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Abstract:
the most common BAs in food. Its increased occurrence in food may lead to alimentary poisoning, due to enhancement

Biogenic amines (BAs) represent a considerable toxicological risk in some food products. Putrescine is one of

of the toxic effects of other BAs, and also to lower quality of food, this amine is potentially carcinogenic. Increased
occurrence of putrescine in food is mainly due to the bacterial metabolism of the Gram-negative as well as Gram-positive
bacteria present. The bacterial metabolism of putrescine is very specific due to its complexity (in comparison with the
metabolism of other BAs). There are 3 distinct known pathways leading toward the formation of putrescine, in some
splices involving up to 6 different enzymes. The existence of more metabolic pathways and the possibility of their
simultaneous use by different bacteria complicate the specification of the best conditions for food production and storage,
which could lead to a lower content of putrescine. This review provides a summary of the existing knowledge about
putrescine production and detection (mainly detection of specific genes for different enzymes using polymerase chain
reaction) in both starter and contaminating microorganisms. Thus, this comprehensive review gives a useful overview for

further research.
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Introduction

Putrescine is a low-molecular-weight nitrogenous base with the
systematic name 1,4-diaminobutane. It is an aliphatic diamine be-
longing to the group of biogenic amines (BAs). Two basic amino
groups are present, which at the physiological pH of 7.4 carry a
positive charge that makes them suitable for a wide range of func-
tions in different cell types. According to some authors, putrescine
also belongs, together with cadaverine, spermine, and spermidine,
to polyamines (molecules containing 2 or more amino groups in
the molecule) (Smith 1981; Bard6cz and others 1995). Polyamines
are found in all cell types and their presence in various kinds of
foodstuffs is partly due to their endogenous origin.

In humans, there are 3 common sources of putrescine: the first
one is endogenous biosynthesis within their own cells, the second
one includes foodstuffs (alimentary intake), and the last one is the
production of putrescine by bacteria of the intestinal microflora.
The largest amount of putrescine in humans is taken from food
(Bardécz and others 1995). If none of the 3 sources of putrescine
becomes excessive, putrescine is used for its physiological func-
tions and the excess is excreted by normal metabolism. However,
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increased intake of putrescine in food can lead to serious toxico-
logical consequences.

Toxicological effects of other BAs, mainly those of histamine and
tyramine, are more frequently mentioned in the literature. Well-
known cases of food poisoning include “scombroid fish poisoning”
(caused by fish containing histamine) (Lehane and Olley 2000) or
“cheese reaction” (caused by an increased tyramine content) (ten
Brink and others 1990). Histamine and tyramine can have vasoac-
tive and psychoactive effects and can cause a wide range of health
problems such as vomiting, headaches, hyper- or hypotension, and
allergic reactions (ten Brink and others 1990; Haldsz and others
1994; Ladero and others 2010a). There are only sporadic refe-
rences to the toxicological effects of putrescine in the literature.
The explanation could lie in the fact that putrescine on its own
has low toxicological activity. However, its effect is significant in
that it enhances the toxicological effects of other BAs, especially
histamine and tyramine (Taylor 1985b; Straub and others 1995).
Putrescine can also be a precursor to the formation of carcinogenic
N-nitrosamines (ten Brink and others 1990; Shalaby 1996).

However, the above-mentioned toxicological points of view are
not the only reason for studying and monitoring the occurrence of
putrescine in food. Another major reason is the negative effect of
putrescine on food quality as it is one of the indicators of undesir-
able changes in proteins (Lehtonen 1996; R okka and others 2004).
Putrescine can give foodstufts so-called “putrid odor” (Wang and
others 1975). Putrescine is one of the most common BAs in food
and its increased occurrence in food is caused by the metabolic
production of contaminating microorganisms (ten Brink and oth-
ers 1990). However, putrescine can also be synthetised by starter
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cultures added to food intentionally (Fernindez-Garcia and others
2000).

Another reason for the increasing number of studies dealing
with the detection possibilities of putrescine producers includes
the detection of the metabolic pathways leading to its production
in food. However, the metabolic pathways of its origin are, in
comparison with those of other BAs, relatively more complicated.

The objective of this review is to provide an overview of
putrescine metabolism in bacteria and research possibilities of
putrescine metabolism by means of PCR methods. Microbial
metabolism and the possibilities of its monitoring are the main
areas of interest. This review provides a useful overview of the
current state of knowledge in this field.

Putrescine and Its Effects on the Human Body

As mentioned in the introduction, the increased occurrence of
putrescine in food can have numerous negative impacts on human
health and food quality. This part deals with both physiological
functions of putrescine and its negative impact on human health
and food quality.

Putrescine fulfills important physiological functions in a wide
variety of living cells. This BA shows many physiological functions
and it is a precursor in the synthesis of other polyamines (spermine
and spermidine). Putrescine is classified as a physiologic amine.
Physiological functions of putrescine and other polyamines are
related to their polycationic nature, which determines interactions
with negatively charged molecules such as DNA, RNA, proteins,
phospholipids (Igarashi and Kashiwagi 2010).

Newer studies show that putrescine, along with other
polyamines and phosphate ions, forms nuclear aggregates of
polyamines in the cell nuclei, which are responsible for the above-
mentioned interactions and affect the 3-dimensional structure of
DNA (Di Luccia and others 2009). These interactions are re-
lated to the regulation of the structure of nucleic acids and pro-
tein synthesis (Silla Santos 1996; Hou and others 2001). Analyses
have shown that putrescine binds to a minor groove of the DINA
molecule and thus affects its stability (Medina and others 2003).
The interactions of polyamines with nucleic acids are still much
under study (Kabir and Kumar 2013; Wen and Xie 2013).

