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Abstract:
molds) as a result of the metabolism of some amino acid, usually decarboxylation reactions. BA-producing microorganisms

Biogenic amines (BAs) are toxic compounds produced by a number of microorganisms (bacteria, yeasts, and

are not necessarily pathogenic, such as lactic acid bacteria, which are, on the contrary, among the most beneficial
microbiota to human beings and some of which even have probiotic properties. However, the incidence of BAs in dairy
products and their possible implication in serious dairy-borne intoxications has long been overlooked. Consequently,
the implementation of control measures to limit such an incidence has not been considered among the priorities of the
food safety authorities. Nonetheless, there is a growing concern with regard to the presence of BAs in dairy products,
because their toxicological status as toxins that may have serious acute and/or chronic adverse health effects is becoming
increasingly evident and well-documented. The main BAs associated with dairy products are reviewed herein from the
perspective of their incidence in these food products, and to draw the attention of readers to the shortage in data to
perform pertinent risk assessment, which is considered to be a key action to provide efficient control means and to help
decision makers issue appropriate legislative and regulatory measures.
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Introduction

Dairy products are important components in the diet of human
beings around the world. Their current consumption is relatively
high and is expected to increase steadily during the next 2 decades
(Gerosa and Skoet 2013). Therefore, the provision of wholesome
and safe dairy products to consumers is expected to be more
challenging with the anticipated increased consumption, as the
risk increases with the exposure to hazards, such as biogenic amines
(BAs), potentially present in the product; the exposure is a function
of the intake, which is positively correlated with the consumption.
The increase in consumer demand for minimally processed dairy
products and those prepared from raw milk adds to this challenge.

However, milk provides an adequate medium for the growth
of virtually all microorganisms, including those producing toxic
metabolites due to its rich and balanced chemical composition.
Microbial growth and subsequent in situ production of metabo-
lites with putative toxicological effects is favored by the limited
inhibitory activity of the naturally occurring antimicrobial sub-
stances in milk (Benkerroum 2008, 2010; Claeys and others 2013).

Therefore, dairy products have been frequently associated with
foodborne intoxications due to contamination with preformed
toxins of microbial origin, including bacterial exotoxins, mold
mycotoxins, and BAs. The latter toxic compounds continue to
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raise concern due to their frequent detection at high levels in
various types of dairy products, especially ripened cheeses, and
to increased awareness of their actual or potential adverse health
effects. Also, the fact that BAs are produced not only by microbial
dairy contaminants of different origins but also by the techno-
logical microbiota used in the fermentation and/or ripening of
dairy products, including lactic acid bacteria, yeasts, and molds,
complicates their control by conventional means.

This review focuses on BAs that can occur in various types
of dairy products as a result of the metabolism of some amino
acids. The precursor amino acids occur naturally in milk or are
generated by hydrolytic activities of proteases, peptidases, and/or
aminopeptidases on milk proteins during cheese-making (fermen-
tation, maturation, and/or storage of the product). The BAs are
reviewed herein from the perspective of their incidence in dairy
products, their origin, and biosynthesis pathways for their gener-
ation and accumulation in dairy products, and to suggest possible
means to control their presence in these products. Some emphasis
is put on the need to implement surveillance programs in order to
generate the necessary data for pertinent risk assessment studies.

Origin of BAs in Dairy Products

BAs represent a group of toxic compounds, which has been
classically associated with seafood (Shalaby 2000). However, the
presence of these natural toxicants in dairy products is raising
increased concern regarding food safety. BAs are low molecular
weight basic substances, which are structurally related to alka-
loids, and they are analogs of naturally occurring amines that play
important physiological roles in animals and plants (Smith 1971,
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Figure 1-Formation of biogenic amines in food as a result of microbial metabolic activities. Gray arrows represent decarboxylation reactions leading
directly to the formation of biogenic amines, and the dashed arrows indicate biogenic amines produced through pathways that differ from a 1-step
decarboxylation reaction (see Figure 2 and 3 for detailed reactions and enzymes involved in polyamine biosynthesis). Adapted from Ruiz-Capillas and

Jimenez-Colmenero (2004)

Medina and others 2003). For example, the so-called “natural
BAs” (they are biosynthesized de novo) play vital roles in the bio-
regulation of cell growth and gene expression, protein synthesis,
membrane division and stabilization, tissue repair, and modulation
of intracellular signaling pathways and ion channels (Kusano and
others 2008; Galgano and others 2012). In addition, polyamines
(agmatine, spermine, and spermidine) and diamines (putrescine
and cadaverine [CAD]; also considered as polyamines by some au-
thors) play an important role in the regulation of membrane-linked
enzymes, as they can interact with the anionic phospholipids of
the membrane owing to their polycationic nature (Moinard and
others 2005; Igarashi and Kashiwagi 2010). However, these nitro-
gen compounds are designated as biogenic or exogenous amines (as
opposed to endogenous amines synthesized physiologically) when
they are formed in foods by microorganisms where they play phys-
iological roles. In microorganisms, BAs contribute to the provision
of metabolic energy through proton-motive force when released
outside the cell via antiporter systems (Molenaar and others 1993)
or at substrate level when produced via pathways involving carba-
mate kinase (CK) enzyme (Cunin and others 1986). In addition,
BAs play direct roles in acid tolerance (Romano and others 2014;
del Rio and others 2015b) and in the regulation of osmotic and
oxidative stresses (Ferndndez and Zuniga 2006). Therefore, BAs
are expected to be found in fermented foods and beverages of
both animal or plant origin, especially in foods with high protein
content (fish and fish products, meat and meat products, eggs, and
dairy products) where they are released upon microbial/enzymatic
hydrolysis of the proteins. The main BAs occurring in dairy prod-
ucts are produced by microbial metabolism consisting essentially of
a decarboxylation reaction of specific cationic or aromatic amino
acids (Figure 1). In some instances, aliphatic amines can derive
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from the amination and transamination of aldehydes and ketones
(Koutsoumanis and others 2010).

Biosynthesis Pathways of BAs
A one-step decarboxylation reaction

Histamine (HIM), tyramine (TYM), phenylethylamine (PEA),
and CAD are produced by a 1-step decarboxylation reaction from
their respective precursor amino acids histidine, tyrosine, pheny-
lalanine, and lysine. The production of these BAs in the cytoplasm,
followed by their excretion outside the cell, requires systems
for active transport and amino acid decarboxylase enzymes. The
transport of precursor amino acids into the cytoplasm occurs gen-
erally via an antiporter protein in exchange for the resulting BA,
with the known exception of tyrosine, which can use a uniporter
transport system, although less efficiently than the antiporter
system using TyrP protein. Following its intake, the precursor
amino acid is decarboxylated by pyridoxal phosphate-dependent
decarboxylases. The most studied of such decarboxylases are his-
tidine decarboxylase (HDC), tyrosine decarboxylase (TDC), and
lysine decarboxylase (LDC) produced by various bacteria where
they are coded by the respective genes hdcA, tdcA, and cadA. These
decarboxylase-coding genes are organized in clusters with other
genes involved in other steps of the BA production process, such
as transport and maturation of the enzyme, as shown in Figure 2.
The specificity of these decarboxylases has long been debated, and
it is now well established that a decarboxylase can decarboxylate
different structural analogs. For example, TDC of the Enterococcus,
Lactobacillus, and Staphylococcus genera decarboxylates phenylala-
nine and tyrosine to produce PEA and TYM, respectively (EFSA
2011; Marcobal and others 2006b, 2012). However, in some
lactic acid bacterial species, such as Lb. brevis, TDC is specific for
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Figure 2-Organization of gene clusters involved in the production of biogenic amines by a 1-step decarboxylation reaction of precursor amino acids.
Adapted from Linares and others (2011) Abbreviations: tdc, tyrosine decarboxylase; hdc, histidine decarboxylase; cad lysine decarboxylase; nha,

sodium/hydrogen antiporter gene.

tyrosine, although it is less efficient than the TDC with a dual
activity on both tyrosine and the structural homolog phenylala-
nine (Moreno-Arribas and Lonvaud-Funel 2001). Conversely,
isolates of Staphylococcus carnosus were shown to produce significant
amounts of PEA without producing TYM (de Las Rivas and others
2008), suggesting the existence of another mechanism or a specific
decarboxylase to produce PEA from phenylalanine. Likewise, the
transport system was shown not to be always specific, as lysine can
enter the cell by either the cadB gene product of the cad cluster
(Figure 2) or by the homologous pot gene product, which primar-
ily codes for putrescine/ornithine antiporter system (see below
for further details). No data are available in the literature, to our
knowledge, on specific transport systems and decarboxylating en-
zymes of phenylalanine and tryptophan, which may otherwise use
a common mechanism for aromatic amines, as is the case for TYM

and PEA.

Biosynthesis of polyamines

Polyamines such as putrescine, agmatine, spermidine, and sper-
mine are formed through various pathways (Figure 2 and 3) in-
volving different enzymes coded by gene clusters which may be
either species-specific or strain-specific, that is they are acquired
by horizontal gene transfer (Ladero and others 2011a; Linares and
others 2011; Marcobal and others 2012; Wunderlichova and others
2014).

Putrescine. Putrescine is one of the most abundant and fre-
quently found polyamines in dairy products where it is produced
by various LAB of the starter or adjunct starter cultures, or by
microbial contaminants (Table 1 and 2). Concentrations of up
to 2.5 g of putrescine per kg of cheese have been recorded re-
cently (Linares and others 2013). Ornithine and agmatine are the
main direct precursors of this BA via different pathways depending
on the producer bacterium, genes/enzymes it possesses, and the
ecological niche from which it originates (Liu and others 1995;
Nannelli and others 2008; Figure 2). Alternatively, arginine is in-
directly used as a putrescine precursor after being hydrolyzed or
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decarboxylated into ornithine or agmatine, respectively (Cunin
and others 1986).

