

BA extraction from bacterial cultures was carried out based on the procedures described by
Ben-Gigirey et al. [18,19], with minor modification. A loopful of a strain was inoculated in 5 mL of
BA production assay medium. The compositions of BA production assay medium are as follows:
MRS broth with 0.5% of L-ornithine monohydrochloride, L-lysine monohydrochloride, L-histidine
monohydrochloride monohydrate, and L-tyrosine disodium salt hydrate (all Sigma-Aldrich Chemical
Co., St. Louis, MO, USA); 0.0005% of pyridoxal-HCl (Sigma-Aldrich); pH of the broth was adjusted to
5.8 by adding hydrochloride solution (2 M). After incubating the strain at 37 ◦C for 48 h, 100 μL of the
culture was inoculated into the same broth and incubated under the same conditions. Subsequently,
after being mixed with 0.4 M perchloric acid at a volume ratio of 1:9, the mixture was incubated at
4 ◦C for 2 h and stored before analysis.

2.5. Preparation of Standard Solutions for HPLC Analysis

Tryptamine, β-phenylethylamine hydrochloride, putrescine dihydrochloride, cadaverine
dihydrochloride, histamine dihydrochloride, tyramine hydrochloride, spermidine trihydrochloride,
and spermine tetrahydrochloride (all Sigma-Aldrich) were used for standard solutions, and
1,7-diaminoheptane (Sigma-Aldrich) was applied for an internal standard. The concentrations of
all standard solutions were adjusted to 0, 10, 50, 100, and 1000 ppm.

2.6. Derivatization of Extracts and Standards

The procedures of derivatization of BA in the extract were carried out by the method developed by
Eerola et al. [17]. Briefly, 200 μL of 2 M sodium hydroxide and 300 μL of saturated sodium bicarbonate
were added to 1 mL of the extract/standard solutions. Then, 2 mL of 1% dansyl chloride solution
(dissolved in acetone) was mixed with the solution and then incubated for 45 min at 40 ◦C in dark
room. The incubated solution was mixed with 100 μL of 25% ammonium hydroxide and reacted for
30 min at room temperature. The volume of the sample solution was adjusted to 5 mL by adding
acetonitrile. The sample solution was centrifuged at 3000× g for 5 min, and the supernatant was
filtered by using a 0.2 μm-pore-size filter (Millipore Co., Bedford, MA, USA).

2.7. HPLC Analysis

HPLC analysis was carried out according to the procedure developed by Eerola et al. [17] and
modified by Ben-Gigirey et al. [18]. YL9100 HPLC system equipped with YL9120 UV–vis detector (all
Younglin, Anyang, Korea) was employed and the data were analyzed with Autochro-3000 data system
(Younglin). For the gradient HPLC method, 0.1 M ammonium acetate (solvent A; Sigma-Aldrich)
and HPLC-grade acetonitrile (solvent B; SK chemicals, Ulsan, Korea) were used as the mobile phases.
The chromatographic separation was carried out using Nova-Pak C18 column (4 μm, 4.6 × 150 mm;
Waters, Milford, MA, USA) held in 40 ◦C at a flow rate of 1 mL/min. The gradient elution mode was
as follows; 50:50 (A:B) to 10:90 for 19 min, 50:50 at 20 min, isocratic with 50:50 before next analysis.
The analysis was conducted at 254 nm, and 10 μL of the sample solution was injected.
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The detection limits were within the range of 0.01 to 0.10 mg/kg for food matrices [20].
The validation parameters, including detection limits, of the analytical procedure used in the study
were reported in our earlier study [20]. Figure S1 illustrates the procedure, from extraction to HPLC
analysis, for BA analysis.

2.8. Fermentation of Two Types of Radish Kimchi: Kkakdugi and Chonggak Kimchi

For preparation of Kkakdugi and Chonggak kimchi, diced white radish (2 × 2 × 2 cm3) or halved
ponytail radish were soaked in 10% w/v salt brine for 30 min, respectively. Then, each salted radish
was rinsed with tap water three times and drained for 3 h. Kkakdugi and Chonggak kimchi samples
were prepared in triplicate, as shown in Table 1, according to the standard recipes developed by
the National Institute of Agricultural Sciences [21]. The salinity of all samples was adjusted to
2.5%. The Kkakdugi and Chonggak kimchi samples were divided into five experimental groups,
respectively, based on the presence or absence of Myeolchi-aekjeot and Saeu-jeotgal and LAB inoculum.
The experimental groups designed for the present study were B group (“Blank” samples prepared
with neither Myeolchi-aekjeot and Saeu-jeotgal nor inoculum), C group (“Control” samples prepared
with Myeolchi-aekjeot and Saeu-jeotgal, but without inoculum), PC group (“Positive Control” samples
prepared with Myeolchi-aekjeot and Saeu-jeotgal, and inoculated with L. brevis JCM 1170 as a reference
strain), LB group (“L. brevis” samples prepared with Myeolchi-aekjeot and Saeu-jeotgal, and inoculated
with tyramine-producing L. brevis strains, i.e., KD3M5 strain for Kkakdugi and CG2M15 strain for
Chonggak kimchi, respectively), and LP group (“L. plantarum” samples prepared with Myeolchi-aekjeot
and Saeu-jeotgal, and inoculated with L. plantarum strains, i.e., KD3M15 strain for Kkakdugi and CG3M21
strain for Chonggak kimchi, respectively). The samples belonging to respective experimental groups
were fermented at 25 ◦C for three days. Changes on the physicochemical and microbial properties,
and BA content were measured in triplicate during fermentation.

Table 1. Ingredients used for preparation of Kkakdugi and Chonggak kimchi.

Ingredients (g)
Salted
Radish

Red Pepper
Powder

Garlic Ginger
Sesame

Seed
Sugar

Glutinous
Rice Paste

Myeolchi-
aekjeot

Saeu-
jeotgal

Kkakdugi 100 3 3 1.5 1 2 5 2 2
Chonggak kimchi 100 3.5 3 1.5 0.5 1.5 4 2 2

2.9. Statistical Analyses

Statistical analyses were performed with Minitab statistical software version 12.11 (Minitab
Inc. State College, PA, USA). The data were presented as means ± standard deviations of the three
independent replicates. The mean values were compared by one-way analysis of variance (ANOVA)
with Tukey’s honest significant difference (HSD) test and a probability (p) values of less than 0.05 were
considered statistically significant.