Putrescine, along with other polyamines, binds to membrane
structures such as phospholipids, mainly in erythrocytes. This
polyamine may lead to a decrease in membrane fluidity but also
to increased resistance to fragmentation due to stabilization of
the membrane skeleton (Til and others 1997; Largue and oth-
ers 2007). It has also been found that apart from the membrane
stabilization and the effect on the synthesis of nucleic acids and
proteins, polyamines are involved in the removal of free radicals
(Kaur-Sawhney and others 2003). Another interesting fact is rela-
tively high concentration of polyamines in the milk of mammals.
In many mammals, they play an important role as luminal growth
factors for intestinal maturation and growth (Dufour and others
1988; Loser 2000) and can play a significant role in the preven-
tion of food allergies (Dandrifosse and others 2000). In mammals,
polyamines have direct effects on several ion channels and recep-
tors, resulting in the regulation of Ca?*t, Nat, and KT homeostasis
(Johnson 1996; William 1997; Li and others 2007).

It has been found that oral intake of putrescine results in its
fast distribution within the body, as shown in experiments with
4C putrescine in adult rats. Within 30 min after the intake of
putrescine, radioactivity was detected in the intestines, blood,
and various organs, which suggests a very rapid distribution of
putrescine in an organism and emphasizes the importance of
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monitoring and knowing about the putrescine content in food-
stuffs (Bardécz and others 1995). From a physiological point of
view, putrescine belongs to vasoactive amines and thus it can in-
crease cardiac output, which could lead to heart failure or cere-
bral haemorrhage (Til and others 1997; Kala¢ 2009; Mohan and
others 2009) as well as tachycardia or hypotension (Ladero and
others 2010a).

With respect to important physiological functions, it is clear
that disruption of the normal balance due to increased intake
of putrescine from food can have serious toxicological conse-
quences. Although the toxic effects of putrescine are signifi-
cantly lower than that of histamine or tyramine, there are many
serious secondary effects. Diamines such as putrescine have a
very important role in alimentary poisoning as they can en-
hance and potentiate the toxic effect of histamine, tyramine,
and phenylethylamine by interacting with enzymes that me-
tabolize these BAs (Taylor 1985a). For example, experiments
on guinea pigs and rats revealed that putrescine potentiates
histamine toxicity up to 10 times (Parrot and Nicot 1966;
Lehane and Olley 2000). Putrescine enhances histamine toxi-
city by inhibiting enzymes oxidizing histamine diaminooxidase
(DAO; EC 1.4.3.6) and histamine N-methyltransferase (NMT;
EC 2.1.1.8) (Stratton and others 1991; Hernandez-Jover and oth-
ers 1997; Emborg and Dalgaard 2006).

From a toxicological point of view, a serious aspect of putrescine
occurrence in foodstuffs is the posibility of forming carcinogenic
nitrosamines. Putrescine can form carcinogenic nitrosamines by
the reaction with nitrites (ten Brink and others 1990; Shalaby
1996; Bover-Cid and Holzapfel 1999; Kala¢ and others 2005),
which is shown in Figure 1. The initiator of this reaction is
nitrogen oxide, produced from nitrites that are regular food
additives mainly, in the meat industry, or naturally present in
many foodstuffs of plant origin. Heating of putrescine leads to
the production of pyrrolidine, from which N-nitrosopyrrolidine
is formed, also by means of heat (Gray and Collins 1977; Spinelli-
Gugger and others 1981; Karovicovd and Kohajdova 2005).
N-nitrosopyrrolidine is classified by the Intl. Agency for Research
on Cancer (IARC) as a Group 2B carcinogen (possible human
carcinogen). It has also been shown that putrescine increases the
risk of N-nitrosodimethylamine formation in heat-treated pork
(Drabik-Markiewicz and others 2011). This N-nitrosoamine is
classified by US Environmental Protection Agency (EPA) as a
Group 2B carcinogen and by IARC as a Group 2A carcinogen
(limited evidence in humans and sufficient evidence in aminals).

Moreover, putrescine is involved in the development of neo-
plasms in another way, which is closely related to its physiological
function. As mentioned above, putrescine is, along with other
polyamines, involved in cell growth and cell proliferation. For
this reason, studies in which suppression of tumor cell growth
was tested by means of reduction the activity of ornithine de-
carboxylase (ODC) (Pegg and others 1995), which is one of the
enzymes responsible for the formation of putrescine. One of the
most common inhibitors of ODC used in cancer therapy is difluo-
methylornithine (Meyskens and Gerner 1995). However, tumor
cells have the ability to absorb extracellular amines from food or
amines produced by gastrointestinal bacteria, and therefore, the
therapy was not effective (Seiler 2003a,b; Carruthers and others
2007). Nevertheless, preliminary clinical studies have shown that
reducing the dietary intake of polyamines and decreasing the pro-
duction of polyamines by intestinal microflora are beneficial for
the quality of patients” life and pain management (Cipolla and
others 2007).
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Figure 1-Nitrosation of putrescine giving N-nitrosopyrrolidine.