Biosynthesis of putrescine directly from ornithine. Ornithine
undergoes a single-step decarboxylation pathway by ornithine
decarboxylase (ODC) enzyme to yield putrescine and carbon
dioxide (Figure 3E). The resulting putrescine is excreted via an
antiporter protein in exchange for ornithine. Ultimately, this
pathway results in the alkalinization of the cytoplasm and the
generation of a proton motive force, as a means for the producing
bacterium to resist acid stress and ensure ATP provision in order to
survive nutrient shortage (Romano and others 2014). The ODC
pathway is especially common in the Gram-negative enterobacte-
ria and pseudomonads that possess the so-called “decarboxylation
system” typically encoded by a gene cluster containing 2 adjacent
genes: (i) speC encoding a biosynthetic/constitutive form of
the ODC enzyme and (ii) potE encoding the transmembrane
substrate/product exchanger protein. In several ODC-positive
strains of Enterobacteriaceae, such as E. coli, Salmonella spp., and
Morganella morganii, the ODC cluster includes speF gene encoding
an inducible/biodegradative form of ODC in lieu of the speC
gene (Applebaum and others 1975; de las Rivas and others 2007;
Linares and others 2011). Nevertheless, some authors use odc
referring to the gene encoding the ODC enzyme regardless
of its metabolic form (Marcobal and others 2006a; Coton and
others 2010a; Romano and others 2014). Gram-positive bacteria,
however, have been infrequently reported to possess an ODC
enzyme; and those that do have only the biodegradative form
(speF product), and are not relevant to dairy products (Cunin and
others 1986). Notable putrescine-producing Gram-positive strains
via the ODC pathway are essentially, although not exclusively,
derived from a wine environment, and they include strains of
LAB belonging to the species Lactobacillus saerimneri, Lactobacillus
brevis (Romano and others 2012, 2014), Lactobacillus mali (Coton
and others 2010b), and (Enococcus ceni (Marcobal and others
20062). In a few instances, however, ODC-positive strains of S.
epidermidis (Coton and others 2010a) and Weissella halotolerans
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Table 2—Continued.

Dairy products (fermented milks)

Fermented
goat milk

337.1

Fermented cow

Buttermilk

milk

Fermented cream Kefir

(5.5-15.4)

Stirred yogurt

Biogenic amines

TYM

249.6
17.8
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Abbreviations: TYM, tyramine; HIM, histamine; AG, agmatine; TRY, tryptamine; PHM, phenylethylamine; CAD, cadaverine; SPD, spermidine; SPM, spermine; PUT, putrescine; TBA, total biogenic amines; ND, not detected; -, not tested.

ly from pure sheep milk characterized by a high fat content and is mainly produced by traditional procedures from raw or pasteurized milk. There exist many varieties of Pecorino cheese (including Fromaggio di Fossa and Pecorino Del Parco Di

Migliarino-San Rassore) and have different ripening periods ranging from 21 d to 8 mo).

A: Cheese made from raw ewe's whole milk without added starter culture.

Pecorino is an Italian cheeses made exclusi

B: Cheese made from thermized ewe's whole milk with added starter culture.
Dairy products are obtained from pasteurized cow milk unless otherwise specified.

1 After 360 d of ripening

(Pereira and others 2009) were isolated from fish and meat
products, respectively. Human isolates of Lactobacillus acidophilus
(Azcarate-Peril and others 2004), Lactobacillus johnsonii (Wegmann
and others 2009), and Staphylococcus lugdunensis (Tsoi and Tse
2011) were also reported to decarboxylate ornithine. Although
the ODC gene cluster in the above-mentioned Gram-positive
bacteria is also composed of potE and odc/speF genes, similar to
that of Gram-negative bacteria, Lactobacillus gasseri ATCC33323,
and Lactobacillus casei ATCC334 were shown to possess a putative
ODC system having a unique dual specificity for ornithine
and L-2,4-diaminobutyric acid (DABA; Romano and others
2012). This cluster has another particular feature consisting of
the unidirectional uptake of the substrate (ornithine or DABA)
and, as a consequence, the resulting diamine (putrescine or
diaminopropane) remains within the cytosol (Romano and others
2012) to be further metabolized via different pathways including
the synthesis of higher polyamines (Tabor and Tabor 1985;
Cunin and others 1986). Moreover, Romano and others (2014)
described an ODC gene cluster located on an acid resistance locus
in the L. brevis IOEB 9906 genome. This newly described ODC
cluster contains, in addition to odc and potE genes, a putative
inducible transcriptional regulator (TR) gene of the Lacl family.
However, the function of this TR gene with respect to odc and
potE genes, and hence to putrescine biosynthesis, remains to be
clarified. Considering the fact that none of the presently known
ODC-positive LAB strains is of dairy relevance (Nannelli and
others 2008; Ladero and others 2011a; Linares and others 2011),
the accumulation of putrescine in dairy products via the ODC
pathway is believed to be mainly due to contaminating Gram-
negative bacteria of the Enterobacteriaceae and Pseudomonadaceae
families. Therefore, the level of putrescine in these food products
has been suggested to be used as a yardstick to assess their hygienic
quality (Pattono and others 2008; Ladero and others 2010).
Nonetheless, LAB including advantageous ones, or those used as
starter or adjunct starter cultures, can use other means to produce
putrescine in dairy products, and hence putrescine levels may not
always be a valid spoilage indicator in dairy products.

Biosynthesis of putrescine directly from agmatine. Use of ag-
matine as the starting substrate to produce putrescine follows either
one of 2 pathways depending on the bacterial species or strain: (i)
agmatinase pathway (AGM) or (ii) agmatine deiminase (AgDI)
pathway. The former is a biosynthetic route wherein agmatine
is directly converted into urea and putrescine by the action of
the agmatinase enzyme (AGM), a speB gene product (Figure 3F),
and the resulting putrescine may be excreted or further metab-
olized to produce, for example, spermine or spermidine (Cunin
and others 1986). Although this pathway is essentially common in
Enterobacteriaceae (Tabor and Tabor 1985), it has also been reported
in other dairy-borne contaminants such as Bacillus spp. (Sekowska
and others 1998; Ivanova and others 2003) and Pseudomonas spp.
(Ohji and others 2014; Ichise and others 2015). The prevalence
of agmatinase pathway in such dairy contaminants provides an ad-
ditional support to the assumption that high levels of putrescine
in dairy products would represent an indication of nonhygienic
manipulations during processing and/or storage.

The 2nd pathway for putrescine production from agmatine, the
AgDI pathway, is biodegradative and mostly common in Pseu-
domonas spp., Aeromonas spp., and lactic bacteria. Here, agma-
tine undergoes the sequential action of 3 enzymes: (i) AgDI, (ii)
putrescine carbamoyltransferase (PCT), and (iii) CK. The AgDI
enzyme deiminates agmatine to yield an ammonium ion and
N-carbamoyl putrescine which is, in turn, phosphorylated by

Vol.15,2016 * Comprehensive ReviewsinFoodScienceand FoodSafety 807
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Figure 3-Biosynthesis pathways of putrescine in Gram-positive and Gram-negative bacteria. The biogenic amine (BA) can be produced in food by
microorganisms via at least 5 distinct metabolic pathways: (1) arginine decarboxylase pathway (A to C), (2) arginase pathway (D and E), (3)
agmatinase pathway (A and F), (4) arginine deiminase pathway (A, H, and 1), and (5) ornithine decarboxylase (ODC; E). The dashed grey arrow shows
that glutamate is converted, in arginine biosynthetic pathways (not discussed in this review), by some microorganisms into ornithine used as an
intermediate in putrescine biosynthesis; for further reading, see Cunin and others (1986) and Lu (2006). The black small dashed arrows indicate the
fate of ornithine produced from arginine via the catabolic arginase pathway in some bacilli and yeasts, which leads to other end products than
putrescine (see text). Pathways circled in solid green line are found in Gram-positive and Gram-negative bacteria susceptible to contaminate dairy
products, and the red dashed line circle indicates the only route presently known for putrescine biosynthesis in dairy LAB bacteria, although some
lactococci may also use the ADI pathway (Budin-Verneuil and others 2006). Abbreviations: ARG/AUH, arginase/arginine ureohydrolase; ADC,
arginine decarboxylase; AgDI, agmatine deiminase; PCT, putrescine carbamoyl transferase; ODC, ornithine decarboxylase; AGM/AgUH,
agmatinase/agmatine ureohydrolase; OCT, ornithine carbamoyl transferase; ADI, arginine deiminase; CK, carbamate kinase; ADP, adenosine

diphosphate; ATP, adenosine triphosphate.

the PCT to produce putrescine and carbamoyl phosphate (CP;
Figure 3B, C, and J). Although the produced putrescine is ex-
creted via a specific agmatine/putrescine antiporter (AgmP), CP
is used as a substrate for ADP phosphorylation by CK to give an
ATP and another ammonium ion. Therefore, the outcome of this
pathway is the production of metabolic energy in the form of ATP
at the substrate level and the alkalinization of the growth medium
with concomitant accumulation of putrescine. However, despite
the medium alkalinization as a result of ammonia and putrescine
excretion, this pathway appears to be primarily used to promote
the growth of the producing bacterium after nutrient depletion
rather than a means for acid tolerance (del Rio and others 2015b),
contrary to what has been demonstrated earlier in Streptococcus mu-
tans and Lb. brevis (Griswold and others 2004; Lucas and others
2007; Liu and others 2009; Spano and others 2010). Indeed, the
growth of a putrescine-producing Lactococcus lactis in the presence
of agmatine was accelerated after the stationary phase, in a typical
diauxic growth pattern, and it caused putrescine to accumulate
in the external medium. Also, the growth promotion by agma-
tine after the stationary phase was not impaired when the pH was
maintained constant at 5.6 (del Rio and others 2015b). These re-

808 Comprehensive ReviewsinFood Science and Food Safety ¢ Vol.15,2016

sults are in line with those of a previous study showing that the
AgDI gene cluster is not induced by low pH in Enterococcus feecalis,
although the alkalinization of the growth medium following ag-
matine catabolism alleviates the effect of acidity on the growth of
the bacterium (Suarez and others 2013). It is worth mentioning
that some strains may have more than 1 gene cluster encoding
putrescine production via different pathways to cope effectively
with unfavorable conditions of low pH and nutrient shortage. For
example, a wine isolate, Lb. brevis IOEB9906, was shown to harbor
both AgDI and ODC gene clusters next to each other on an acid
resistance chromosomal locus (Romano and others 2014). Occur-
rence, in the same strain, of different gene clusters encoding the
production of more than 1 BA has also been suggested to be used
as a response to stressful conditions of high acidity and/or nutrient
depletion (Tabor and Tabor 1972; Driessen and others 1988; Lu-
cas and others 2007; Pereira and others 2009; Romano and others
2013; del Rio and others 2015b). In dairy LAB, TDC cluster, cod-
ing TYM production rather than the ODC, was frequently found
next to the AgDI cluster on an acid tolerance locus (Lucas and oth-
ers 2007; Romano and others 2014). In fact, no ODC cluster has
as yet been described in dairy LAB which, however, use the AgDI

© 2016 Institute of Food Technologists®
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Figure 4A—Formation of spermidine and spermine from putrescine in microorganisms. Dashed arrows indicate the pathway of spermine biosynthesis in
yeasts, and it ends at the spermidine level in bacteria lacking the spermine synthase (Tabor and Tabor 1985).