3. Results and Discussion

3.1. Determination of BA Content in Radish Kimchi: Kkakdugi and Chonggak Kimchi

As shown in Table 2, BA content in Kkakdugi and Chonggak kimchi samples produced by popular
manufacturers in Korea was determined, and human health risk of BA in both radish kimchi was
estimated based on the suggestions of both Ten Brink et al. [1] and Silla Santos [2]. In all the samples of
Kkakdugi and Chonggak kimchi, low levels of tyramine (<100 mg/kg), tryptamine, β-phenylethylamine,
spermidine, and spermine (<30 mg/kg) were detected, which are within safe levels for human
consumption. However, one Kkakdugi sample (KD2) had 127.78 ± 26.78 mg/kg of histamine,
which is over the toxicity limit (100 mg/kg) suggested by Ten Brink et al. [1]. Another Kkakdugi
sample (KD5) contained putrescine and cadaverine at concentrations of 982.32 ± 19.42 mg/kg and
124.60 ± 108.78 mg/kg, respectively, consequently exceeding the 1000 mg/kg limit for total BA which
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is considered to provoke toxicity [2]. In Chonggak kimchi samples, 131.20 ± 7.90 mg/kg of histamine
was detected in one sample (CG5), which also contained 853.7 ± 36.80 mg/kg of putrescine and
112.10 ± 3.60 mg/kg of cadaverine. The amounts of histamine and total BA in the sample were found
to exceed toxicity limits. Meanwhile, the BA content detected in both types of radish kimchi samples
varied widely in the present study, which is similar to respective BA levels in Baechu kimchi reported
previously [13,22]. On the other hand, Mah et al. [12] reported lower concentrations of putrescine,
cadaverine, histamine, tyramine, spermidine, and spermine in both Kkakdugi and Chonggak kimchi
than those detected in the same kinds of kimchi used in this study. This may be due to the differences
in manufacturing methods, main ingredients, and storage conditions between kimchi samples used in
the present and previous studies [9]. In the meantime, Mah et al. [12] also reported that the amounts of
tyramine and other BA increased during the ripening of Baechu kimchi. Therefore, although tyramine
was detected at low levels in all the samples of Kkakdugi and Chonggak kimchi in the present study, the
significance and risk of tyramine formation in both types of radish kimchi should not be overlooked.

Table 2. BA content in two types of radish kimchi samples: Kkakdugi and Chonggak kimchi.

Samples 2 BA Content (mg/kg) 1

Trp Phe Put Cad His Tyr Spd Spm

KD1 ND 3 ND 10.85 ± 1.17 4 2.57 ± 0.62 18.75 ± 1.16 2.97 ± 0.33 12.27 ± 0.98 0.56 ± 0.96
KD2 ND 1.93 ± 1.69 563.59 ± 45.64 ND 127.78 ± 26.78 14.73 ± 1.96 12.66 ± 2.75 ND
KD3 ND ND 19.00 ± 2.00 6.10 ± 0.40 24.50 ± 4.00 10.80 ± 0.40 ND ND
KD4 ND 0.86 ± 1.49 97.45 ± 77.05 3.15 ± 5.46 40.82 ± 29.05 21.67 ± 17.81 5.30 ± 4.85 3.10 ± 2.82
KD5 ND 15.24 ± 1.87 982.32 ± 19.42 124.60 ± 108.78 67.84 ± 17.46 76.95 ± 4.25 16.76 ± 0.87 1.48 ± 0.08

Average ND 3.61 ± 6.55 334.64 ± 427.97 27.28 ± 54.44 55.94 ± 44.45 25.42 ± 29.59 9.40 ± 6.68 1.03 ± 1.31

CG1 ND ND 8.97 ± 2.02 2.38 ± 2.12 38.61 ± 6.03 4.85 ± 4.60 9.22 ± 2.16 20.74 ± 3.47
CG2 ND ND 3.89 ± 1.68 2.00 ± 0.77 8.24 ± 2.09 0.79 ± 0.69 8.27 ± 2.90 2.12 ± 0.53
CG3 12.30 ± 6.30 ND 175.10 ± 7.30 55.40 ± 2.80 46.30 ± 6.70 18.70 ± 2.40 7.70 ± 5.50 ND
CG4 9.10 ± 7.10 1.10 ± 1.00 303.70 ± 20.20 148.50 ± 9.00 69.30 ± 20.90 11.10 ± 2.20 6.10 ± 3.70 8.30 ± 5.60
CG5 23.70 ± 6.10 2.80 ± 1.20 853.70 ± 36.80 112.10 ± 3.60 131.20 ± 7.90 7.00 ± 2.20 14.00 ± 5.30 ND

Average 9.02 ± 9.86 0.78 ± 1.23 269.07 ± 349.93 64.08 ± 65.51 58.73 ± 46.02 8.49 ± 6.80 9.06 ± 2.99 6.23 ± 8.79
1 Trp: tryptamine, Phe: β-phenylethylamine, Put: putrescine, Cad: cadaverine, His: histamine, Tyr: tyramine, Spd:
spermidine, Spm: spermine; 2 KD: Kkakdugi (diced radish kimchi), CG: Chonggak kimchi (ponytail radish kimchi);
3 ND: not detected (<0.1 mg/kg); 4 mean ± standard deviation.

According to Tsai et al. [13], a high level of histamine in kimchi may result from the addition of
salted and fermented fish products. Myeolchi-aekjeot is the most widely used salted and fermented fish
product for the preparation of kimchi variety, and approximately 2–4% of Kkakdugi (on the basis of
weight percent) and 2–5% of Chonggak kimchi, respectively, are commonly added to main ingredients
during kimchi preparation [21,23–26]. Saeu-jeotgal is also added, alone or together with Myeolchi-aekjeot,
to main ingredients of kimchi, but Mah et al. [12] reported that Myeolchi-aekjeot contains a significantly
higher level of histamine (up to 1154.7 mg/kg) than Saeu-jeotgal. In this study, all radish kimchi
samples were prepared with both Myeolchi-aekjeot and Saeu-jeotgal as ingredients. Altogether, the
excessive level of histamine in several radish kimchi samples could be due to the amount of added
Myeolchi-aekjeot with high histamine content. Unfortunately, the food labels of the samples used in this
study just provided the list of ingredients.

An overdose of histamine may provoke undesirable symptoms such as a migraine, sweating, and
hypotension [3]. In addition, high levels of putrescine and cadaverine can potentiate histamine toxicity
by inhibiting intestinal diamine oxidase and histamine-N-methyltransferase [27] and potentially react
with nitrites to form carcinogenic N-nitrosamines [28]. Taking this into account, although most Kkakdugi
and Chonggak kimchi samples seem to be safe for consumption, the fact that several samples contained
relatively high levels of putrescine and cadaverine in the present study indicates that it is necessary to
monitor and reduce BA content, particularly histamine, putrescine, and cadaverine.
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3.2. Physicochemical and Microbial Properties of Radish Kimchi: Kkakdugi and Chonggak Kimchi

To predict possible reasons as to why some samples of two types of radish kimchi contained
higher levels of BA, pH, acidity, salinity, water activity (aw), and lactic acid bacterial and total aerobic
bacterial counts of Kkakdugi and Chonggak kimchi samples were determined. In Kkakdugi samples,
the values of the parameters were as follows: pH, 4.16 ± 0.17 (minimum to maximum range of
3.94–4.41); acidity (%), 0.86 ± 0.31 (0.51–1.27); salinity (%), 3.36 ± 1.21 (1.40–4.50); aw, 0.983 ± 0.003
(0.977–0.988); lactic acid bacterial counts, 8.52 ± 0.61 Log CFU/mL (7.88–9.38 Log CFU/mL); total
aerobic bacterial counts, 8.37 ± 0.96 Log CFU/mL (6.83–9.32 Log CFU/mL). In case of Chonggak
kimchi samples, the measured values were as follows: pH, 4.96 ± 1.17 (3.98–6.36); acidity (%),
0.71 ± 0.43 (0.19–1.10); salinity (%), 3.83 ± 1.67 (2.15–6.48); aw, 0.984 ± 0.004 (0.979–0.991); lactic
acid bacterial counts, 7.83 ± 0.48 Log CFU/mL (7.42–8.60 Log CFU/mL); total aerobic bacterial counts,
8.18 ± 1.07 Log CFU/mL (6.88–9.48 Log CFU/mL). The values are in accordance with those of previous
reports [13,29]. Linear regression analysis was performed to determine the contributors influencing
BA content. Results revealed weak correlations between physiochemical parameters, as well as
microbial properties, and BA content (data not shown). Nonetheless, several reports have shown
that physicochemical and microbial properties may affect BA content in fermented foods [2,30,31].
Altogether, the results indicate that, besides physicochemical and microbial properties, there are
complex factors affecting BA content in both radish kimchi, for instance, kinds of salted and fermented
fish products used for kimchi preparation as described above.