The Influence of Putrescine on Food Quality

In addition to the toxic effects, the occurrence of putrescine
in foodstuffs leads to undesirable organoleptic properties and ad-
versely affects the taste and aroma of food (Lehtonen 1996), for
example, in shrimps, it is perceptible at concentrations of 3 mg/kg
(Benner and others 2003). Increased occurrence of putrescine in-
dicates food spoilage caused by microbial activity and it is also the
main BA that indicates spoiled meat. The amount of putrescine,
histamine, and cadaverine shows the freshness of meat and is de-
fined as biogenic amines index (BAI) (Karmas 1981):

histamine (/Lﬂ) + putrescine (%) + cadaverine ('%)
BAI — ¢ g g

)
1 + spermine (Z’—f) apermidine (%)

According to this index, the freshness quality of meat is eval-
uated in the following way: BAI < 5 indicates high-quality fresh
meat; BAI between 5 and 20 indicates meat of acceptable quality
with initial signs of spoilage; meat with BAI 20-50 is meat of low
quality, and meat with BAI > 50 is referred to as spoiled meat
(Hernandez-Jover and others 1996). Thus, there are 2 main rea-
sons for monitoring of the production and putrescine content in
foodstuffs: its potential toxicity and its content being used as the
indicator of food quality.

Putrescine is one of the main BAs found in fermented
vegetable dishes (264 mg/kg on average), fish sauces (98.1 to 99.3
mg/kg), fermented sausages (84.2 to 84.6 mg/kg), cheeses (25.4 to
65.0 mg/kg), and fermented fish (13.4 to 17.0 mg/kg) (EFSA
2011). Putrescine is abundant in meat and meat products too.
According to various studies, putrescine is the prevailing BA in
wine (Ancin-Azpilicueta and others 2008) where it occurs in the
range of 1 to 200 mg/L (Soufleros and others 1998). Moreover,
putrescine has also been found in all of 195 samples of European
beers tested (Izquierdo-Pulido and others 1996) and in 111 of
114 Czech beers (Bunka and others 2012). An overview of the
occurrence of polyamines (putrescine, spermine, and spermidine)
in various foodstuffs can be found in many publications (Kalac
and Kiizek 2003; Kala¢ and Krausova 2005; Burikova and others
2010b, 2013; Lorencova and others 2012; Bunka and others 2013),
and there are also some databases providing information about the
content of polyamines in food (Zoumas-Morse and others 2007;
Ali and others 2011). Generally, putrescine is one of the most
common BAs found in food (Fernindez and others 2007).

So far, there is no legislative limit on putrescine content in
food. According to toxicological data, the acute oral toxicity of
putrescine in rats was set at 2000 mg/kg body weight (Til and oth-
ers 1997). Some authors also discussed the proposal on maximum
tolerable levels of putrescine in food. For example, Rauscher-

1014 Comprehensive Reviews in Food Science and Food Safety ¢ Vol. 13,2014

Gabernig and others (2012) suggested maximum tolerable concen-
trations of putrescine in fish (170 mg/kg), fermented cabbage (140
mg/kg), cheeses (180 mg/kg), fermented sausages (360 mg/kg),
and seasoning products (510 mg/kg) on the basis of toxicologi-
cal data, the occurrence of putrescine in foodstuffs, and average
human consumption of these foodstuffs.

Putrescine-Producing Microorganisms in Food

High concentrations of putrescine often correspond to activity
of the decarboxylation enzymes of the contaminating microflora.
The production of putrescine in food is associated mainly with
bacteria of the genus Pseudomonas and enterobacteria (Smith 1981;
ten Brink and others 1990). Technological important bacteria
such as lactic acid bacteria (LAB) may significantly contribute to
the production of BAs too (Fernandéz-Garcia and others 2000;
Burnkovi and others 2009, 2011, 2012). Table 1 shows a list of
putrescine-producing microorganisms in food. Generally, decar-
boxylase activity of bacteria is dependent on the individual strains
and is therefore not species-specific. For example, some strains of
Lactobacillus curvatus are known for their aminogenesis (BA pro-
duction), whereas strains of Lactobacillus sakei are often referred
to as the strains without decarboxylase activity (not producing
BA) (Bover-Cid and others 2008). LAB produce mainly tyramine,
occasionally they may also produce considerable amounts of pu-
trescine and other BAs (Straub and others 1995; Bover-Cid and
others 2000b; Bunkovi and others 2009, 2010b).

Bacterial Metabolism of Putrescine

With respect to the fact that bacterial metabolism is the main
source of putrescine in food, this part deals with a detailed de-
scription of the bacterial metabolism of putrescine. The forma-
tion of putrescine in food can be controlled through an inhibi-
tion of decarboxylase activity of a specific microorganism present
(Wendakoon and Sakaguchi 1995), and therefore, an intensive
study of its metabolism and its possible influence is very impor-
tant. This part gives an overview of up-to-date knowledge about
microbial metabolism of putrescine in Gram-negative as well as in
Gram-positive bacteria.

BA synthesis (including that of putrescine) in bacteria is often
related to energy gain or resistance to an acidic pH (Konings and
others 1997; Griswold and others 2006). Most BAs are formed
in one metabolic pathway catalyzed by a decarboxylase enzyme.
In contrast, putrescine can be formed by Gram-negative bacteria
via 3 different pathways including up to 8 different enzymes. In
the case of Gram-positive bacteria, there are 2 pathways including
up to 3 enzymes. Moreover, some of these enzymes can have
2 forms—biosynthetic and biodegradative. The biodegradative
forms are induced by many factors (including a low pH, anaerobic
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Table 1-List of putrescine-producing microorganisms isolated from food.