pathway as the only means to produce putrescine; and species such
as Ent. faecalis, Enterococcus hirae, Lb. brevis, Lactobacillus curvatus, and
L. lactis are known to be the main putrescine producers in dairy
products (Ladero and others 2012a, 2012b). Indeed, many strains
of these species were shown to harbor gene clusters encoding the
components of the AgDI pathway consisting of the aguR gene en-
coding a TR plus 4 other genes organized in 1 operon encoding
the following catabolic components of the pathway: aguD encod-
ing AgmP, aguA encoding AgDI enzyme, aguB encoding PCT, and
aguC encoding CK (Figure 5). Although AgDI clusters of different
putrescine-producing species were shown to have the same panel
of genes and share many structural and functional properties, they
also bear significant differences that distinguish an AgDI cluster of
one species or strain from another. For example, the AgDI clusters
in Lactobacillus spp., Lis. monocytogenes, and P penstosaceus contain
a duplicate of aguA gene, aguA2 (Lucas and others 2007; Ladero
and others 2011a; Romano and others 2014), which appears to
code for an AgDI devoid of catalytic activity (Lucas and others
2007; Cheng and others 2013). A duplicate of aguD gene was
also reported in AgDI clusters of Lb. sakei subsp. sakei 23K strain
(Landete and others 2010; Rimaux and others 2012). No data are
available, to our knowledge, on the functionality of duplicate aguD
product. In addition, the location and orientation of the aguR gene
within AgDI clusters vary among bacterial species, as it can be po-
sitioned upstream or downstream the cluster, and oriented in the
same or opposite direction as the genes of the AguBDAC operon
(Figure 5). Moreover, some AgDI gene clusters have been shown
to carry insertion elements (IS) in 1 or 2 locations thereby in-
terrupting the transcription process and, consequently, inactivat-

© 2016 Institute of Food Technologists®

ing the whole gene cluster (Ladero and others 2011a). This is
particularly the case of L. lactis strains reported to have IS982
and/or 1S983 inserted within aguR and/or between aguD and
aguA genes (Figure 5). Further differences between AgDI clus-
ters in putrescine-producing species/strains reside in the structure
and function of aguR gene product, but these differences remain
insufficiently documented. For example, the AguR in Lb. brevis,
Lactobacillus sakei, Lb. casei, Lis. monocytogenes, and P pentosaceus
was reported to contain a DNA-binding helix—turn—helix (HTH)
motif at the N-terminal domain, and was claimed to belong to
the RpiR family of TRs (Lucas and others 2007). The character-
ization of this AguR was essentially based on sequence similarities
as determined by computational algorithms; and it is not clear
whether or not the C-terminal domain of the AguR possesses
the sugar phosphate-binding domain and if a response regulator
is involved besides AguR, as is the case of known RpiR fam-
ily of TRs. However, Str. mutans and Ent. faecalis were reported
to have homologous AguR genes belonging to the LuxR fam-
ily of TRs which function as a two-component system (TCS;
Suarez and others 2013). Here again, neither the putative re-
sponse regulator nor phosphorylation cascade that characterizes
the TCS has been identified, and no alternative mechanism of
action was proposed (Griswold and others 2006; Liu and others
2009). In fact, some authors suggest that the AguR of Str mu-
tans and Ent. faecalis would belong to the LysR rather than to the
LuxR family of TRs (Lucas and others 2007). At the structural
level, the AguR of Str. mutans was predicted to have 4 N-terminal
membrane-spanning domains with portions exposed to the extra-
cellular environment, and a cytosolic DNA-binding HTH motif at

Vol.15,2016 * Comprehensive ReviewsinFoodScience and Food Safety 809
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Figure 4B—Alternative pathways of the biosynthesis of spermidine and unusual analogs. The enzymes involved in the pathway are in bold red fonts.

Adapted from Hobley and others (2014). Notes:

1. The pathway for the production of putrescine from arginine, ornithine, or agmatine in Figure 4A, and whether putrescine will be excreted or further
used in higher polyamine biosynthesis depends on the microorganism and the "genes/enzymes” it possesses (see text).

2. Gene designations may vary according to the host organism.

Abbreviations: SAM, S-adenosylmethionine; SAMDC, S-adenosylmethionine decarboxylase; MAT, methionine adenosyl transferase; dSAM,
decarboxylated S-adenosylmethionine; MTA, methylthioadenosine; CPT, N-carbamoylputrescine; SpeS, spermidine synthase; SpmS, spermine synthase;
ADC, arginine decarboxylase; ADI, arginine deiminase; AgDI, agmatine deiminase; AGM, agmatinase; ARG, arginase; OTC, ornithine
transcarbamoylase; PTC, putrescine transcarbamoylase; ODC, ornithine decarboxylase; DABA, L-2,4-diaminobutyrate; DABA AT, DABA
aminotransferase; DABA DC, DABA decarboxylase; CANSDH, carboxynorspermidine dehydrogenase; CANSDC, carboxynorspermidine decarboxylase;

APT, adenine phosphoribosyltransferase.

the C-terminal domain (Liu and others 2009). Likewise, a recent
in silico structure analysis predicted the AguR of a L. lactis subsp.
cremoris cheese isolate to be a transmembrane protein with a typical
LuxR_C-like HTH DNA-binding cytoplasmic C-terminal mo-
tif (Linares and others 2015). This predicted AguR differs from
that of Str. mutans by having 7 N-terminal domains embedded
in the plasma membrane instead of 4, and an N-terminal tail
pointing outside the cell membrane contrary to that of Str. mu-
tans AguR which is cytoplasmic. Further characterization of the
lactococcal AgDI cluster showed that aguR gene is expressed con-
stitutively at low levels into AguR protein which functions as
a 1-component transduction system (Linares and others 2015).
These authors suggested that the lactococcal AguR would play a
pivotal role in both sensing the presence of agmatine in the extra-
cellular medium and interacting with the aguB promoter (P,ous)
to activate the transcription of the aguBDAC operon into poly-
cistronic mRINA to be translated into the 4 catabolic genes of
the AgDI system. In such a way, the extracellular portion of the
AguR would sense the exogenous agmatine concentration and
transduce the signal to the HTH DNA-binding domain. How-
ever, the exact mechanism for signal-sensing and transduction, as

810 Comprehensive Reviewsin Food Science and Food Safety ¢ Vol.15,2016

well as the possible roles of the substrate (agmatine) and product
(putrescine) in this regulatory system which is in addition subject to
carbon catabolic repression mediated by glucose (Linares and oth-
ers 2013) and lactose (del Rio and others 2015a), remains poorly
understood.

Biosynthesis of putrescine indirectly from arginine. Arginine is
widely used as an indirect precursor of putrescine in bacteria that
are able to convert it into ornithine or agmatine, each of which
may then be used as an intermediate for putrescine production
(Cunin and others 1986).

The conversion of arginine into ornithine is widespread among
Gram-positive and Gram-negative bacteria, and is carried out via 2
different pathways: arginine deiminase (ADI) and arginase (ARG)
pathways. The ADI pathway consists of a transport step allowing
the uptake of arginine via antiport exchanger (arginine/agmatine),
followed by hydrolysis by the ADI enzyme into citrulline and CP.
The resulting citrulline is then converted into ornithine and am-
monia by an ornithine-carbamoyl transferase (OCT), whereas the
CP is used by a CK to produce ATP from ADP with concomi-
tant release of ammonia and carbon dioxide (Figure 3H, I, and
K). The ornithine produced, as one of the end products, is either

© 2016 Institute of Food Technologists®
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Figure 5-Schematic genetic organization of AgDI gene clusters in different

putrescine-producing bacteria. Abbreviations: PTC, putrescine

transcarbamoylase; AgmP, agmatine/putrescine antiporter; AgDI, agmatine deiminase; CK, carbamate kinase; TR, transcriptional regulator; IS,

insertion element. Note: Gene drawings are not in scale.

released in the extracellular environment in exchange for arginine
via the antiporter system arginine/ornithine (Driessen and others
1988; Liu and others 1995; Barcelona-Andres and others 2002)
or is used as an intermediary substrate in other metabolic routes,
including the ODC pathway (3E) leading to putrescine forma-
tion discussed above (Cunin and others 1986; Nakada and others
2001; Pereira and others 2009). When excreted in exchange for
arginine, ornithine accumulates in the external medium, whereas
arginine is internalized to be metabolized via the ADI pathway.
The ADI pathway is generally characterized by an abundant or-
nithine excretion, indicating that only the guanidino group of
arginine is used (Cunin and others 1986). The excreted ornithine
will then be taken up and decarboxylated by ODC-positive mi-
croorganisms present in the same food product. This is particularly
relevant to dairy products whose proteins are devoid of ornithine
(Verbeke and others 1968), and which are usually contaminated
with Gram-negative bacteria that are capable of metabolizing
ornithine into putrescine. LAB, Bacillus spp., Pseudomonas spp.,
Aeromonas spp., and clostridia, usually associated with dairy prod-
ucts, have been reported to operate via the ADI pathway, and
some of them also possess the ODC pathway (Cunin and others
1986). In particular, many LAB belonging to the genera Entfe-
rococcus (Mackey and Beck 1968; Barcelona-Andres and others
2002), Lactobacillus (Arena and others 1999; Spano and others
2007; Vrancken and others 2009), Lactococcus (Crow and Thomas
1982; Budin-Verneuil and others 2006; Ryan and others 2009),
Leuconostoc (Liu and others 1995), (Enococcus (Liu and others 1995;
Divol and others 2003), and Weissella (Pereira and others 2009)
were shown to possess the ADI pathway, but they were generally
claimed to be of wine origin (Liu and others 1995; Ammor and
Mayo 2007), with the exception of the lactococcal strains reported

© 2016 Institute of Food Technologists®
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to be isolated from dairy products (Budin-Verneuil and others
2006). Although it is well admitted that dairy LAB produce pu-
trescine exclusively from agmatine via the AgDI pathway (Linares
and others 2011), heterofermentative lactobacilli and leuconos-
tocs of wine environment were suggested to produce putrescine
exclusively from arginine via the ADI pathway (Liu and others
1995). Such findings were used to explain the selective effect of
the ecological niche on the type and pathway of BA biosynthesis
by a given microorganism (Nannelli and others 2008). However,
recent reports demonstrated the occurrence of ADI-positive LAB
of the genera Enterococcus (Kaur and Kaur 2015) and Weissella (Kaur
and Kaur 2012) in dairy products. Although dairy LAB are not
expected to produce putrescine directly from arginine via the ADI
pathway, because they lack the ODC enzyme, they can contribute
to the accumulation of putrescine in dairy products by supplying
the precursor ornithine to ODC-positive contaminants of en-
terobacteria and pseudomonads. The ADI-positive microorgan-
isms possess the operon arctABCTDR encoding the following re-
spective components: ADI (arcA), ornithine carbamoyltransferase
(arcB), carbamate kinase (arcC), putative transaminase (arcT), argi-
nine/ornithine antiporter (arcD), and a regulatory protein (arcR
product; Broman and others 1978; Vrancken and others 2009;
Rimaux and others 2012). In fact, both of the ADI and AgDI
pathways may be present in a single bacterium as is the case for
Ent. faecalis (Simon and Stalon 1982; Simon and others 1982) and
Lb. sakei (Rimaux and others 2012), making such bacteria suscep-
tible to contribute directly and indirectly to the accumulation of
putrescine in dairy products.