3.3. BA Production by LAB Strains Isolated from Radish Kimchi: Kkakdugi and Chonggak Kimchi

BA production by LAB strains isolated from Kkakdugi and Chonggak kimchi samples was examined
to determine BA-producing LAB species in two types of radish kimchi. All the strains showed low
production (below the detection limit) of tryptamine, β-phenylethylamine, putrescine, cadaverine,
histamine, spermidine, and spermine. However, 39 strains (30%) of 130 LAB isolated from Kkakdugi
samples produced higher levels of tyramine (287.23–386.17 μg/mL) than other strains (below the
detection limit). Among the 120 LAB strains isolated from Chonggak kimchi, 16 strains (13%) also
showed a stronger tyramine production capability (260.93–339.56 μg/mL), while other strains revealed
lower capability (below the detection limit). In addition, the tyramine-producing LAB strains, which
were isolated from either Kkakdugi or Chonggak kimchi samples, revealed a similar ability to produce
tyramine, as described right above. Meanwhile, despite the low level of tyramine detected in all the
samples of Kkakdugi and Chonggak kimchi, the fact that parts of LAB strains isolated from both radish
kimchi samples were highly capable of producing tyramine supports that tyramine increment may
occur during the ripening of the kimchi [12].

To further determine microorganisms responsible for BA formation in radish kimchi at species
level, the strains were divided into two groups: (i) 55 tyramine-producing LAB strains (39 strains
from Kkakdugi; 16 strains from Chonggak kimchi) and (ii) 195 LAB strains unable to produce BA. In the
two groups, several strains were randomly selected and subsequently identified based on 16s rRNA
sequencing analysis. Then, the selected strains able to produce tyramine were all identified as L. brevis,
which indicates that the species is probably responsible for tyramine formation in both types of radish
kimchi. On the other hand, the selected strains unable to produce BA were identified as Leuconostoc
(Leu.) mesenteroides, Weissella cibaria, W. paramesenteroides, L. pentosus, and L. plantarum. The results are in
agreement with previous reports in which Leuconostoc, Weissella, and Lactobacillus spp. were suggested
to be responsible for kimchi fermentation [8,32]. Meanwhile, tyramine production by L. brevis in
various fermented foods, including wine and fermented sausage, as well as Baechu kimchi, has been
previously reported [14,33,34]. In the reports, tyramine production by L. brevis isolated from wine
ranged from 441.6 to 1070.0 μg/mL, which is higher than that of the present study. On the contrary,
L. brevis isolated from fermented sausage and Baechu kimchi produced tyramine at the range from
138.51 to 169.47 μg/mL and from 282 to 388 μg/mL, respectively, which are similar or lower than that
of this study. In addition, several authors also isolated tyramine-producing Leu. mesenteroides, W. cibaria,
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and W. paramesenteroides from Baechu kimchi [14,15] and L. plantarum from wine [35]. Interestingly,
as described right above, there are somewhat disparate results between the present and previous
studies, which indicates that the strains belonging to the same species may possess different ability to
produce tyramine especially depending upon the kinds of foods. Thus, microbial BA production in
radish kimchi is likely determined at strain level, probably adapting to the respective food ecosystems,
as suggested by previous reports [36,37]. Another implication is that the strains unable to produce
BA isolated in the current study have potential as starter cultures for kimchi fermentation. Further
investigations are needed to use them as starter cultures, which may involve tests to examine if the
strains fulfill the criteria of starter culture, including the technical properties of strains, food safety
requirements, and quality expectations [38].

3.4. Changes in Tyramine and Other BA Content during Fermentation of Radish Kimchi: Kkakdugi and
Chonggak Kimchi

Fermentation of Kkakdugi and Chonggak kimchi was performed to investigate the influences of
Myeolchi-aekjeot (together with Saeu-jeotgal) and LAB strains (particularly L. brevis) on BA content
(especially tyramine) of both radish kimchi. Five groups of Kkakdugi and Chonggak kimchi samples
were prepared based on the presence or absence of Myeolchi-aekjeot and types of LAB inocula. L. brevis
strains of KD3M5 and CG2M15 with the highest tyramine production activity among the identified
tyramine-producing LAB strains were used to see if the species is practically responsible for tyramine
formation during fermentation of Kkakdugi and Chonggak kimchi. On the other hand, L. plantarum
strains of KD3M15 and CG3M21 unable to produce BA were used for two reasons. (i) L. plantarum, like
L. brevis, is predominant species in kimchi [39]. (ii) Differently from L. brevis, L. plantarum has been
found to be negative for tyramine production in the present and previous studies [33,40,41].

As shown in Figures 1 and 2, changes in physicochemical and microbial properties of Kkakdugi
and Chonggak kimchi during the fermentation for 3 days were similar with those of several previous
reports [25,29,42]. In detail, the pH of all radish kimchi groups decreased during day 1 of fermentation,
and stayed constantly thereafter. On the contrary, the counts of total aerobic bacteria and lactic acid
bacteria, and the acidity of all radish kimchi groups increased during day 1 and day 2, respectively, and
remained constantly thereafter, which indicates that an appropriate fermentation process of Kkakdugi
and Chonggak kimchi took place. It is mention worthy that the initial pH of C, PC, LB, and LP groups
of both radish kimchi was slightly higher than that of B group, which might be because the neutral pH
of Saeu-jeotgal affected the pH values of the former groups [43]. Nonetheless, the initial acidity of all
groups, belonging to either Kkakdugi or Chonggak kimchi, was similar to each other. The salinity of all
radish kimchi groups decreased slightly during fermentation. According to Shin, Ann, and Kim [44],
osmosis between radish and broth (containing seasoning paste) occurs during fermentation, which
results in a steady reduction of salinity. Regardless of the drop in salinity, water activity of all radish
kimchi groups was constant during fermentation. In addition, the initial counts of total aerobic bacteria
and lactic acid bacteria of PC, LB, and LP groups inoculated with any of LAB strains were higher than
those of B and C groups to be fermented naturally without any inocula, as expected.
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Figure 1. Changes in physicochemical and microbial properties of Kkakdugi during fermentation. �: B
(no addition of Myeolchi-aekjeot and Saeu-jeotgal, no inoculum), �: C (addition of Myeolchi-aekjeot and
Saeu-jeotgal, no inoculum), �: PC (addition of Myeolchi-aekjeot and Saeu-jeotgal, L. brevis JCM 1170), �:
LB (addition of Myeolchi-aekjeot and Saeu-jeotgal, L. brevis KD3M5), �: LP (addition of Myeolchi-aekjeot
and Saeu-jeotgal, L. plantarum KD3M15).