Putrescine
Microorganism Source N2 production® Reference
Enterobacteriaceae
Citrobacter braakii Cheese, sausage 5 +1to +++ Chaves-Lépez and others
2006; Lorenzo and others
2010
Citrobacter freundii Cheese, meat, ground 18 ++to ++++ Bover-Cid and Holzapfel
beef and hamburger, 1999; Marino and others
sausage; not 2000; Durlu-Ozkaya and
specified® others 20071; Pircher and
others 2007; Coton and
others 2012; Wunderlichova
and others 2013
Citrobacter youngae Sausage 1 ++ Lorenzo and others 2010
Cronobacter sakazakii Cheese, spinach 2 +to ++++ Chaves-Lépez and others
2006; Lavizzari and others
2010
Enterobacter Cheese, meat, 10 ++to ++++ Marino and others 2000;
aerogenes sausage; not specified Pircher and others 2007;
Wunderlichova and others
2013
Enterobacter Spinach 8 +4+4++ Lavizzari and others 2010
amnigenus
Enterobacter cloacae Cheese, meat, 26 +4++to ++++ Bover-Cid and Holzapfel
sausage, spinach; not 1999; Marino and others
specified 2000; Greif and others 2006;
Pircher and others 2007;
Latorre-Moratalla and others
20009; Lavizzari and others
2010; Lorenzo and others
2010
Enterobacter Cheese 48 ++ Marino and others 2000
georgoviae
Enterobacter Cheese 4 +4 Coton and others 2012
hormaechei
Enterobacter spp. Fish ground beef and 123 +to ++++ Kim and others 2009;
hamburger Durlu-Ozkaya and others
2001
Escherichia coli Cheese, meat, ground 61 +to ++++ Marino and others 2000;
beef and hamburger, Durlu-Ozkaya and others
sausage, poultry skin; 2001; Chaves-Lépez and
not specified others 2006; Pircher and
others 2007; Burikova and
others 2010a; Lorenzo and
others 2010; Wunderlichova
and others 2013
Escherichia fergusonii; Ground beef and 6 +to++ Durlu-Ozkaya and others
E. vulnaris hamburger 2001
Hafnia alvei Cheese, meat, ground 117 +to ++++ Jgrgensen and others 2000;
beef and hamburger, Marino and others 2000;
sausage, cold-smoked Durlu-Ozkaya and others
zaggi(])ﬁré,dspmach, not 2001; Ozogul 2004; Ozogul
P and Ozogul 2007; Pircher and
others 2007; Lavizzari and
others 2010; Lorenzo and
others 2010; Coton and
others 2012
Klebsiella oxytoca Cheese, meat, 6 + 10 ++++ Marino and others 2000;
sausage; not specified Pircher and others 2007;
Wunderlichova and others
2013
Klebsiella pneumoniae Spinach; not specified 17 +to++ 0zogul 2004; Ozogul and
Ozogul 2007; Lavizzari and
others 2010
Klebsiella terrigena Cheese, meat, 7 ++to ++++ Pircher and others 2007;
sausage, spinach Lavizzari and others 2010;
Lorenzo and others 2010
Klebsiella spp Cheese, meat 6 ++to ++++ Pircher and others 2007;
Wunderlichova and others
2013
Morganella morganii Cheese, ground beef 16 + 10 ++++ Durlu-Ozkaya and others
and hamburger, 2001; Gzogul 2004; Ozogul
spinach; not specified and Ozogul 2007; Lavizzari
and others 2010; Coton and
others 2012
Pantoea agglomerans Cold-smoked salmon 2 ++ Jgrgensen and others 2000
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Table 1-Continued.

Putrescine
Microorganism Source N production® Reference
Pantoea sp. Cheese, meat, 20 +t0 ++++ Pircher and others 2007;
sausage, poultry skin, Burikové and others 2010a;
spinach Lavizzari and others 2010;
Wunderlichové and others
2013
Pectobacterium Not specified 1 ++ Wunderlichova and others
carotovorum
Proteus mirabilis Ground beef and 3 ++to +++ Durlu-Ozkaya and others
hamburger; not 2001; Wunderlichova and
specified others 2013
Proteus penneri Ground beef and 4 ++ Durlu-Ozkaya and others
hamburger 2001
Proteus vulgaris Cheese, sausage, 8 +to ++++ Burikova and others 2010a;
poultry skin, gourmed Lorenzo and others 2010;
salad Helinck and others 2013;
Wunderlichova and others
2013
Proteus spp. Cheese 10 +to ++++ Coton and others 2012
Providencia Ground beefand 1 ++ Durlu-Ozkaya and others
alcalifaciens hamburger 2001
Providencia spp. Cheese 3 ++ Coton and others 2012
Rahnella aquatilis Sausage 1 ++ Lorenzo and others 2010
Salmonella enterica, Cheese, sausage; not 12 +to ++++ Marino and others 2000;
including S. enterica specified Chaves-Lopez and others
subsp. arizonae 2006; Lorenzo and others
2010; Wunderlichova and
others 2013
Salmonella spp. Poultry 13 not specified Geornaras and others 1995
Serratia grimesii Cheese, ground beef 3 +to++ Durlu-Ozkaya and others
and hamburger 200T; Coton and others 2012
Serratia liguefaciens Cheese, meat, 77 ++to ++++ Bover-Cid and Holzapfel
cold-smoked salmon, 1999; Jorgensen and others
sausage, poultry skin, 2000; Marino and others
spinach 2000; Pircher and others
2007; Burikova and others
2010a; Lavizzari and others
2010; Lorenzo and others
2010; Coton and others 2012
Serratia marcescens Cheese, sausage, 8 ++to ++++ Bover-Cid and Holzapfel
poultry skin, spinach; 1999; Burikova and others
not specified 2010a; Lavizzari and others
2010; Wunderlichova and
others 2013
Serratia Meat 1 ++ De Filippis and others 2013
proteamaculans
Serratia spp. Cheese, sausage, 5 +to +++ Bover-Cid and Holzapfel
cold-smoked salmon 1999; Jgrgensen and others
2000; Chaves-L6pez and
others 2006
Yersinia enterocolitica Cheese, poultry skin; 4 +to +++ Burikova and others 2010a;
not specified Wunderlichové and others
2013
Yersinia ruckeri Not specified 1 ++ Wunderlichové and others
2013
Enterobacteriaceae Spinach 23 ++to ++++ Lavizzari and others 2010
(unidentified)
Pseudomonadales
Pseudomonas Not specified 4 ++ Wunderlichova and others
aeruginosa 2013
Pseudomonas Not specified 1 ++ Wunderlichové and others
fluorescens 2013
Pseudomonas Milk 1 + Coton and others 2012
lundensis
Pseudomonas luteola Cheese 4 +to ++ Martuscelli and others 2005
Pseudomonas putida Milk, cheese; not 5 +to++ Ozogul and Ozogul 2007;
and Ps. grp. putida specified Coton and others 2012
Pseudomonas spp. Poultry 25 not specified Geornaras and others 1995
Psychrobacter celer Cheese 1 ++ Coton and others 2012
Acinetobacter sp. Milk 1 ++ Coton and others 2012
Vibrionaceae
Vibrio harveyi Not specified 1 ++ Ozogul and Ozogul 2007
Photobacterium Cold-smoked salmon 3 +to++ Jegrgensen and others 2000
phosphoreum
Other Gram-negative
bacteria
Aeromonas caviae Poultry skin 7 + Burikova and others 2010a
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Table 1-Continued.