The 2nd pathway for ornithine production from arginine is
the ARG pathway that uses the ARG enzyme, a product of
rocF/aga/cargA gene, to cleave arginine into ornithine and urea
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(Figure 3D). The resulting ornithine can be an intermediary sub-
strate in the biosynthesis of putrescine (Figure 3E) and/or other
polyamines such as spermine and spermidine, as illustrated in
Figure 4 (Cunin and others 1986; Lu 2006), proline, or glutamic
acid (Davis 1986; Davis and others 1970; Calogero and others
1994; Maghnouj and others 1998). It should be mentioned, how-
ever, that there is no evidence for the occurrence of ARG in
LAB, although it has been extensively reported in Bacillus spp.
(Maghnouj and others 1998; Yu and others 2013), Proteus spp.
(Prozesky and others 1973), and yeasts including Sac. cerevisiae and
N. crassa (Davis 1986; Borkovich and Weiss 1987; Davis and others
1970; Green and others 1990). These AR G-positive microorgan-
isms are commonly found in dairy products as either contaminants,
advantageous, or part of the beneficial microbiota (such as Sac. cere-
visiae in kefir). Therefore, they are the most likely to contribute
directly or indirectly to putrescine production in dairy products
via the ARG pathway. Nevertheless, this may not represent a sig-
nificant concern for most dairy products, as the ornithine resulting
from the ARG hydrolysis of arginine is mainly used in the biosyn-
thesis of glutamine and/or proline (Cunin and others 1986; Davis
1986; Lu 2006). In B. subtilis, for example, arginine catabolism via
the ARG pathway is governed by the expression of a roc regulon,
comprised of 2 separate operons, rocABC and rocDEF, in addi-
tion to a rocR gene located upstream of the rocDEF operon and
encoding TR RocR. The expression of these roc operons is siglL-
dependent and under complex control of RocR protein belonging
to the NtrC/NifA family of TRs. Accordingly, to activate both roc
operons, RocR regulator should interact with another activator
protein, AhrC, in the presence of an inducer, which is in this case
ornithine or citrulline (Gardan and others 1997). Therefore, the
rocF gene encoding the ARG enzyme is cotranscribed with the
genes encoding the other components of ARG pathway leading
to glutamate and proline biosynthesis as end products (Calogero
and others 1994; Gardan and others 1997; Lu 2006). This dis-
similates the ornithine released from arginine and, hence, limits
its availability for putrescine formation (Cunin and others 1986).
A similar situation was described in Sac. cerevisiae and N. crassa,
which, however, can still use ornithine for putrescine biosynthe-
sis, as they possess spe-1/put-1 gene encoding ODC enzyme (Davis
and others 1970; Davis 1986; Schwartz and others 1995).

Agmatine as an intermediate substrate in putrescine biosynthe-
sis. Arginine can also generate putrescine indirectly via agmatine
as an intermediate molecule. In this case, arginine is decarboxylated
by arginine decarboxylase enzyme (ADC) into agmatine which
then undergoes either the AgDI (Figure 3B, C, and J) or AGM
(Figure 3A and F) pathway described above (Nakada and others
2001). Both pathways start with arginine decarboxylation carried
out by biosynthetic or biodegradative ADC enzyme encoded by
speA or adiA gene, respectively (Tabor and Tabor 1985; Cunin
and others 1986; Forouhar and others 2010; Wunderlichova and
others 2014). Therefore, the presence of one or both of these genes
in a strain is a prerequisite for its ability to use arginine via the
ADI or AGM pathway. Although the occurrence of ADC is widely
distributed in enterobacteria, pseudomonads, and Aeromonas spp.
(Tabor and Tabor 1985; Cunin and others 1986), there is no evi-
dence for its existence in LAB, with the notable exception of the
wine isolate Lactobacillus hilgardii X4B (Arena and Manca de Nadra
2001).

Biosynthesis of spermidine, spermine, and related/unusual
polyamines. The biosynthesis of higher polyamines proceeds by
the addition of propylamine residues to the putrescine released
from ornithine or agmatine via the ODC or ADC pathways, re-
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spectively. Although it is generally admitted that ornithine is the
most common precursor of polyamines in living organisms, and
is even the only 1 in Sac. cerevisiae (Tabor and Tabor 1985), many
bacteria can produce polyamines from agmatine (Shah and Swiatlo
2008). In the process of polyamine synthesis, putrescine is 1st con-
verted into spermidine by the addition of a propylamine residue.
Subsequently, another propylamine is added to spermidine form-
ing spermine (4A). These 2 consecutive condensation reactions
are catalyzed by spermidine synthase (sepE product) and spermine
synthase (for example, SPE4 product, in Sac. cerevisiae), respec-
tively. Simultaneously, an S-adenosylmethionine (SAM) derived
from methionine is decarboxylated by the S-adenosylmethionine
decarboxylase (SAMDC), a speD product, to yield a decar-
boxylated S-adenosylmethionine (dSAM), which serves as a
donor of the propylamine residues for spermidine and spermine
biosynthesis (Figure 4A). However, it has been generally admit-
ted that most bacteria do not produce spermine, even if they
produce its precursor spermidine due to the lack of spermine syn-
thase gene in their genome (Tabor and Tabor 1985; Panagiotidis
and others 1987; Sekowska and others 1998). Pegg and Michael
(2010) argued that “contentions that bacteria do not produce
spermine are an incorrect generalization,” as this polyamine was
shown to be widely distributed among bacteria of Clostridiales
and Bacillales orders (Hosoya and others 2004), and in some cases
in higher amounts than its precursor spermidine (Hamana and
others 1989). However, no information was provided in the latter
studies, as to whether or not the spermine was excreted after being
formed within the cell. Alternative pathways leading to the forma-
tion of unusual spermidine analogs such as sym-homospermidine,
sym-norspermidine, and thermospermidine have been described
in many bacteria, especially those of intestinal origin, including
foodborne pathogens such as Vibrio cholera, Campylobacter jejuni,
and Yersinia pestis (Lee and others 2009; Hanfrey and others 2011),
as well as in dairy contaminants, such as Bacillus subtilis (Hobley and
others 2014). Polyamine synthesis via an alternative pathway (r-
aspartate-f3 semi-aldehyde pathway) was reported to result from
an adaptation phenomenon of microorganisms that possess nei-
ther the spermidine synthase gene (speE/S) nor the SAMDC gene
(speD; Hanfrey and others 2011). Instead, these bacteria possess
the genes/enzymes to catalyze the production of spermidine from
putrescine by using the aspartate-semialdehyde in lieu of dSAM
as the aminopropyl group donor. Diaminopropane can also be
used as a precursor, but the end-product is sym-norspermidine
(a 1-carbon shorter chain compared with spermidine) instead of
spermidine (Figure 4B). In this case, sym-spermidine is formed
by the condensation of diaminopropane with the aspartate semi-
aldehyde catalyzed by a carboxynorspermidine dehydrogenase
(CANSDH) enzyme, followed by a decarboxylation of the result-
ing carboxynorspermidine catalyzed by a carboxynorspermidine
decarboxylase (CANSDC) enzyme (Figure 4B). However, the rel-
evance to dairy products of the newly described pathways and the
resulting polyamines remain insufficiently investigated and con-
troversial. Few reports, however, suggest the absence of unusual
polyamines in the LAB species L. acidophilus, Lactobacillus bulgaricus,
Lb. casei, Lb. thamnosus, Streptococcus thermophilus, and Ent. faecalis
(Hamana and others 1989; Chipeva and others 1995; Hanfrey and
others 2011). Yet, the wide distribution of such alternative path-
ways in the gut microbiota (Hanfrey and others 2011), includ-
ing members of the Proteobacteria and Firmicutes phyla, which
encompass many of the Gram-negative and Gram-positive dairy
contaminants, does not exclude the production of spermidine or
unusual polyamines in dairy products via alternative pathways.
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Irrespective of the biosynthesis pathway, various dairy contami-
nants, including pathogens, have been shown to produce spermine
and spermidine, or to harbor the corresponding synthase genes
(Table 1). Conversely, LAB appear not to contribute signifi-
cantly to the accumulation of these polyamines in dairy prod-
ucts (Hamana and others 1989), because they lack the ODC
and ADC enzymes, as well as spermidine synthase (Raynaud
and others 2005). Also, there is no evidence that they pro-
duce unusual polyamines via an alternative pathway. On the
other hand, dairy-borne pathogens susceptible to produce sper-
mine and spermidine do not reach high enough counts to cause
significant accumulation of polyamines. For these products to
be safe for consumption, pathogens should be either absent or
present at low counts due to the inherent health risk associated
with their presence in food, whereas polyamine production is
contingent on a critical mass of the producer microorganisms
(Joosten and Northolt 1987). Nevertheless, the prevalence of
spermine and spermidine in dairy products is well documented
(Table 2). This may be partly explained by the high level of con-
tamination with polyamine-producing spoilage microorganisms
(such as Gram-negative bacteria and bacilli) or by the natural oc-
currence of polyamines in milk (Novella-Rodriguez and others
2003; Spano and others 2010; Linares and others 2012). Yeasts are
another potential source for these polyamines in dairy products
when used as part of the technological microbiota and/or allowed
to reach high counts. Similarly, molds may contribute to the ac-
cumulation of spermine and spermidine in mold-ripened cheeses
as was suggested earlier for P roqueforti in view of the significantly
higher content of these polyamines in blue cheeses compared with
unripened and semi-hard and hard cheeses (Eliassen and others
2002; Novella-Rodriguez and others 2003; Komprda and others
2008b). However, this assumption remains to be substantiated with
a causal link between the increase in polyamine content in cheese
and specific mold species/strains.