Figure 2. Changes in physicochemical and microbial properties of Chonggak kimchi during fermentation.
�: B (no addition of Myeolchi-aekjeot and Saeu-jeotgal, no inoculum), �: C (addition of Myeolchi-aekjeot
and Saeu-jeotgal, no inoculum), �: PC (addition of Myeolchi-aekjeot and Saeu-jeotgal, L. brevis
JCM 1170), �: LB (addition of Myeolchi-aekjeot and Saeu-jeotgal, L. brevis CG2M15), �: LP (addition of
Myeolchi-aekjeot and Saeu-jeotgal, L. plantarum CG3M21).

Changes in BA content (except for tryptamine and β-phenylethylamine not detected) during
fermentation of Kkakdugi and Chonggak kimchi were shown in Figures 3 and 4, respectively.
There appeared an increment of tyramine content in most groups (except for LP group) of both radish
kimchi over the fermentation period, probably resulting from tyramine production by either inoculated
or indigenous L. brevis strains (refer to Section 3.3). Also, the increment of tyramine content in PC and
LB groups was higher than that in B and C groups of both radish kimchi (except for day 3 of Chonggak
kimchi fermentation). This might be due to higher lactic acid bacterial counts of PC and LB groups,
resulting from the inoculation of tyramine-producing L. brevis strains, than those of B and C groups of
both radish kimchi. In the meantime, tyramine content in B and C groups of Chonggak kimchi steadily
increased during fermentation, while that in the same groups of Kkakdugi increased slightly (but at a
low level compared to Chonggak kimchi), both of which are likely associated with tyramine production
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by indigenous LAB strains (probably L. brevis). The observations are consistent with previous reports
described right below. In short, Choi et al. [45] reported a dramatic increase of tyramine during natural
fermentation of Baechu kimchi, whereas Kim et al. [46] reported that Baechu kimchi had a constantly
low level of tyramine during natural fermentation. It is also noteworthy that, in the case of Chonggak
kimchi, tyramine content in PC and LB groups dramatically increased during day 1 of fermentation,
which was higher (and also showed a faster increment) than that in the same groups of Kkakdugi.
The results, together with the comparison of tyramine content in B and C groups between two types
of radish kimchi described above, can be explained by two speculations. The first is the difference in
the ability of L. brevis strains to produce tyramine. The second is the distinguishable adaptation of the
strains to different food ecosystems, i.e., differences in the main ingredients and/or ratio of ingredients
in seasoning paste between two types of radish kimchi. Since KD3M5 strain served as an inoculum
for Kkakdugi revealed a stronger ability to produce tyramine (377.35 ± 4.36 μg/mL) than CG2M15
strain for Chonggak kimchi (328.48 ± 2.61 μg/mL) when compared in vitro (refer to Section 3.3), the
second speculation seems to be more probable than the first one. In addition, it is well known that
bacteria produce BA to neutralize acidic environments as part of homeostatic regulation [47]. In this
study, however, both radish kimchi samples of PC and LB groups showed similar patterns of acidity
changes, so that the homeostatic regulation was excluded from possible reasons. Either way, there
seem to be much complicated cross effects by the combinations of factors influencing the intensity
of BA production by LAB during fermentation of kimchi variety. Interestingly, LP group of both
radish kimchi had significantly lower levels of tyramine than the other groups. Thus, it seems that
L. plantarum strains unable to produce BA in vitro not only have incapability of producing BA during
fermentation, but also may inhibit tyramine production by indigenous LAB strains. This indicates the
applicability of this species as a starter culture for reducing BA in kimchi variety.

Figure 3. Changes in BA content in Kkakdugi during fermentation. �: B (no addition of Myeolchi-aekjeot
and Saeu-jeotgal, no inoculum), �: C (addition of Myeolchi-aekjeot and Saeu-jeotgal, no inoculum),
�: PC (addition of Myeolchi-aekjeot and Saeu-jeotgal, L. brevis JCM 1170), �: LB (addition of
Myeolchi-aekjeot and Saeu-jeotgal, L. brevis KD3M5), �: LP (addition of Myeolchi-aekjeot and Saeu-jeotgal,
L. plantarum KD3M15).
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Figure 4. Changes in BA content in Chonggak kimchi during fermentation. �: B (no addition of
Myeolchi-aekjeot and Saeu-jeotgal, no inoculum), �: C (addition of Myeolchi-aekjeot and Saeu-jeotgal, no
inoculum), �: PC (addition of Myeolchi-aekjeot and Saeu-jeotgal, L. brevis JCM 1170), �: LB (addition of
Myeolchi-aekjeot and Saeu-jeotgal, L. brevis CG2M15), �: LP (addition of Myeolchi-aekjeot and Saeu-jeotgal,
L. plantarum CG3M21).

Differently from tyramine, histamine content in all groups of both radish kimchi gradually
decreased during fermentation. This result might be because there were some indigenous LAB
strains with histamine-degrading activity. Similarly, Kim et al. [48] reported a significant reduction of
histamine content in Baechu kimchi inoculated with type strains of different LAB species including
L. sakei, L. plantarum, Leu. carnosum, and Leu. mesenteroides, when compared with non-inoculated
kimchi, suggesting that some LAB stains in kimchi are capable of degrading histamine. Meanwhile,
the experimental groups of Kkakdugi and Chonggak kimchi prepared with Myeolchi-aekjeot (C, PC, LB,
and LP groups) contained a significantly higher level of histamine than B group, which is in accordance
with the suggestion of previous studies [12,22]. In the studies, the authors assumed that histamine level
in Baechu kimchi could be affected by histamine in Myeolchi-aekjeot. Taking this into account, histamine
content of Kkakdugi and Chonggak kimchi in the present study seems to come from Myeolchi-aekjeot
rather than microbial histamine production during fermentation.

Putrescine and spermidine content steadily increased in all groups of Kkakdugi and Chonggak
kimchi during fermentation, which is in agreement with previous reports [12,46]. There was a small and
insignificant difference in putrescine and spermidine content among the groups of both radish kimchi
during fermentation, which indicates that LAB strains—including L. brevis and L. plantarum—produced
the polyamines during fermentation. Meanwhile, the initial concentrations putrescine and spermidine
in Kkakdugi and Chonggak kimchi might be come from main ingredients, i.e., white radish and ponytail
radish, respectively. In addition, a sharp increment of putrescine was observed during day 3 of
fermentation, in the case of C group of Chonggak kimchi. To ignore the possibility of outliers, the
fermentation experiment was repeatedly performed; however, the same results were observed, and
the reason for such observation was not clear.