Putrescine
Microorganism Source N2 production® Reference
Aeromonas Poultry skin, spinach 5 +to++ Burikova and others 2010a;
hydrophila Lavizzari and others 2010
Aeromonas sp. Cold-smoked salmon, 12 + Jgrgensen and others 2000;
poultry skin Bunkova and others 2010a
Chryseobacterium sp. Cheese 1 ++ Coton and others 2012
Delftia acidovorans Poultry skin 1 + Burikova and others 2010a
Halomonas spp. Cheese 5 +to++ Coton and others 2012
Ochrobactrum sp. Milk 1 + Coton and others 2012
Sphingobacterium sp. Milk 1 + Coton and others 2012
Stenotrophomonas Spinach 2 +++ Lavizzari and others 2010
maltophilia
Stenotrophomonas Milk 2 + Coton and others 2012
spp.
Lactic acid bacteria
Lactobacillus brevis Not specified 4 +++ Bover-Cid and Holzapfel 1999
L. brevis Cheese, wine, cider, 90 agdi+ or odc+ Coton and others 2010;
sugarcane, olives, Costantini and others 2013;
human milk, silage, Romano and others 2014
L. brevis Dairy 2 not specified Ladero and others 2012b
Lactobacillus casei Sugarcane 1 agdi+ Romano and others 2014
Lactobacillus Cider 31 agdi+ Coton and others 2010
collinoides
Lactobacillus curvatus Cheese, dairy 108 +t0 ++++ Bover-Cid and Holzapfel
products, meat, 1999; Jorgensen and others
sausage, cold-smoked 2000; Aymerich and others
salmon; not specified 2006; Pircher and others
2007; Latorre-Moratalla and
others 2009; Buiikova and
others 2010b; Lorencova and
others 2012
L. curvatus Cheese 2 agdi+ Romano and others 2014
L. curvatus Dairy 1 not specified Ladero and others 2012b
Lactobacillus Cheese, meat, sausage 9 ++ Pircher and others 2007
fermentum
Lactobacillus Wine 5 agdi+ Coton and others 2010;
fructivorans Romano and others 2014
Lactobacillus hilgardii Wine 18 ++to +++ Landete and others 2007b;
Arena and others 2008
L. hilgardii Wine, cider 106 agdi+ Coton and others 2010;
Costantini and others 2013
Lactobacillus lactis Cheese, meat, sausage 26 ++ Pircher and others 2007
Lactobacillus mali Wine, cider 21 agdi+ or odc+ Coton and others 2010;
Costantini and others 2013
Lactobacillus Cheese, meat, sausage 77 +4 Pircher and others 2007
paracasei
Lactobacillus Cheese, meat, 13 ++ Pircher and others 2007;
plantarum sausage; not specified Kuley and others 2013
Lactobacillus Wine 50 agdi+ Coton and others 2010
plantarum
Lactobacillus Cheese, meat, sausage 10 ++ Pircher and others 2007
rhamnosus
Lactobacillus sakei Sausage, cold-smoked 188 +to++ Jgrgensen and others 2000;
salmon Aymerich and others 2006
Lactobacillus Sourdough 1 agdi+ Romano and others 2014
sanfranciensis
Lactococcus lactis Not specified 2 ++ Kuley and others 2013
L. lactis Dairy 18 not specified Ladero and others 2012b
Leuconostoc lactis Cheese, meat, sausage 13 ++ Pircher and others 2007
Leuconostoc Cheese, meat, 77 ++to +++ Pircher and others 2007;
mesenteroides sausage, wine Coton and others 2010;
L. mesenteroides Cider 1 agdi+ Coton and others 2010
Oenococcus oeni Wine 70 ++to +++ Landete and others 2007b;
Coton and others 2010;
0. oeni Wine, cider 125 agdi+ or odc+ Coton and others 2010
Pediococcus parvulus Wine, cider 32 agdi+ Costantini and others 2013;
Coton and others 2010
Pediococcus Wine, cider 13 agdi+ Costantini and others 2013;
pentosaceus Coton and others 2010
Enterococcus faecalis Cheese, meat, sausage 75 Pircher and others 2007
E. faecalis Dairy, human 5 not specified Ladero and others 2012b
Enterococcus faecium Cheese, meat, sausage 84 ++to+++ Pircher and others 2007;
Pleva and others 2012
Enterococcus sp. Dairy 2 not specified Ladero and others 2012b
Streptococcus Not specified 1 ++ Kuley and others 2013
thermophilus
Weisella halotolerans Sausage 1 not specified Pereira and others 2009b
Carnobacterium Cold-smoked salmon 2 + Jgrgensen and others 2000
divergens
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Table 1-Continued.