Contamination of dairy products with BAs

Conditions for BA production in dairy products. The presence
and amount of a BA in food depends on many factors among
which the availability of the precursor amino acid(s) is a limit-
ing factor. The precursor amino acids may be naturally present in
milk in a free state or be released from milk proteins by hydrol-
ysis. Proteolytic activities leading to the formation of precursor
amino acids in dairy products may result from different sources
acting independently or in combination, such as: (a) proteolytic
strains of microorganisms present in dairy products, (b) the milk-
native heat-stable protease plasmin, (c) proteases used for coag-
ulating milk in cheese-making, and (d) other proteases liberated
from somatic cells (Tsakalidou 2011; Calzada and others 2013).
Subsequently, BA-producing microorganisms will continue the
formation process of BAs (Figure 1), which are then released into
the matrix of dairy products. It should be noted, however, that
although dairy contaminants such as Enterobacteriaceae and pseu-
domonads are known to be major BA-producing microorganisms,
they are not exclusively responsible for BA accumulation in dairy
products. Lactic acid bacteria of the starter cultures, as well as
nonstarter LAB (NSLAB) predominating during the manufacture
and/or storage of fermented milks and cheeses, are the main BA-
producing bacteria in the final products (Spano and others 2010;
Linares and others 2011). Dairy strains of lactobacilli, enterococci,
lactococci, pediococci, streptococci, and leuconostocs have been
associated with high levels of BAs in cheese and other dairy prod-
ucts (Table 1), and genetic studies have revealed that many of
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these strains harbor genes or operons coding for decarboxylat-
ing enzymes or other enzymes implicated in various pathways
for BA biosynthesis or catabolism (Komprda and others 2008a;
Nout 1994; Koutsoumanis and others 2010; Wunderlichova and
others 2014). Yeast species that contribute to the fermentation
and/or maturation of many cheese varieties and fermented milks
(Benkerroum and Tamime 2004) also produce BAs (Table 1). In
fact, cheese constitutes an ideal environment for the production
and accumulation of these natural toxicants due to the fact that
the main factors influencing the formation of BAs are usually op-
timal in these products which, therefore, may contain hazardous
BA levels. Such factors include the availability of precursor amino
acids, the presence of amino acid-decarboxylating microorgan-
isms and cofactors, and adequate pH, temperature, and water
activity. Indeed, the presence of free amino acids and microbial
decarboxylase activity have repeatedly been shown to correlate
positively with high levels of BAs (Nout 1994; Ruiz-Capillas
and Jimenez-Colmenero 2004; Ruiz-Capillas and Moral 2004;
Ozdestan and Uren 2010; Costa and others 2015); and cheese,
especially the ripened varieties, contain adequate levels of free
amino acids to generate significant amounts of BAs (Calzada
and others 2013). The availability at sufficient amounts of pyri-
doxal phosphate (Edwards and Sandine 1981), a required cofac-
tor for the activity of amino acid decarboxylase, and the pH of
cheese (5.0 to 6.5) provide additional suitable conditions for BA
formation in cheese. The water activity levels of cheese (0.90 to
1.00) are also optimal for the growth of BA-producing bacteria
(Marcos 1993), although the a, in cheese has been shown to
decrease with an increase in fat content, which inhibits prote-
olytic bacteria, thereby limiting the availability of precursor amino
acids, and eventually reducing BA formation (Ruiz-Capillas and
Jimenez-Colmenero 2004). Numerous microorganisms, advanta-
geous, intentionally added as starter or adjunct starter cultures, or
contaminants, have been reported to produce BAs in dairy prod-
ucts (Table 1). Moreover, the usual temperatures of fermentation
(25 to 44 °C) and maturation (10 to 20 °C) can be favorable to pro-
teolysis and BA formation that may continue during storage under
temperature-abuse conditions or even under refrigeration due to
the activity of BA-producing psychrophilic and psychrotrophic
bacteria (such as Pseudomonas spp. and Proteus spp.). During fer-
mentation, the proteolytic activity is important for the provision
of energy and source for carbon, essential amino acids, and ni-
trogen in order to ensure active growth of the starter culture and
to accelerate milk acidification and gelation. During the matu-
ration stage, microbial proteolytic and lipolytic activities are es-
sential biological means for the development of sensory attributes
and structural characteristics of cheese, and they are carried out
by LAB (starter culture and NSLAB) or molds. In addition to the
provision of amino acid precursors (the substrates) by proteolytic
activities, intrinsic, and extrinsic environmental conditions during
fermentation and maturation are not only optimal for the growth
of BA-producing bacteria, but also for the enzymatic activity of
their amino acid decarboxylases.

Incidence of BAs in dairy products. Optimal conditions for
BA formation in dairy products are met in traditional matured
cheeses where the highest concentrations of the total BAs (TBA)
and specific type of BAs have been recorded (Table 2). A sur-
vey of the concentrations of BAs in the most common cheese
types and other dairy products in the EU showed high values
for the TBA with an overall mean of 177 to 334 mg/kg. For
mean calculations, when BA was not detected or quantified, a
value of 0 mg/kg was considered yielding the lower mean value;
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alternatively, the limit of detection (LOD) or the limit of quantifi-
cation (LOQ) was used to give the upper mean value. Acid curd
cheese recorded the highest mean value (1460 mg/kg), followed
by washed rind cheese (220 to 388 mg/kg), blue cheese (188 to
351 mg/kg), hard cheese (167 to 318 mg/kg), and fresh cheese
(32.1 to 172 mg/kg); for the sum concentrations in cheese, there
was an equal contribution from TYM and CAD followed by pu-
trescine and HIM. BA concentrations in yogurt and miscellaneous
cheeses were 3.1 to 6.3, respectively, hence they are not raising
a health concern with regard to BA content (EFSA 2011). In
general, fermented milks and yogurt appear to be less exposed to
BA accumulation due to their short processing time and shelf-
life; and they have been consistently reported to contain little or
undetectable levels of BAs (Table 2).

The incidence of a specific BA in food products varies accord-
ing to the type of BA formed and the food. For example, HIM,
which is usually considered as the prototype of BAs, is essentially
found at high levels in fish products, mainly fish of the scombroid
family (tuna and mackerel). However, it is well established that
TYM is the predominating BA in dairy products and the most
frequently associated etiological agent with BA-mediated dairy-
borne intoxications designated as “cheese reaction” (Komprda and
others 2008a; Ten Brink and others 1990; Costa and others 2015).
This situation is illustrated in Table 2 showing that TYM is en-
countered in most dairy products at generally high concentrations,
yet this BA is absent or detected at too low concentrations to raise
safety concerns in other cheese varieties and fermented milks.
BAs such as putrescine, HIM, and CAD are also commonly de-
tected in cheeses, and sometimes in amounts exceeding those of
TYM (Novella-R odriguez and others 2003; Martuscelli and oth-
ers 2005; ; Custédio and others 2007; Bunkova and others 2013).
Conversely, the same table shows that agmatine, tryptamine, PEA,
and spermine are infrequently found in dairy products, and their
concentrations in positive samples are too low to raise serious
health concerns. This is probably due to the absence or presence
at low counts of species/strains able to produce these BAs which
may also be degraded or involved in other metabolic pathways as
short-lived intermediary compounds. To date, few of the dairy-
borne bacteria producing tryptamine or PEA have been identified
(Marcobal and others 2006b), and the accumulation of agmatine,
which is an intermediate for putrescine and higher polyamine
formation, appears to be unlikely. Also, due to the interconvert-
ibility of polyamine metabolism, their accumulation may be pre-
vented through an oxidative biodegradation pathway reported to
be inducible by product accumulation (Linares and others 2011).
Table 2 also shows that the same cheese may exhibit highly difter-
ent profiles and concentrations of BAs, depending on the sample
analyzed. Such discrepancies are explained by inconsistencies in
the hygienic and sanitary conditions under which each batch of
cheese is produced with a consequent variability of its micro-
biological quality. High concentrations of HIM, putrescine, and
CAD, for example, are primarily attributed to the presence of
Gram-negative bacteria, essentially represented by members of
Enterobacteriaceae and pseudomonads (Wunderlichova and others
2014). Members of these bacterial families with high potential
to produce CAD, isoamylamine, HIM, and putrescine have been
reported to occur frequently in mold-ripened and smear cheese
varieties, and even to play a role in their maturation (Coton and
others 2012). However, elevated levels of TYM are essentially
associated with high counts of LAB of the starter culture and
advantageous enterococci, known as the main TYM-producing
bacteria (Komprda and others 2008a). Therefore, heavy contam-
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ination with HIM, putrescine, or CAD would indicate that the
cheese was produced under poor sanitary conditions and/or in-
adequately stored. In particular, occurrence of CAD at high con-
centrations in dairy products strongly suggests insufficient hygiene
practices during cheese processing and storage. Conversely, high
levels of TYM are not necessarily related to faulty hygienic con-
ditions during cheese processing, and hence corrective measures
relying solely on the improvement of hygiene and sanitation may
not reduce effectively the content of this BA in the cheese and
other fermented dairy products.

Significance of BAs in food

Because of their microbial origin, BAs have been proposed for
use as indicators of the hygienic quality and degree of microbial
alteration of food. For this purpose, a number of the so-called BA
indices (BAIs) or quality indices (QIs) have been defined using
a single BA or multiple BAs. The QIs proposed aim to deter-
mine values that would rank foods according to the extent of
their spoilage as “good,” “acceptable,” or “deteriorated” (unfit
for human consumption). The definition of such indices varies
according to many factors, including the food product, implicated
microorganisms, and the nature and fate of BAs during processing
or storage (Koutsoumanis and others 2010). This makes it difficult
to set intervals that denote the extent of spoilage of food. Most
BAIs use ratios of BAs whose concentrations increase to those
whose concentrations decrease during processing or storage. Al-
though this approach proved to be useful for some specific raw
foods (meat and fish), it yielded imprecise results in others of the
same category, and it was inapplicable for fermented foods includ-
ing dairy products. Recently, Costa and others (2015) suggested
the use of TYM as a QI for fermented dairy products, because
this BA was predominating in milk and was the only BA whose
concentration increased in 2 fermented milks during fermenta-
tion and storage. However, many dairy products may contain no
or only low concentrations of TYM, and yet they are highly
contaminated with other BAs such as HIM, CAD, or putrescine
(Table 2). Also, the fact that TYM is mainly produced by LAB
makes it a controversial indicator of the hygienic quality of cheese,
as these bacteria may be part of the starter culture or natural flora
of some cheese varieties, especially those having a PDO status.