Somewhat differently from above, cadaverine content in all groups of Kkakdugi and Chonggak
kimchi showed an increment during day 1 of fermentation and slight decline thereafter, although the
increased cadaverine amount was mostly higher in Kkakdugi than in Chonggak kimchi. The difference
in the intensity of cadaverine formation between two types of radish kimchi seems to be attributed to
the complex combinations of factors described above to explain difference in the kinetics of tyramine
formation between two radish kimchi. Interestingly, the initial cadaverine content in C, PC, LB,
and LP groups of both radish kimchi was higher than that in B group, which might be come from
Myeolchi-aekjeot rather than Saeu-jeotgal. The speculation is supported by a study by Cho et al. [22]
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who reported a significantly higher level of cadaverine in Myeolchi-aekjeot (up to 263.6 mg/kg) than
that in Saeu-jeotgal (up to 7.0 mg/kg). For both radish kimchi, C group contained the highest level of
cadaverine, as compared to the other groups, over the fermentation period. This may be explained by
a presumption that while cadaverine-producing bacteria derived from Myeolchi-aekjeot are probably
responsible for cadaverine formation during fermentation of both radish kimchi, LAB strains (L. brevis
and L. plantarum) served as inocula are probably capable of degrading cadaverine. Supporting
this presumption, Mah et al. [49] reported that Bacillus strains isolated from Myeolchi-jeotgal were
highly capable of producing cadaverine. Capozzi et al. [50] also reported that L. plantarum strains
isolated from wine were capable of degrading cadaverine. At present, however, investigations on
cadaverine-degrading activity of L. brevis are rarely found in literature.

As for change in spermine content, there appeared difference among groups of Kkakdugi and
Chonggak kimchi. In PC and LB groups of both radish kimchi, a gradual decrease of spermine content
was observed over the fermentation period, and the content was relatively lower than that in the other
groups of both types of radish kimchi. This implies that L. brevis could be able to degrade spermine,
although relevant reports are scarce to date. It is worth nothing that in B, C, and LP groups, spermine
content decreased for day 1 of fermentation and slightly increased thereafter in Kkakdugi, whereas
that in Chonggak kimchi increased for day 1 and slightly decreased thereafter. The different kinetics
of spermine formation seems to result from the complex combinations of factors mentioned above.
Therefore, it would be interesting in a future study to identify the factors (and combinations thereof)
associated with BA formation or degradation by LAB strains during fermentation of Kkakdugi and
Chonggak kimchi. The factors may involve time-related successional changes and/or interactions
of microorganisms during fermentation as well as ingredients of foods and metabolic activities of
strains [51]. In addition, recent studies suggested that results of in vitro BA production by food
fermenting microorganisms were in disagreement with those of BA formation during fermentation
of the corresponding foods [52,53]. In the present study, however, L. brevis was considered to be
responsible for tyramine formation not only in vitro but also during practical fermentation of Kkakdugi
and Chonggak kimchi.

4. Conclusions

The present study indicated that the amounts of BA in most samples of Kkakdugi and Chonggak
kimchi were considered safe for consumption, but some samples contained histamine and total BA at
concentrations over toxicity limits (≥100 mg/kg and ≥1000 mg/kg, respectively). It was also found
that, while Myeolchi-aekjeot seems to be an important source of histamine in both types of radish kimchi,
L. brevis strains isolated from Kkakdugi and Chonggak kimchi are highly capable of producing tyramine
in assay media. On the other hand, the physicochemical and microbial properties of both radish
kimchi revealed weak correlations with BA content in the respective kimchi types in the present study.
Through the practical fermentation of Kkakdugi and Chonggak kimchi, it turned out that L. brevis is
responsible for tyramine formation, and Myeolchi-aekjeot influences histamine and cadaverine content
in both radish kimchi. Consequently, this study suggests strategies for reducing BA in radish kimchi:
the alteration of the ratio of ingredients used for kimchi preparation, particularly reducing ratio of
Myeolchi-aekjeot to others, and use of starter cultures other than tyramine-producing L. brevis strains,
especially BA-degrading LAB starter cultures. Studies on other contributing factors influencing the
intensity of BA production by LAB are also required to understand complex kinetics of BA formation
in the kimchi.
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Abstract: Low-histamine diets are currently used to reduce symptoms of histamine intolerance, a disorder
in histamine homeostasis that increases plasma levels, mainly due to reduced diamine-oxidase (DAO)
activity. These diets exclude foods, many of them of plant origin, which patients associate with the
onset of the symptomatology. This study aimed to review the existing data on histamine and other
biogenic amine contents in nonfermented plant-origin foods, as well as on their origin and evolution
during the storage or culinary process. The only plant-origin products with significant levels of
histamine were eggplant, spinach, tomato, and avocado, each showing a great variability in content.
Putrescine has been found in practically all plant-origin foods, probably due to its physiological
origin. The high contents of putrescine in certain products could also be related to the triggering
of the symptomatology by enzymatic competition with histamine. Additionally, high spermidine
contents found in some foods should also be taken into account in these diets, because it can also be
metabolized by DAO, albeit with a lower affinity. It is recommended to consume plant-origin foods
that are boiled or are of maximum freshness to reduce biogenic amine intake.

Keywords: histamine; putrescine; tyramine; cadaverine; biogenic amines; histamine intolerance;
low-histamine diet; plant-origin foods; culinary process; storage conditions

1. Introduction

In recent years, various diets have been proposed for the treatment of histamine intolerance [1–8].
These diets, known as low- or free-histamine diets, usually exclude foods that patients associate with
the onset of intolerance symptoms. Such foods tend to be rich in histamine, but some, surprisingly,
are not usually regarded as sources of this amine.

As described in the literature and scientific reports issued by the European Food Safety Authority
(EFSA) and a joint Food and Agriculture Organization of the United Nations (FAO)/World Health
Organization (WHO) committee, histamine intolerance (also called food histaminosis or food histamine
sensitivity) is a disorder associated with increased plasma histamine levels and is recognized as
clinically different from the more established histamine intoxication [9,10]. Although in both cases,
histamine is the causative agent, the etiology of the disorders differs. Intoxication appears after the
consumption of foods with unusually high histamine concentrations, while intolerance is due to a
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deficiency in histamine metabolism, so that symptoms may be triggered even by the intake of low
amounts [1,9–11].

Diamine oxidase (DAO) is the main enzyme responsible for the metabolism of histamine and
other amines at the intestinal level, and impaired DAO activity is one of the main causes of histamine
intolerance [1,12,13]. This enzymatic deficit may have its origins in genetic mutations. Different
polymorphisms of a single nucleotide in the gene that encodes this enzyme (AOC1 on chromosome 7)
have been associated with lower DAO activity [14–16]. The deficit may also be due to acquired
causes such as inflammatory bowel diseases that block the secretion of DAO [1,3,12], or to the
inhibitory action of drugs, some of them with a very widespread use (e.g., acetylcysteine, clavulanic
acid, metoclopramide, verapamil) [1,17]. Another enzyme involved in histamine metabolization is
monoamine oxidase (MAO) [13]. Therefore, MAO inhibitor drugs, such as selegiline or rasagiline,
could also favor the plasmatic accumulation of histamine and the onset of symptoms of histamine
intolerance. In addition, the presence of other biogenic amines, mainly putrescine and cadaverine,
may compromise the intestinal degradation of histamine by enzymatic competition with DAO [9].