Putrescine
Microorganism Source N production® Reference
Staphylococci
Staphylococcus Food, starter cultures, 7 +to++ Seitter (née Resch) and others
carnosus human 2011
Staphylococcus Fish, sausage 14 + to ++++ Even and others 2010;
epidermidis Bermidez and others 2012;
Pleva and others 2012;
Cachaldora and others 2013
Staphylococcus Sausage 29 + to ++++ Bermidez and others 2012;
equorum Cachaldora and others 2013
Staphylococcus Fish 4 ++to+++ Pleva and others 2012
haemolyticus
Staphylococcus Fish 3 +++to ++++ Pleva and others 2012
hominis
Staphylococcus Fish, sausage 11 +to+++ Bermidez and others 2012;
pasteuri Pleva and others 2012;
Cachaldora and others 2013
Staphylococcus Sausage 15 + Even and others 2010;
saprophyticus Bermidez and others 2012;
Cachaldora and others 2013
Staphylococcus Fish 9 ++ Pleva and others 2012
warneri
Staphylococcus Sausage 1 +++ Latorre-Moratalla and others
xylosus 2009
Bacilli
Bacillus Sausage 6 + Bermidez and others 2012
amyloliquefaciens
Bacillus licheniformis Soil; not specified 2 ++to +++ Chang and Chang 2012
Bacillus Fermented soybean 1 + Chang and Chang 2012
polyfermenticus
Bacillus subtilis Sausage, fermented 16 +to++ Bermidez and others 2012;

soybean, soil; not
specified

Chang and Chang 2012

aNumber of tested isolates of given group of bacteria.

Maximum production of putrescine in mg/L; biogenic amines production in the concentration range of: <10 mg/I (+); 10-100 mg/L (+++); 100 to 1000 mg/L (+++); >1000 mg/L (++-++). In some cases,
using PCR- or qPCR-detected genes involved in the production of putrescine (gene shorcuts explained in Figure 3 or text).

“Food source of the bacteria not specified or strains from collection of microorganisms.

conditions, presence of saccharides, NaCl concentration, and so
on). Presumably, the biosynthetic forms are constitutively tran-
scribed as the 1st part of biosynthesis of polyamines in cells (Tabor
and Tabor 1984).

Metabolism of putrescine and its production in Gram-
negative bacteria

In Gram-negative bacteria, putrescine can be produced in 3
metabolic pathways (Figure 2). Putrescine can be synthesized
either directly from ornithine by ODC (EC 4.1.1.17; ODC path-
way) or indirectly from arginine by arginine decarboxylase via
agmatine (ADC; EC 4.1.1.19; arginine decarboxylase pathway).
In many bacteria, both of these pathways can work simultaneously
(Cunin and others 1986; Tabor and Tabor 1972).

In addition, there are 2 variants of the ADC pathway. In both of
them, first L-arginine is decarboxylated by ADC to give agmatine.
In enterobacteria, agmatine is converted into putrescine and urea
by agmatinase (EC 3.5.3.11) (encoded by speB gene), whereas in
bacteria of the genus Pseudomonas, agmatine is first hydrolyzed
by agmatine deiminase (EC 3.5.3.12) (encoded by aguA gene)
to give N-carbamoyl putrescine and ammonia, as in the case of
some LAB. The N-carbamoyl putrescine is then converted by N-
carbamoyl-putrescine amidohydrolase (EC 3.5.1.53; encoded by
aguB gene), while splitting off urea to give putrescine. The whole
scheme is shown in Figure 2; Table 2 shows a list of enzymes
involved in the metabolism of putrescine (both biosynthetic and
catabolic pathways), genes encoding these enzymes, and groups
of microorganisms in which the given gene usually occurs (the
information obtained from the database of metabolic pathways).
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In many Gram-negative bacteria, we can find 2 forms of ADC:
biosynthetic ADC, encoded by speA gene, and biodegradative, en-
coded by adiA gene in enterobacteria (Escherichia coli, Salmonella).
In bacteria of the genus Pseudomonas, there is apart from the
biosynthetic ADC (speA product), another form of decarboxy-
lase capable of arginine decarboxylation, which is usually referred
to as “putative” ADC and is encoded by adi gene (sometimes also
referred to as ldc gene). The genes for biosynthetic and biodegrada-
tive ADC in Gram-negative bacteria do not show phylogenetic
context.

There is a similar situation in ornithine decarboxylase, where E.
coli has 2 forms of ornithine decarboxylase—constitutive (biosyn-
thetic), encoded by speC gene and inducible, encoded by speF
gene. In E. coli, there are isozymes—both genes have a similar
structure but differ in the regulation. These 2 genes show a striking
similarity and probably share the same evolutionary development
(Applebaum and others 1977). The same might hold true for other
enterobacteria with both forms of ornithine decarboxylase.