From a safety standpoint, foods containing high concentrations
of BAs may represent a serious threat to public health, as BAs
may cause severe toxicological effects. BA-mediated intoxications
have been reported in various countries to be associated with dif-
ferent cheese varieties, including Gouda, Swiss cheese, Cheddar,
Gruyere, grated cheese, and Cheshire (Rauscher-Gabernig and
others 2009; EFSA 2011). At physiological concentrations, BAs
play many crucial roles in humans either in the nervous system
as neurotransmitters (psychoactive), or in the vascular system as
vasoactive substances, among other roles stated above. However,
further intake of exogenous BAs at elevated amounts may result
in toxicological effects with various degrees of severity, from a
limited headache to organ failure and death (Table 3). The role
of putrescine and CAD in potentiating cancer by reacting with
nitrite to form carcinogenic nitrosamines in heat-treated foods is
well documented (Seiler 1990; Seiler and others 1990; Shalaby
1996; Medina and others 2003; Koutsoumanis and others 2010).
In fact, polyamines including putrescine and CAD (occasionally
considered to be polyamines) can be converted in vivo by bac-
teria of the GIT into stable carcinogenic N-nitroso compounds
(such as nitrosopyrrolidine), and they have been shown to en-
hance the growth of chemically induced aberrant crypt foci in
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the intestine (Paulsen and others 1997; Eliassen and others 2002).
Also, direct implication of putrescine in cancer development was
demonstrated by Pegg and others (1995), who showed that the
reduction of ornithine activity of decarboxylase (ODC), an en-
zyme involved in the formation of putrescine (Figure 3), suppresses
the growth of tumor cells. In addition, colorectal and Helicobacter
pylori-induced gastric cancers have been directly related to the
alteration of intracellular polyamine concentration in mammalian
cells (Alam and others 1994; Wallace and Caslake 2001; Gerner
and Meyskens 2004). Moreover, BAs have been associated with
other debilitating diseases including immunopathologies, oxida-
tive stress, schizophrenia, ischemia, muscular dystrophy, epilepsy,
Alzheimer’s disease, psoriasis, cystic fibrosis, Parkinson’s disease,
depression, and hepatic encephalopathy (Table 6; for a review see
Medina and others 2003). The latter diseases indicate that, besides
being well-established causative agents of acute health disorders,
BAs would also have chronic or subchronic effects upon repeated
exposures. Therefore, assessment of the risk associated with the
dietary intake of BAs should take into account the chronic and
subchronic effects that these toxicants may have severe health im-
plications that have been overlooked so far, as they are not con-
sidered to be related to dietary intake of BAs.

Although it is beyond a doubt that the presence of BAs in food
represents a significant risk to consumers, the dietary intake of a
BA or a combination of different BAs that would trigger clini-
cal symptoms remains undefined with certainty. This is because
the susceptibility to BAs is highly variable among individuals de-
pending not only on the amount and nature of the BA, but also
on other factors inherent in consumers, including age, gender,
and the efficacy of detoxifying activity mainly in the gastrointesti-
nal tract, liver, or kidneys. In fact, exogenous BAs are normally
detoxified in intestinal mucosa cells, mainly via oxidative deami-
nation pathways using amine oxidases including monoamine oxi-
dases (MAOs; -A and -B isoforms) and diamine oxidases (DAOs),
also found in the liver and muscles (mainly the MAO-B isoform),
and kidneys (Medina and others 2003). These enzymes play key
roles in the detoxification pathways of monoamines and diamines
including TYM, PEA, HIM, CAD, putrescine, and tryptamine.
Spermidine and spermine, whose metabolic pathways are inter-
convertible, undergo oxidative biodegradation via pathways in-
volving polyamine oxidases (PAOs) and spermidine/spermine-N-
acetyltransferases (SSATs) to yield back putrescine which is, in
turn, detoxified via specific pathways using either DAO or MAO
(Medina and others 2003; Wunderlichovi and others 2014). In
humans, the extent of detoxification activity of BAs is a genetic
trait whose performance varies widely among individuals. Yet,
even the highest detoxifying activity does not ensure an absolute
protection against toxicological effects of BAs. Too high an in-
take of one or more BAs will invariably result in acute symptoms,
because ingested BAs will not be fully metabolized, and any un-
metabolized BAs will rapidly gain access to the bloodstream and,
thereafter, to various organs, including the central nervous system
where they can induce severe health disorders (Medina and others
2003). The situation is more dramatic for human groups at risk,
generally those with weakened BA oxidative activity, including
children, the elderly, women during pregnancy or menstruation,
people suffering from an allergy or gastrointestinal diseases (gas-
tritis, inflammatory bowl diseases, and gastric ulcers), or those
under medication with monoamine or DAO inhibitors (for ex-
ample, antidepressants and anti-Parkinson’s disease drugs); alcohol
intake and smoking were also reported to inhibit MAOs and, con-
sequently, amplify toxicological effects of BAs (Silla Santos 1996;
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McCabe-Sellers and others 2006; EFSA 2011; Wunderlichova and
others 2014).

As for the toxicity of BAs taken individually, it is well estab-
lished that HIM and TYM are the most active due to their rel-
atively low threshold toxic levels in addition to the severity of
symptoms they may cause (Table 3). These BAs, recognized to be
of major concern, are the most frequently encountered in dairy
products, especially ripened cheeses (Rauscher-Gabernig and
others 2009). Therefore, toxic levels for healthy or susceptible
persons have been suggested for HIM and TYM in order to help
determine the safe/unsafe doses in foods and, consequently, regu-
latory standards have been set. On the basis of available informa-
tion in the literature from documented outbreaks and case reports,
the ingestion of 100 mg HIM by healthy individuals is gener-
ally considered to cause typical threshold symptoms (flushing and
headache) of “HIM intolerance,” whereas oral administration of
>1000 mg results in a severe acute intoxication (Edwards and
Sandine 1981; Rauscher-Gabernig and others 2009; Koutsouma-
nis and others 2010) referred to as “HIM poisoning” character-
ized by a critical endpoint of an allergy-like reaction (Table 3).
However, a recent human challenge study showed that doses be-
tween 25 and 50 mg have no clinical effects, although 75 mg
caused mild symptoms and was thus considered as the toxicolog-
ical threshold level (Wohrl and others 2004). The dose of 50 mg
was then considered as the No-Observable-Adverse-Effect-Level
(NOAEL) and used in a deterministic model to quantify the risk
of HIM intoxication associated with the consumption of dairy
products in a number of European countries (EFSA 2011). This
study concluded that a cheese containing a HIM concentration
of 200 mg/kg or less would be safe for consumption according
to “the worst case scenario” of a high exposure (95th percentile).
A similar study conducted in Austria using the threshold level of
100 mg as a reference dose, concluded that a concentration of 400
mg/kg cheese or less can be ingested safely via cheese, which is
reasonably achievable by the dairy industry, and a concentration of
1170 mg/kg would result in mild symptoms (Rauscher-Gabernig
and others 2009). In fact, both of these levels (200 and 400 mg)
appear to be realistic with regard to the maximum intake of HIM
in the studied European countries (32.1 mg), which is further cor-
roborated by documented outbreaks where HIM concentrations
in implicated cheeses ranged between 850 and 1870 mg/kg (Tay-
lor and others 1982; EFSA 2011). A cumulative intake of HIM
from different food sources in a typical Austrian meal with cheese
as the main dish showed that HIM intake may vary between 1.1
and 38 mg per serving (Rauscher-Gabernig and others 2009). A
more conservative figure of 50 to 100 mg/kg as a tolerable level of
HIM in fermented foods has been proposed on the basis of avail-
able information in the literature and toxicological studies (Nout
1994). Nevertheless, based on the hazard level (NOAEL) of 50 mg
and the upper value for a serving size (m) of 270 g per day (EFSA
2011), the maximum level of HIM (L) in a serving that would not
cause an adverse health effect would be 185 mg/kg as calculated
according to Eq. 2 used for a deterministic risk characterization:

NOAEL
L=—""

m

)

50 mg
L=
270 mg

= 185 mg/kg

As the values for a serving size (m) vary, depending on the
country, region, or even locality, the maximum tolerable level
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of 185 mg/kg may not be applicable to all countries, although
cheese consumption in the EU is among the highest worldwide.
Therefore, this level can be regarded as conservative and would
apply to other countries outside the EU. It is worth mentioning,
however, that these levels are not valid for children and groups at
risk. For HIM-intolerant persons who display clinical symptoms,
even when exposed to small amounts of HIM, only food with
HIM levels below the detectable limits can be considered safe
(EFSA 2011).

Similarly, different threshold toxic doses of TYM have been de-
fined by monitoring the increase in systolic blood pressure (SBP)
as the yardstick for the onset of toxicological effects upon ingestion
of this BA. Accordingly, doses of TYM from 600 to 2000 mg were
reported to be necessary to cause a significant increase in the SBP
in healthy persons (Korn and others 1988a, 1988b; Zimmer and
others 1990; Patat and others 1995). Furthermore, a dose-response
curve showed that 1100 mg of TYM corresponded to the effec-
tive dose (EDs() at which 50% of healthy individuals not taking
MAO inhibitors (MAOIs) experienced an SBP increase of at least
30 mmHg as evidence for the causal effect (Patat and others 1995).
Such toxic doses are significantly reduced (>100 times) when in-
gested in combination with either the classical or new-generation
MAQOIs. Indeed, in patients under treatment with classical MAOIs
the ingestion of 6 to 10 mg TYM in 1 or 2 servings causes
mild symptoms, whereas 10 to 25 mg provokes a severe reaction
(McCabe 1986). This was explained by the irreversible and nons-
elective inhibition of both MAO-A and MAO-B isoforms by the
classical MAOIs. However, medication with the new-generation
MAOIs, which inhibits either MAO-A or MAO-B in a selective
and reversible manner, thus termed RIMA for “reversible inhibitor
monoamines,” appear to have less impact on the BA-detoxifying
activity of patients who can tolerate up to 150 mg of TYM when
concomitantly taking RIMA at low dosage ( Zimmer 1990; Patat
and others 1995; McCabe-Sellers and others 2006). These find-
ings were corroborated by the recent quantitative risk assessment
conducted in the EU showing that the intake of 600 mg TYM
per meal had no adverse eftects in healthy individuals not taking
MAQOIs, whereas this dose decreased to 6 or 50 mg in those tak-
ing classical or new-generation MAOIs, respectively (EFSA 2011).
The same study concluded that TYM intake of 600 mg per meal
would not be exceeded even by a combined high intake (95th
percentile) of 5 food sources of TYM in the same meal. On the
contrary, the doses of 6 and 50 mg, especially the former (6 mg)
can be easily exceeded by the consumption of fermented foods.
This would put consumers under MAOIs medication at high risk,
regardless of the nature of MAOIs the patients are taking. In fact,
a concentration of TYM varying between 100 and 800 mg/kg
has been considered to be acceptable for fermented foods on the
basis of case reports and outbreak data (Nout 1994). However,
the adequacy of such sources of information as a basis for the
definition of tolerable levels remains controversial, because only
doses greatly exceeding the threshold levels are recorded in case
reports and outbreaks (EFSA 2011), and hence they would lead to
an underestimation of the risk.