The symptoms of histamine intolerance are numerous and highly variable, due to the effects
and functions of histamine in multiple organs and systems of the body. They include gastrointestinal
(abdominal pain, diarrhea, vomiting), dermatological (urticaria, dermatitis, or pruritus), respiratory
(rhinitis, nasal congestion, and asthma), cardiovascular (hypotonia and arrhythmias), and neurological
(headaches) symptoms, and it is common for more than one disorder to occur simultaneously [1,11,12].
Several clinical studies have shown that patients with a potential diagnosis of histamine intolerance or
with a diagnosis of migraine, intestinal, or dermatological diseases (atopic dermatitis, eczema, or chronic
urticaria) have a higher prevalence of DAO deficits compared to the control population [3,6,18–28].

In order to carry out a correct dietary treatment of histamine intolerance, it is necessary to know
what foods may contain this amine and what factors influence its accumulation. Likewise, it is also
important to consider the occurrence of other amines that are also metabolized by the DAO enzyme.
In contrast to plant-origin foods, there is more available information on the contents of histamine
and other amines in fish and fish derivatives and all types of fermented products (cheeses, sausages,
sauerkraut, wines, beer), in which their presence is attributed to the aminogenic activity of spoilage
microorganisms and also to fermentative microorganisms [9,10,29]. Therefore, the freshness of the
food and the hygienic conditions of the raw materials and manufacturing processes, as well as the
adequate selection of starter cultures without decarboxylase activity, are of vital importance to avoid
or reduce the formation of these compounds [9,29–31].

Due to the information available on the contents of biogenic amines in nonfermented plant-origin
foods being scarce, the aim of this study was to review the existing data on the contents of histamine
and other biogenic amines in these types of products, as well as their origin and evolution during
storage or cooking.

2. Methods

A selective search of scientific literature dealing with biogenic amine contents in nonfermented
plant-origin foods, including vegetables, fruits, and cereals, was performed. The bibliographic
search was carried out in the PubMed and Web of Science databases using the following keywords:
“histamine”, “biogenic amines”, “tyramine”, “putrescine”, “cadaverine”, “plant-origin food”, “food
samples”, “storage”, “cooking”, “fruit”, “vegetable”, “legume”, “cereal”, “spinach”, “eggplant”,
“tomato”, “citrus”, “modified atmosphere packaging”, and “microbial decarboxylase activity”.
Original analytical studies, reviews, and table compilations of content in food were included. Articles
published before 1990 were excluded from this review.

Apart from data obtained from the literature, data on the biogenic amine content of plant-origin
foods from our own database of Spanish market products were also used. Specifically, histamine,
tyramine, putrescine, and cadaverine contents of 25 types of vegetables, 19 fruits, and 8 cereals
were included.
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3. Content of Biogenic Amines in Plant-Origin Foods

In this section, the contents of biogenic amines (histamine, tyramine, putrescine, and cadaverine)
in different plant-origin foods are reviewed, using our own database and data from studies published
by other authors. A total of 20 studies reporting data on biogenic amine contents in such foods were
found. Most provided data on putrescine contents (normally together with the polyamines spermine
and spermidine, not dealt with in this section), and only a few included other amines, such as histamine,
tyramine, and cadaverine.

3.1. Vegetables and Legumes

Table 1 shows the contents of biogenic amines in different types of vegetables and legumes
(nonfermented).

The only products found to contain significant levels of histamine were eggplant, spinach,
and tomato, each showing a great variability in content, both in samples from the same study and
among different studies. Histamine values ranged from 4.2 to 100.6 mg/kg in eggplant, from 9.5 to
69.7 mg/kg in spinach, and from not detected to 17.1 mg/kg in tomato. In the case of asparagus,
pumpkin, and chard, histamine was found in only a few samples and at very low levels (<2 mg/kg).

Histamine occurs naturally in certain foods [29,32], which explains why it was recorded in
practically all samples of spinach, eggplant, and tomato. The variability observed may have been due
to botanical variety, as reported by Kumar et al. [33] for eggplant. However, as occurs in foods of
animal origin, the presence of high contents of histamine and other amines in plant-origin products
could also be associated with microbial activity [29,32,34]. Lavizzari et al. [32] attributed the high
contents of histamine in spinach to the activity of contaminating bacteria during storage, belonging
mainly to the groups Enterobacteriaceae and Pseudomonadaceae. There is currently a need for more
research to understand in more detail the origin of histamine in plant foods such as spinach, eggplant,
and tomatoes.

Tyramine has been found in more foods than histamine, although in lower concentrations,
in no case exceeding 10 mg/kg. It should be noted that histamine-containing foods also contained
tyramine (eggplants, tomatoes, spinach, chard, and asparagus). Although there is very little information
about the origin of tyramine in nonfermented vegetables, its presence seems to be associated with
microbial aminogenic activity. The ability to form tyramine has been reported for bacteria of the genus
Enterococcus isolated from plants and fruits, mainly E. faecium, E. mundtii, and E. casseliflavus [35].

Putrescine has been detected in all the studied vegetables and legumes, although its content
varied greatly among foods and sometimes also within the same product. In most vegetables and
legumes, the average values ranged from 1 to 25 mg/kg. However, some samples of green pepper,
eggplant, sweet corn, green and purple beans, spinach, tomato ketchup, soybeans, and peas had
strikingly high putrescine contents, in some cases exceeding 200 mg/kg (Table 1). The putrescine
found in food can have a dual origin. In plant-origin foods, low contents of this amine generally have
a physiological source, as it performs different functions in plants, as do the polyamines spermidine
and spermine, ranging from the activation of organogenesis to protection against stress [34,36,37].
On the other hand, the presence of putrescine is also associated with the decarboxylase activity of
different groups of spoilage bacteria, mainly Enterobacteriaceae and Clostridium spp. [36]. According
to Kalač et al. [38], the high amounts of putrescine found in frozen peas are due to bacterial activity in
the period between harvesting and freezing or during thawing. However, high putrescine contents
cannot always be attributed to bacterial decarboxylase activity. Toro-Funes et al. [39] have suggested
that the considerable levels of putrescine found in soybean sprouts arise from the germination process,
as this amine is a plant growth factor. In general, based on the available information, and due to the
great variability in the reported contents, it is difficult to establish to what degree the presence of
putrescine in plant-origin products can be considered physiological or the result of bacterial activity.
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Cadaverine, like tyramine, has been described in few vegetables and legumes and in relatively
low concentrations, with average values that in no case exceeded 8 mg/kg. The values reported by
Nishimura et al. [40] in onion (29 mg/kg) and tofu (18 mg/kg) were an exception.

3.2. Fruits and Nuts

Table 2 shows the content of biogenic amines in different types of fresh fruits, fruit juices, and nuts.
There were fewer publications reporting amine data for this type of food than for vegetables and
legumes. In general, the contents were low, putrescine being in many cases the only amine found
(in addition to the polyamines spermidine and spermine).

Avocado and kiwi, and grapefruit, orange, and pineapple juices, are the only products in this
category for which the presence of histamine has been reported, but not in all studies. The 23 mg/kg of
histamine in avocado reported by Jarisch et al. [12] stands out, although no relevant information about
its possible origin was provided. A study conducted by Preti et al. [41] concluded that the presence
of histamine in grapefruit, orange, and pineapple juices is due to a lack of hygienic quality during
processing or storage, since this amine is not found in the original fresh fruit.