Enterobacteriaceae, as well as Pseudomonas spp., were identified as
the main producers of putrescine in various types of food. Many
publications describe increased putrescine production in relation
to the occurrence of enterobacteria in foodstuffs (Table 1). En-
terobacteria were responsible for the production of putrescine in
fermented sausages (Pircher and others 2007; Lu and others 2010;
Curiel and others 2011), minced meat and burgers (Durlu-Ozkaya
and others 2001), fish products (Ozogul and others 2002; Ozogul
and Ozogul 2005; Pons-Sinchez-Cascado and others 2005), in
the chilled poultry skin (Bunkovi and others 2010a), and cheeses
(Marino and others 2000). Enterobacteriaceae and Pseudomonas iso-
lated from spinach were also in vitro producers of putrescine
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Figure 2—Putrescine metabolism in Gram-negative bacteria, gene shorcuts explained in Table 2.

Table 2—-Overview of microorganisms, key enzymes, and genes involved in the production of putrescine in microorganisms.

Enzyme Gene Microorganisms that possess the gene
Arginine decarboxylase—biosynthetic speA Enterobacteriaceae; Pseudomonas spp.

Arginine decarboxylase—biodegradative adiA E. coli, Salmonella spp.

Orn/Lys/Arg decarboxylase family protein Ldc, adi Pseudomonas spp.

Agmatinase speB Enterobacteriaceae (except Yersinia spp. and Pectobacterium carotovorum)
Agmatine deiminase aguA Pseudomonas spp., Yersinia spp., Gram-positive bacteria
N-carbamoylputrescine amidohydrolase aguB Pseudomonas spp., Yersinia spp.

Ornithine decarboxylase—biosynthetic speC Enterobacteriaceae,Pseudomonas spp.

Ornithine decarboxylase—biodegradative speF Enterobacteriaceae, Gram-positive bacteria

Putrescine carbamoyltransferase picA Lactic acid bacteria

Putrescine carbamoyltransferase aguB Gram-positive bacteria (in other bacteria as it is aguA gene)
Arginase aga, rock Bacillus spp., Helicobacter pylori

(Lavizzari and others 2010). Some strains of Pseudomonas were
identified as good producers of putrescine in both the model
medium (Landete and others 2008, 2010) and fish products
(Ozogul and Ozogul 2005; Pons-Sinchez-Cascado and others
2005).

Some authors also detected the occurrence of agmatine in rela-
tion to the occurrence of Gram-negative bacteria in food (Ozogul
and Ozogul 2005; Pons-Sinchez-Cascado and others 2005;
Saccani and others 2005; Burikova and others 2010a; Curiel and
others 2011; Wunderlichova and others 2013). The presence of
agmatine is important evidence of the fact that Gram-negative
microorganisms form putrescine, not only by means of the ODC
pathway but also by active use of the ADC pathway.

Metabolism of putrescine and its production in Gram-
positive bacteria

LAB utilize metabolic pathways of biodegradation (catabolism)
of amino acids in order to gain metabolic energy (Fernindez
and Zuniga 2006) or as a mechanism of resistance to a low pH
(Konings 2002). These LAB carrying catabolic pathways of pu-
trescine formation are then its sources in food (ten Brink and others
1990; Silla Santos 1996). These pathways in LAB are referred to
as strain-specific rather than species-specific, suggesting that the
presence of these pathways is given by horizontal gene transfer
(Lucas and others 2005; Marcobal and others 2006). Recently,
there have also been studies confirming species-specific ability to
form a particular BA (Ladero and others 2011a). For example, 90%
of all Enterococcus faecium isolated from cheeses were tyramine pro-
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ducers. Also, Pleva and others (2012) determined almost 85% tyra-
mine production in enterococci isolated from rabbit meat. Among
the strains of Enterococcus faecalis, putrescine-producing strains are
very frequently found (Llacer and others 2007; Ladero and others
2012a), which could indicate species-specific ability to produce
putrescine (agmatine deiminase pathway).

Generally, in Gram-positive microorganisms, there can be 2
metabolic pathways in the metabolism of putrescine: ODC (only a
biodegradative form) and agmatine deiminase (AgDI). The ODC
pathway is more likely to occur in bacteria isolated from wine
and the AgDI pathway in bacteria isolated from musts and cheeses
(Romano and others 2012). The ADC pathway has been described
only in 1 strain of LAB (Lactobacillus hilgardii X1B isolated from
a wine sample) (Arena and Manca de Nadra 2001). The scheme
of putrescine metabolism in Gram-positive bacteria is shown in
Figure 3, the list of enzymes involved in putrescine metabolism is
covered in Table 2.

The first group of the above-mentioned pathways, the decar-
boxylation pathways (such as the ODC pathway), always includes 2
proteins—decarboxylase and the transport protein that is responsi-
ble for the transport of amino acids into the cytoplasm and antiport
of the BA out of the cell. Subsequently, the enzyme decarboxy-
lates the amino acids to produces BAs and carbon dioxide. This
pathway produces proton-motive force and alkalizes the cytoplasm
(Romano and others 2012).

The AgDI pathway works on a principle different from that of
the decarboxylation pathway. It consists of a transport step followed
by 2 enzymes. The first enzyme, agmatine deiminase (encoded by
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aguA gene), converts agmatine into N-carbamoyl putrescine and
ammonia. The other enzyme, putrescine carbamoylase (encoded
by ptcA gene, also referred to as aguB by some authors), produces
carbamoylphosphate and putrescine. The carbamoylphosphate is
then broken down by kinase (encoded by aguC gene) to give
ATP, carbon dioxide, and ammonia. In this way, LAB can produce
energy. The substrate and product are again exchanged by antiport
(Driessen and others 1988). The presence of pfc gene has been
determined only in a small number of bacteria (Llacer and others
2007; Lucas and others 2007; Chen and others 2011).