In contrast to HIM and TYM, putrescine, CAD, PEA, spermi-
dine, and spermine are the least toxic (Koutsoumanis and others
2010), and they have thus attracted little attention as foodborne
toxins. Yet, their impact on food safety should not be overlooked,
and they should be given due attention for 2 main reasons: (i) it is
well established that these BAs can potentiate toxicity of other BAs,
including HIM and TYM, as is the case for putrescine and CAD
which enhance the toxicity of HIM by inhibiting diaminooxidase
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(DAO) and HIM-N-methyltransferase (HMT), both involved in
the oxidative biodegradation pathway of HIM (Stratton and oth-
ers 1991; Al Bulushi and others 2009) potentiating HIM toxicity
by putrescine or CAD and, presumably, TYM, which may also
be explained by disruption of the physical barrier function of the
small intestine, thereby facilitating the transit of HIM into the
blood (Paik Jung and Bjeldanes 1979); and (ii) their implication in
many debilitating chronic diseases, including cancer and neurode-
generative diseases (Table 3), is of paramount concern, especially
with regard to the chronic eftects due to repeated low-level intake
with fermented foods that are part of culinary habits; this is an
issue that has not yet been duly investigated. The presently avail-
able information is insufficient to identify concentrations of CAD,
putrescine, spermine, spermidine, and the polyamines which will
directly cause acute adverse health effects and/or potentiate the
toxic effects of other BAs; and, therefore, tolerable levels of these
BAs in food have so far not been established. However, despite
the lack of information, a recent study conducted by Rauscher-
Gabernig and others (2012) attempted to determine tolerable lev-
els of putrescine and CAD in cheese on the basis of toxicological
threshold levels, occurrence of these diamines in food, and con-
sumption patterns in Austria. According to this study, maximum
daily intakes of putrescine and CAD via cheese in Austria were
estimated to be 19.2 and 23.1 mg per person, respectively. Ac-
cordingly, the authors proposed the respective maximum tolerable
levels of 180 and 540 mg/kg for putrescine and CAD in cheese.
Considering the reported concentrations of these BAs in various
dairy products (Table 2), the proposed levels are exceeded in a
number of cheeses and fermented milks. Therefore, further stud-
ies in different countries or regions of the world are needed to
obtain a clearer insight in this regard.

Apart from HIM and TYM, there is a vacuum in terms of toler-
able levels of BAs in cheese that can be used to establish regulatory
provisions. This is essentially due to the lack of information on
toxicity (toxicological threshold and intake causing severe intoxica-
tions), as well as concentrations and nature of specific potentiating
BAs. In particular, the lack of precise definition of the threshold
levels of all dietary BAs, individually or in combination, is recog-
nized to be the limiting factor to produce meaningful and credible
quantification of health risks associated with the dietary intake of
BAs (EFSA 2011; FAO/WHO 2014). The common occurrence
of more than 1 type of BAs in the same food and the limited
knowledge of BA interactions is another significant limitation to
the accuracy and feasibility of related risk assessments. In fact,
this issue has been considered and the use of TBA instead/along
of/with specific types of BAs has been proposed as a an alternative
to define safe/unsafe levels with 750, 900, or 1000 mg/kg as max-
imum tolerable TBA levels (Ten Brink and others 1990; Spanjer
and van Roode 1991; Silla Santos 1996).

As for regulatory aspects regarding the occurrence of BAs in
foods, there are no established standards, with the exception of
HIM for which the maximum acceptable levels are set in some
countries for selected food commodities. For example, the max-
imum legal limits are only set in some countries for HIM in fish
species with a high content of histidine. For example, a maximum
limit of 50, 100, or 200 mg/kg is acceptable in the United States
(Food and Drug Administration 2011), EU (Commission Regula-
tion 2005), and South Africa (government notice N° R490), and
Australia (Standard 2.2.3), respectively. Credible assessment of the
risk associated with BAs in food would certainly help food safety
authorities define maximum tolerable levels on a sound scientific
basis in order to ensure effective consumer protection without
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imposing unnecessary restrictions to the food industry. Conse-
quently, more countries are expected to regulate BAs in foods and
feeds as this issue is being widely recognized as a major concern
to public health, which may reshape food trade at national and
international levels in the future.

Control of BA accumulation in dairy products

In view of the known or potential health risks associated with
the presence of BAs at high levels in dairy products, sustained ef-
forts have been made to reduce such levels to a minimum. To this
aim, different strategies have been proposed, all of which empha-
size, 1st and foremost, the need to improve the sanitary conditions
during production and storage. In addition to good hygiene prac-
tices other measures should be implemented for optimal results.
These include the inhibition of BA-producing bacteria, reduction
of the number of BA producers via pasteurization of the cheese
milk, reducing the amount of proteolytic activity to limit the avail-
ability of precursor amino acids, by reducing ripening times, ad-
dition of mono- and di-amine oxidases, use of appropriate starter
or adjunct starter cultures, and so on. In some cases, however, the
characteristics of fermented foods render these strategies inapplica-
ble, difficult to follow, or too onerous to implement. Traditionally,
measures including chilling or freezing have been used to limit
microbial growth during storage, and hence BA formation. How-
ever, this effort may be of limited value, as significant amounts of
BAs may already exist in the raw material or be formed during
processing of fermented foods (Gonzaga and others 2009; Chen
and others 2010). Therefore, alternative secondary control mea-
sures to prevent BA formation in foods or to reduce BA levels once
formed have been suggested. Such approaches include hydrostatic
pressure, irradiation, controlled atmosphere packaging, and the
use of BA-degrading adjunct starter cultures or food additives (for
a review, see Naila and others 2010). In fact, no matter how ef-
fective such techniques may be, the application of an appropriate
quality assurance program, and the use of selected BA-negative or
BA-oxidizing strains of the starter cultures, remain crucial to limit
BA levels in fermented dairy products. These aspects are discussed
below.

Proper hygiene practices. Improvement of the sanitary con-
ditions throughout the entire production chain is necessary to
attain a significant reduction of the BA content in dairy prod-
ucts. This can only be achieved by the implementation of quality
assurance programs based on a holistic approach from farm to
fork. In addition to the beneficial microbiota (such as LAB and
some yeasts), raw milk is invariably contaminated with a wide
variety of spoilage microorganisms comprising mesophilic (ente-
rococci and coliforms), psychrotropic/psychrophilic (Pseudomonas,
Acinetobacter, Enterobacteriacea), and thermoduric species of entero-
cocci, Corynebacterium, Microbacterium, Micrococcus, and Alcaligenes,
as well as spores of Clostridium, and, sometimes, various pathogens,
including Bacillus, streptococci, Staphylococcus, Campylobacter, My-
cobacterium, Salmonella, and Listeria (Chambers 2002; Hill and oth-
ers 2012; Gleeson and others 2013; Murphy 2015). Members of
all of these microbial groups can produce different types of BAs,
from different substrates, and via different pathways (Figure 4A).
Depending on the hygienic conditions during milking, the ini-
tial microbial load of milk varies between 10° and 10° cfu/mL
(Chambers 2002), but this may increase under certain conditions
to exceed 107 cfu/mL before transformation (Ravanis and Lewis
1995; Benkerroum and Tamime 2004). The higher this total count
(TC) in raw milk, the more diverse and numerous are the BA-
producing contaminants it contains. In addition, the use of milk
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with too high TC leads to fermented dairy products of poor hy-
gienic quality, even if the milk is pasteurized before fermentation
(Gleeson and others 2013). In dairy products, and regardless of the
temperatures used during processing and storage, there will always
be a group of microorganisms with the potential to grow and pro-
duce BAs (Linares and others 2012). Therefore, the production of
raw milk with the lowest possible TC should be considered as a so-
called “performance objective” in a holistic strategy aiming at the
control of BAs via the implementation of a food safety objective
(FSO) approach (van Schothorst and others 2009). Gram-negative
bacteria, mainly Enterobacteriaceae, usually present at high counts
in raw milk drawn under poor hygienic conditions, are able to
survive the cheese-making process and produce BAs. In Montasio
cheese, for example, this microbial group was shown to survive
for up to 120 d of ripening and to produce HIM, putrescine, and
CAD (Maifreni and others 2013). Also, a positive correlation was
found between CAD concentration and the counts of Enterobacteri-
aceae in blue-veined cheese (Marino and others 2000). The effect
of the initial TC in milk and occurrence of BAs in the cheese
is also evidenced by the fact that cheese made from raw milk
usually contains more BAs than that obtained from pasteurized
milk (Novella-Rodriguez and others 2004; Fernandez and others
2007). Conversely, raw milk with a low TC (<5000 cfu/mL) was
shown to sporadically contain HIM- and TYM-producing strains
in numbers lower than 100 cfu/mL (Bachmann and others 2011).
Nonetheless, even with such low numbers, the milk yielded cheese
with HIM and TYM contents ranging between 1.0 and 2.0 g/kg
after a 12-mo period of ripening. This indicates that good hy-
gienic practices during milk harvest, although necessary, are not
sufficient to ensure safe levels of BAs in end products, especially
in cheese types with long ripening periods. Additional measures
such as those discussed below are to be considered to add a safety
factor.

Pasteurization of milk. It is well established that milk pasteur-
ization generally improves the safety of dairy products derived
thereof, and cheeses obtained from pasteurized milk were con-
sistently shown to contain lower BA concentrations than those
obtained from raw milk (Stratton and others 1991; Schneller and
others 1997; Novella-Rodriguez and others 2004). This was usu-
ally explained by the substantial reduction in the TC and spe-
cific spoilage bacteria including Enterobacteriaceae considered as
one of the most implicated microbial groups for BA production in
dairy products (Maifreni and others 2013). In this regard, Novella-
Rodriguez and others (2004) showed that pasteurization of goat
milk reduced the TC by 1.46 log units and the enterobacteria
counts to below the detectable limit in a 1-mL sample. Conse-
quently, this study showed that the cheese made from pasteurized
milk contained significantly lower concentrations of TYM, HIM,
B-PEA, tryptamine, CAD, and putrescine than that obtained from
its unpasteurized counterpart. For some authors, the low levels of
BAs in cheese made from pasteurized milk is more related to the re-
duction in the cofactors needed for the decarboxylation reactions
that generate BAs from precursor amino acids than any reduc-
tion in the numbers of BA-producing microorganisms (Joosten
and Northolt 1987). Contrary to pathogens, which are elimi-
nated by pasteurization, the counts of other milk-borne bacterial
groups are only reduced to a certain degree by the same treat-
ment. Survivors, including BA-producing microorganisms, may
grow in dairy products during processing and/or storage and ad-
versely affect their organoleptic properties, shelf-life, or safety. In
particular, pasteurization does not eliminate thermoduric bacteria,
such as enterococci and some lactobacilli, which have long been
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known to contribute significantly to the build-up of BAs in dairy
products (Ladero and others 2011b). Therefore, the lower levels
of BAs recorded in dairy products obtained from pasteurized milk
compared with those obtained from raw milk may be due to the
concurrent effect of reduced initial microbial load and depletion
of decarboxylation reaction cofactors.