Similarly, very few fruits contained tyramine, and levels have always been low (Table 2). Avocado
and plum stand out for their content of this amine, although in no case has it exceeded 7 mg/kg.

Putrescine has been found in practically all the fruits and nuts, with the highest levels in orange,
orange juice, mandarin, grapefruit, grapefruit juice, banana, passion fruit, and pistachio. The range of
contents of this amine in citrus fruits and their juices has been very broad, varying from not detected
to as high as 200 mg/kg. Suggested explanations for this variability have included different origins,
cultivation, and transport and storage conditions [41–44]. As reported by Gonzalez-Aguilar et al. [45],
the contents of putrescine in mandarin (flavedo) can be increased by a drop in temperature before
harvesting and by damage of mechanical origin. Its presence in most of the samples, unaccompanied by
high levels of other amines (related to bacterial activity), seemed to indicate that, with some exceptions,
putrescine in fruits has a physiological origin. To confirm this, it would be necessary to carry out
more studies analyzing the fruit at the moment of collection. The only fruits reported as having no
putrescine were avocado and plum, although interestingly, these did contain histamine and tyramine.

The only fruits with a notable content of cadaverine were bananas and sunflower seeds, for which
Nishimura et al. [40] reported average levels of 11 and 22 mg/kg, respectively, although these data
were from the analysis of only two samples.

3.3. Cereals and Derivatives

Table 3 shows the contents of biogenic amines in cereals and some derivatives such as breakfast
cereals, pasta, and bread. The quantitative information available on amines in cereals is very limited.
In principle, these foods do not contain amines other than putrescine, which has a physiological
origin [36]. The only standout source of putrescine is wheat germ, which, like soya bean sprouts, has a
high rate of cell division, in which putrescine and polyamines play a significant role [36].
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Putrescine contents in wholemeal bread were slightly higher than in bread made with refined
flour. In white bread, low contents of cadaverine have also been reported, although only in one study,
and from the analysis of two samples.

4. Evolution of Amine Contents during Storage and Cooking

The variability of amine contents observed among samples of the same product can be attributed
mainly to conditions of production, transport, and storage [42].

The storage temperature is one of the most important factors in the formation of biogenic
amines [11,29]. Refrigeration delays or reduces the aminogenic potential of microorganisms, although
the formation of amines at refrigeration temperatures (4–10 ◦C) has been reported. The influence of
the conservation temperature has been widely studied in foods such as meats, fish, and fermented
products [29,30,58], but scarcely in plant-origin foods.

A study conducted by Simon-Sarkadi et al. [59] showed a clear increase in putrescine in different
types of green leafy vegetables (lettuce, endives, Chinese cabbage, and radicchio) during six days
of storage at 5 ◦C. The authors concluded that there was a positive correlation between putrescine
contents and the hygienic state of these foods (total microorganism counts). Tyramine contents also
showed a tendency to increase slightly. Histamine was present only in Chinese cabbage and in very
low concentrations, remaining stable throughout the study period. In contrast, when Moret et al. [34]
studied the effect of storage temperature on the amine content in various vegetables (parsley, zucchini,
broccoli, and cucumber), no significant changes in histamine, tyramine, putrescine, and cadaverine
were observed after three weeks of refrigeration.

Lavizzari et al. [32] also reported an increase in histamine in different spinach samples over
12–15 days of storage at 6 ◦C, noting that the relatively high pH of this vegetable favored the growth of
Gram-negative bacteria, which could have been responsible for the formation of this amine during
storage. The contents of tyramine and putrescine did not undergo significant changes under these
storage conditions. It should be noted that in two of the five trials carried out in this study, histamine
levels decreased in the last days of storage. The authors suggested that this histamine degradation
could have been due to the action of bacteria with DAO activity, as well as the effect of the pH,
which reached values above 8 [32]. Another study also recently reported the complete degradation of
histamine in a spinach sample (61 mg/kg) after three weeks of storage at 4 ◦C [54].

Modified atmosphere packaging, together with low storage temperatures, is commonly used to
extend the life of fresh vegetables and fruits. This type of packaging can influence the capacity of
microorganisms to form amines [30,58,60]. Esti et al. [43] monitored the contents of amines during the
ripening of cherries and apricots packaged in modified atmospheres and stored at 0 ◦C, and found that
after 20 days of storage the contents of amines (mainly putrescine) had decreased by 20% compared to
the initial value. Although the authors did not provide an explanation for this reduction, it could have
been due to putrescine serving as a substrate for polyamine formation [36].

Another factor that can affect the content of biogenic amines in foods of plant origin, especially
vegetables, is the culinary process. Again, the results reported in the literature were variable, depending
on the type of cooking and the amine in question.

Latorre-Moratalla et al. [61] evaluated the effect of cooking spinach in water, with or without
salt. The cooking process reduced the histamine content in all the samples by an average of 83%
with respect to the raw product (after a correction for the dilution effect of the cooking). Analysis
confirmed a transfer of histamine to the cooking water, which was not enhanced by the addition
of salt. Likewise, Kumar et al. [33] observed the loss of 11–14% histamine in eggplants boiled at
100 ◦C for 10 min. Veciana et al. [62] also concluded that the putrescine content in certain vegetables
(spinach, cauliflower, Swiss chard, potato, and green beans) is reduced by transfer to the cooking
water. However, this heat treatment had no effect on the putrescine content in other vegetables such
as pepper, pea, and asparagus. Eliassen et al. [42] also found no significant differences in putrescine
levels among different types of raw and boiled vegetables (carrot, broccoli, cauliflower, and potato),
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although they acknowledged that the low number of samples analyzed (two per food) was a limitation
when trying to reach a conclusion.

Conversely, three recent studies have shown an increase in amine levels after a cooking process.
According to Lo Scalzo et al. [63], boiling and grilling enhanced the putrescine content in a specific
variety of eggplant by 55% and 32%, respectively. In the other two varieties of eggplant tested,
the cooking had no effect. Similarly, Preti et al. [46] reported a significant increase in putrescine in
green beans after boiling, whereas steaming did not modify the contents. According to the work
performed by Chung et al. [64], frying brought about a 2.5- and 4-fold increase in histamine in carrots
and seaweed, respectively. The authors attributed this increase to the loss of water caused by the high
heat treatment. The same process had no effect on spinach and onions. However, it should be noted
that in this study, the contents of histamine in all foods were well below 1 mg/kg, both before and
after frying.

Amines are thermostable compounds, so in principle changes in contents can only be due to their
transfer to the cooking water or by dilution or concentration effects of the culinary process, in which
the food gains or loses water.

5. Plant-Origin Foods in Low-Histamine Diets

At present, the main strategy to prevent the onset of histamine intolerance symptoms is to follow
a low-histamine diet. Its efficacy has been demonstrated in different clinical studies, which have
always described an improvement or remission of gastrointestinal, dermatological, and neurological
symptoms [3,6,18–20,22,24,27,65–67] if the diet was followed.

Current low-histamine diets exclude foods that patients associate with the onset of symptoms [1–8],
such as blue fish and their preserves, and all kinds of fermented products (cheeses, sausages, wine,
beer, sauerkraut, and fermented soy derivatives), all of which are susceptible to having high contents
of histamine and other amines. A high number of nonfermented plant-origin foods are also excluded:
The average contents of biogenic amines and polyamines in these foods are shown in Table 4. As can
be seen, with the exception of spinach, eggplant, tomatoes, and avocado, for which high amounts of
histamine have been described, the rest contained very little or no histamine, so a priori should not be
responsible for triggering symptoms. However, some of them had relatively high contents of other
biogenic amines and polyamines.

Table 4. Content of histamine and other biogenic amines (mg/kg fresh weight) in plant-origin foods
excluded from different low-histamine diets [1–8]. Data obtained from own database and from different
scientific studies [5,12,34,38–42,47–55,57].

Food Items Histamine Putrescine Cadaverine Tyramine Spermidine Spermine

Spinach a 9–70 nd–119 nd–9 1–10 14–53 nd–9
Eggplant a 4–101 24–49 nd–5 nd–2 2–12 nd–6
Tomato a nd–17 5–122 nd–2 nd–6 2–16 nd–2
Ketchup a nd–22 nd–165 nd nd nd–33 nd–12
Avocado a nd–23 nd nd 0.5–5 nd–7 2–8

Citrus (fresh and juices) b nd–2 7–200 nd–2 nd–5 nd–12 nd–5
Mushroom b nd nd–156 nd nd 9–155 nd–13

Banana b nd 15–50 nd–10 nd–2 8–16 nd–3
Soybean or soybean sprouts b nd 2–57 nd–0.3 nd 33–389 7–114

Nuts b nd nd–40 nd–23 nd–3 6–40 2–33
Pears b - 2–25 nd–0.4 - 30–76 8–49

Lentils b nd nd–21 nd nd 15–107 5–18
Chickpeas b nd 1–6 nd–0.5 nd–0.5 15–85 4–32

Peanuts c nd nd–3 nd nd 23–48 5–13
Kiwi c nd–2 nd–15 nd nd 3–6 nd–2

Papaya c - 5–20 nd - 4–8 nd–2
Strawberry c nd 2–6 nd–4 nd 5–10 nd–2
Pineapple c nd nd–8 nd–3 nd nd–3 nd–1

Plum c nd nd nd 1–7 2–3 nd–4

Here, nd: not detected; -: values not reported by the studies; a plant-origin foods with histamine; b plant-origin
foods without histamine but with high contents of other amines; c plant-origin foods with low levels of all amines.
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Putrescine, cadaverine, and tyramine are all substrates of the DAO enzyme, so if present in high
amounts they may increase the adverse effects of histamine by competing as rival substrates or for
binding sites in the intestinal mucosa [1,9,68,69]. The high putrescine contents found in citrus fruits,
mushrooms, soybeans, bananas, and nuts could thus explain why patients associate their consumption
with the onset of histamine intolerance symptoms. However, it should be noted that some foods with
similar or even much higher putrescine contents, such as green pepper, peas, or corn, are permitted in
low-histamine diets (Table 1).

The polyamines spermidine and spermine can also be metabolized by DAO, albeit with a lower
affinity [68,69], and therefore their presence should also be taken into account in this type of diet
(Table 4). Thus, the exclusion of foods such as soybeans, mushrooms, lentils, chickpeas, peanuts, nuts,
and pears may be justified by their high polyamine content.

Finally, the levels of biogenic amines and polyamines found in kiwi, papaya, strawberry,
pineapple, and plum are too low to justify their exclusion. Some authors consider these foods,
along with others such as milk, shellfish, and eggs, as endogenous histamine releasers, although
by mechanisms still not well understood [1,11,70].

6. Conclusions

Biogenic amine data in nonfermented plant-origin foods from the different reviewed studies
showed a great variability both within the same food item and among them. Putrescine was the most
frequent biogenic amine found in fresh vegetables, legumes, fruits, and cereals, and only a limited
number of products contained relevant levels of histamine (eggplant, spinach, tomato, and avocado).
Tyramine and cadaverine were usually more scarcely found in plant-origin foods. Generally, low
levels of histamine and putrescine may have a physiological origin. However, undesirable microbial
enzymatic activity during production or storage may lead to the accumulation of high levels of
these amines.

No single trend has emerged in the evolution of amine contents during refrigerated storage,
which might be at least partly due to the different experimental designs of the studies. In some cases,
refrigeration seems to have prevented the formation of certain amines, but this remains a hypothesis,
as no study performed a comparative analysis of samples stored under refrigeration and at room
temperature. The increase in the biogenic amine content during refrigerated storage reported by
other authors may be attributed to bacterial activity. Additionally, some studies have observed an
influence of culinary process on the biogenic amine content, mainly derived from the transfer of these
compounds to the boiling water or by dilution or concentration effects of the applied treatment.

The exclusion of a high number of plant-origin foods from low-histamine diets cannot be
accounted for by their histamine contents, but is more likely due to high levels of putrescine or
spermidine. The plant-origin foods consumed by people with histamine intolerance should be of
maximum freshness, since histamine and other amines may continue to form during refrigerated
storage. The cooking of vegetables in water (boiling) is another relevant strategy for this population,
since it can reduce the contents of histamine and other amines in the food.
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44. Kalač, P.; Křížek, M.; Pelikánová, T.; Langová, M.; Veškrna, O. Contents of polyamines in selected foods.
Food Chem. 2005, 90, 561–564. [CrossRef]

45. González-Aguilar, G.A.; Zacarias, L.; Perez-Amador, M.A.; Carbonell, J.; Lafuente, M.T. Polyamine content
and chilling susceptibility are affected by seasonal changes in temperature and by conditioning temperature
in cold-stored “Fortune” mandarin fruit. Physiol. Plant 2000, 108, 140–146. [CrossRef]

46. Preti, R.; Rapa, M.; Vinci, G. Effect of Steaming and boiling on the antioxidant properties and biogenic amines
content in Green Bean (Phaeseolus vulgaris) varieties of different colours. J. Food Quality 2017. [CrossRef]

47. Ziegler, W.; Hahn, M.; Wallnöfer, P.R. Changes in biogenic amine contents during processing of several plant
foods. Deut. Lebensm. Rundsch. 1994, 90, 108–112.

48. Cipolla, B.G.; Havouis, R.; Moulinoux, J.P. Polyamine contents in current foods: A basis for polyamine
reduced diet and a study of its long-term observance and tolerance in prostate carcinoma patients.
Amino Acids 2007, 33, 203–212. [CrossRef] [PubMed]

49. Nishibori, N.; Fujihara, S.; Akatuki, T. Amounts of polyamines in foods in Japan and intake by Japanese.
Food Chem. 2007, 100, 491–497. [CrossRef]

50. Bardócz, S.; Grant, G.; Brown, D.S.; Ralph, A.; Pusztai, A. Polyamines in food—Implications for growth and
health. J. Nutr. Biochem. 1993, 4, 66–71. [CrossRef]

51. Okamoto, A.; Sugi, E.; Koizumi, Y.; Yanadiga, F.; Udaka, S. Polyamine content of ordinary foodstuffs and
various fermented foods. Biosci. Biotechnol. Biochem. 1997, 61, 1582–1584. [CrossRef] [PubMed]
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