Irradiation. Among other physical treatments used in food
preservation, irradiation appears to be a promising means to both
reduce the counts of BA-producing microorganisms and inactivate
preformed BAs in dairy products. Despite the believed reluctance
of consumers to accept irradiated foods due to uncertainties re-
garding their safety (Roberts 2014), irradiation is gaining popu-
larity as a technique that can efficiently control pathogenic and
spoilage bacteria, viruses, molds, parasites, and insects, as well as
toxic chemicals, such as nitrite, nitrosamines, and BAs in foods,
thereby enhancing their safety and keeping quality (Wei and oth-
ers 2009; Rabie and others 2010; Rabie and Toliba 2013). Ton-
izing radiations x and y are currently legally approved for food
preservation in about 50 countries around the world. This num-
ber is increasing steadily, because more scientific evidence is be-
ing built-up demonstrating that the benefits of food irradiation
outweigh its potential risks. Different doses of y radiation (1 to
30 kGy) are permitted for food preservation, depending on the
nature of the food, the target microorganisms to kill, and the ob-
jective of the treatment (shelf-life extension, partial or total elim-
ination of microbial contaminants, and ripening and sprouting of
vegetable foods). Although no legal status exists regarding the irra-
diation of fermented foods, including dairy products, many studies
have demonstrated the effectiveness of irradiation in reducing the
BA content in such foods. Exposure of various cheese types to 1 to
6 kGy of y irradiation reduces the microbial counts and BAs in a
dose-dependent manner (Aly and others 2012; Shalaby and others
2016). However, concerns have been raised with regard to possible
adverse effects on the nutritional quality of foods after irradiation.
The main of such concerns were related to the free radical for-
mation and lipid oxidation leading to alterations of the chemical
composition of fat- and protein-rich food products when exposed
to doses higher than 6 kGy (Chong and others 2011). Such doses
have even been reported to increase the level of some BAs (PEA,
spermidine, CAD, and tryptamine) in meat products (Wei and
others 2009), which could also be the case for dairy products.
Nonetheless, doses below 6 kGy were shown to affect neither the
chemical composition nor the gustatory quality of dairy products
while reducing BA contents and microbial counts to different ex-
tents (Aly and others 2012). In fact, the treatment of Ras cheese
(an Egyptian hard-ripened cheese) with different doses of y radi-
ations (5, 10, and 15 kGy) reduced its BA content and microbial
counts, and improved its gustatory quality after 6 mo of storage
at 5 °C (Shalaby and others 2016). Therefore, the irradiation of
dairy products may be especially useful in cheese where it can be
applied after ripening to reduce BA content and, at the same time,
prevent over-ripening of some cheese varieties where it concomi-
tantly reduces the microbial counts.

Actions on starter cultures. Apart from microbial contaminants
that produce BAs, advantageous or intentionally added LAB of the
starter or adjunct starter cultures also contribute to BA accumula-
tion in dairy products (Linares and others 2012). In contrast, some
strains of LAB were shown to reduce the content of BAs in various
foods including dairy products (Naila and others 2010). Therefore,
selection of strains to be used as starter or adjunct starter cultures
on the basis of decarboxylase-negative (not producing BAs) and/or
BA-oxidizing (degrading BAs) activities has been suggested as a
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means to reduce the BA content in foods (Linares and others
2011).

LAB of the genera Lactobacillus and Enterococcus with decar-
boxylating activity are the most implicated in BA accumulation
in dairy products (Ladero and others 2010). Species of both of
these genera are consistently present in raw milk where they can
survive pasteurization and develop as secondary microbiota dur-
ing fermentation and/or ripening (Novella-R odriguez and others
2002). In addition, lactobacilli are part of many commercial starter
cultures used in the dairy industry, and they have been reported
to contribute to BA accumulation in dairy products (Stratton and
others 1991; Burdychova and Komprda 2007; La Gioia and others
2011). Therefore, beside the provision of cheese milk with good
microbiological quality, the use of starter cultures composed of
BA-negative strains helps reduce the amount of BAs in fermented
dairy products more efficiently than each of these measures sep-
arately. This strategy was reported to be more efficient when a
mixed starter or adjunct starter culture was used, as the mixed-
strain cultures act synergistically in the control of BAs and result in
a large pH decrease that may be an additional factor contributing
to reducing BA accumulation (Hu and others 2007). Difterent
mixtures of pediococcal, lactobacilli, and staphylococcal strains
were shown to suppress BA production in different fermented
food products of different origins (Fernandez-Garcia and others
2000; Bover-Cid and others 2001; gpiéka and others 2002; Hu and
others 2007; Nieto-Arribas and others 2009; Lu and others 2015).
This strategy can be efficient and practical, provided appropriate
combinations of dairy strains are used.

Despite the good hygienic quality of milk and the use of se-
lected starter culture, BAs may still be formed, and sometimes at
relatively high levels, in dairy products, especially in cheeses re-
lying on the natural microbiota for fermentation and/or ripening
(Forzale and others 2011; Schirone and others 2012). In addition,
BAs may be formed from sources other than starter cultures or bac-
terial contaminants, such as yeasts and molds used as a secondary
microbiota, or may be naturally present in milk, such as spermine,
spermidine, putrescine, and PEA (Gloria and others 2011). Con-
sequently, means to remove pre-formed BAs from dairy products
should be envisaged as an improvement rather than as a preven-
tive measure to ensure safe levels of these toxic compounds. An
emerging strategy, in this regard, appears to be the use of BA-
degrading microbial strains as adjunct starter cultures. Detoxifying
oxidation of BAs has been demonstrated in vitro in many bacte-
ria of potential use in dairy products such as Micrococcus varians
(Leuschner and Hammes 1998a), Brevibacterium linens (Leuschner
and Hammes 1998b), Lb. sakei and Lb. curvatus (Dapkevicius and
others 2000), Staphylococcus xylosus (Mah and Hwang 2009), and
Lb. casei and Pediococcus spp. (Garcia-Ruiz and others 2011). For
example, strains of Lb. casei isolated from Zamorano, Cabrales,
and Emmentaler cheeses have been shown to degrade TYM and
HIM in vitro and effectively reduce their contents in experimental
models (Herrero-Fresno and others 2012). Dairy isolates of this
species were reported to reduce HIM in a laboratory medium by
50% of its initial concentration (Naila and others 2012). Simi-
larly, Lactobacillus plantarum reduced the content of putrescine and
TYM in wine (Capozzi and others 2012), and TYM, CAD, and
putrescine in Nhem, a Thai fermented meat (Valyasevi and Rolle
2002). Surface inoculation of Munster cheese with Brevibacterium
linens reduced its content in TYM and HIM by 55% to 70% dur-
ing a 4-wk ripening period (Leuschner and Hammes 1998b). Lu
and others (2015) demonstrated a synergistic action between BA-
degrading LAB strains of the species Lb. sakei and S. xylosus, and
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plant extracts to suppress the formation of tryptamine, putrescine,
CAD, HIM, and TYM in traditional Chinese smoked horsemeat
sausage during ripening and storage. These data provide a strong
indication of the potential for the application of BA-negative and
BA-oxidizing bacteria to help prevent the accumulation, or even
reduce the levels, of pre-formed BAs in dairy products. How-
ever, for such bacteria to be effective, they must be able to grow
optimally on the dairy matrix and dominate BA-producing and
other contaminating bacteria (Xu and others 2010). They should,
therefore, be selected on the basis of their compatibility to grow
together in the dairy product where they are intended to be used,
and for their ability to degrade BAs in situ before being validated
for such utilization.

Conclusions

Milk and dairy products continue to raise concerns with regard
to their contamination with microbial toxins of various origins,
and their potential to cause foodborne disease outbreaks, which
can result in heavy economic loss and a public health burden.
Great efforts have been made worldwide to reduce the incidence
of foodborne diseases; however, the effectiveness of such efforts
will remain hampered by the huge gap in food safety practices and
policies between developing and industrialized countries, since it is
being made more evident than ever that food safety is a global issue.

The presence of BAs in dairy products is a rather common cause
for foodborne intoxications, although underreported and largely
overlooked. Effective control of the incidence of these toxins in
dairy products will certainly contribute to alleviate the global food-
borne disease impact. To achieve such a goal, a new food safety
approach should be adopted in the face of the changing world
and the increased demand by consumers for minimally processed
and safe food products. Such challenge requires comprehensive
scientific knowledge of these toxins, the routes of contamination,
conditions for their production and/or inactivation, toxicological
effects and the possible interactions between each other to enhance
or reduce such toxicological effects, and so on. In fact, it is neces-
sary to perform a comprehensive survey of all BAs contaminating
dairy products and to make a quantitative estimate, if possible, of
the risk associated with the combination BA/dairy commodity
in order to efficiently target control measures. Developing robust
and effective epidemiological and surveillance programs is another
prerequisite to reduce the incidence of BAs in dairy products and
to subsequently assess the efficacy of the measures applied. Few
studies have been done to assess the risk of BAs in dairy products,
and they remain insufficient to adequately estimate their impact
on the safety of dairy products worldwide to ultimately suggest
means for their management and control.

Conventional means (heat treatment, use of chemical additives,
acidification, and fermentation) to reduce the overall contamina-
tion of dairy products with BAs have been found to be of limited
value, as significant amounts of BAs may be formed during pro-
cessing of fermented foods using processes that may encourage the
growth of BA-producing bacteria. Therefore, secondary control
measures to prevent toxin formation in dairy products, or to re-
duce their levels once formed, have been suggested as alternatives.
However, such approaches may face difficulties related to prac-
ticability and cost-effectiveness. In fact, no matter how effective
such techniques may be, the use of selected microorganisms (LAB,
yeasts, molds) as starter cultures (LAB) or dairy fermentations and
ripening, and the application of good manufacturing practices and
appropriate quality assurance programs during processing, storage,
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and even retailing remain unavoidable to enhance the safety of
fermented dairy products.
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