All AgDI pathway genes are located on the agmatine deiminase
gene cluster (AGDIc¢). In most LAB, the AgDI pathway occurs to-
gether with the tyrosine decarboxylase pathway because the AgDI
pathway genes are linked to the tyrosine decarboxylation operon
in a putative acid resistance locus (Lucas and others 2007). How-
ever, this rule does not always apply, recently it has been found
that in the strains of E. faecalis, the clusters for the TDC and AgDI
pathways occur separately (Ladero and others 2012a).

The AgDI pathway has recently been demonstrated in Lacto-
bacillus brevis (Lucas and others 2007; Coton and others 2010),
Lactobacillus collinoides, Lactobacillus mali, Leuconostoc mesenteroides,
and Oenococcus oeni in must and in Lactobacillus fructivorans in wine
(Coton and others 2010), Pediococcus parvulus, Lactobacillus paracolli-
noides (Ladero and others 2011b), L. hilgardii (Alberto and others
2007; Coton and others 2010), Streptococcus mutans (Griswold and
others 2004), E. faecalis (Simon and Stalon 1982; Driessen and
others 1988; Llacer and others 2007; Ladero and others 2012a),
and clusters of similar genes were also found in Lactococcus lactis,
Listeria monocytogenes, L. sakei, and Pedicoccus pentosaceus (Naumoft
and others 2004).

Some O. oeni have the ODC pathway (Marcobal and others
2004), which was also confirmed by Coton and others (2010),
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Izquierdo Canas and others (2009), Ladero and others (2011b),
and Romano and others (2012) who identified other ODC posi-
tive strains of O. oeni. In the strains of O. oeni, the ODC pathway
probably occurs due to the horizontal transfer (Marcobal and oth-
ers 2006). ODC was also proved in the strain of Lactobacillus sp.
30a (Hackert and others 1994), L. mali (Coton and others 2010),
and L. brevis IOEB 9906 (Romano and others 2012). Genes highly
similar to those for ODC were also found in Lactobacillus acidophilus
(Azcarate-Peril and others 2004) and in some strains of Lactobacillus
Jjohnsonii (Pridmore and others 2004; Wegmann and others 2009).

Only a few rules have been observed in the metabolic path-
ways of LAB. For example, according to Coton and others (2010)
and Ladero and others (2011b, 2012b), the strains of LAB with
AgDI pathway were dominant in must, cider, and dairy prod-
ucts. In contrast, according to Nannelli and others (2008), the
main producers of putrescine in wine are LAB carrying the ODC
pathway. Romano and others (2012) published a study in which
they assume the existence of 2 different ODC pathways in LAB.
The second, newly published pathway consists of ODC and L-
2,4-diaminobutyric acid and a transporter that provides 1-way
transport of ornithine into the cytoplasm. Diamines formed by
this system are retained within the cytosol. This 2nd pathway was
shown, for example, in Lactobacillus gasseri and Lactobacillus casei and
may be similar to the biosynthetic pathway commonly occurring
in Gram-negative bacteria.

LAB are the main bacteria responsible for the presence of pu-
trescine in wine (Ancin-Azpilicueta and others 2008). So far, no
LAB carrying the ODC pathway has been isolated from cheeses.
LAB isolated from cheeses produce putrescine by agmatine
deamination via the AgDI pathway. This pathway was proved,
for example, in the strains of E. faecalis, Lactobacillus brevis, L. cur-
vatus, and Lactococcus lactis (Joosten and Northolt 1987; Komprda
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and others 2008; Ladero and others 2011a,c). The AgDI pathway
in the strains of L. lactis was species-specific and was probably not
acquired by recent horizontal transfer. However, many strains of
L. lactis carry an insertion (IS983 element) in the AgDI cluster,
which inactivates the transcription of this cluster, and thus these
L. lactis do not produce putrescine (Ladero and others 2011a).
Many Gram-positive bacteria are used as starter cultures and
many of them are responsible for putrescine increase in fermented
products. On the other hand, suitable starter culture (not produ-
cing BA or producing only a limited amount) may help re-
duce the accumulation of BA (Fernindez-Garcia and others 1999;

Bover-Cid and others 2001).

Degradation of Putrescine—Detoxification

The detoxification system of BAs in mammals involves specific
enzymes—aminooxidases, which catalyze the oxidative deamina-
tion of amines to give the corresponding aldehyde, ammonia, and
hydrogen peroxide (Figure 4). These aldehydes are quickly con-
verted by intracellular aldehyde dehydrogenases into amino acids
and lactams (Seiler and Douaud 1998). This pathway is called “ter-
mination pathway” because the products formed can no longer be
recycled into polyamines. All derivates of polyamines formed dur-
ing the terminal degradation then become components of urine
(van den Berg and others 1985).

The main pathway of polyamine catabolism in mammals is
oxidative deamination by Cu?" diaminooxidase enzyme (DAO,
EC 1.4.3.22) (Brazeau and others 2004). Substantial quantities of
DAO are found in the intestinal mucosa, liver, and kidneys. Apart
from putrescine, these diaminooxidases also deaminate histamine
and cadaverine. In different tissues, these DAOs have various bio-
chemical properties (Seiler and Douaud 1998). Putrescine is con-
verted by this enzyme into 4-aminobutanal to give ammonia and
hydrogen peroxide. The aminoaldehyde formed is subsequently
metabolized into y-aminobutyric acid (Bagni and Tassoni 2001).

Another way how to degrade putrescine is by means of
monoaminooxidase enzyme. For this reaction, putrescine is first
acetylated by diamine acetyltransferase (EC 2.3.1.57) to give
N-acetylputrescine, which is subsequently converted by means
of monoaminooxidase (N-acetylputrescine oxidase, MAO, EC
1.4.3.4) into 4-acetamidobutanal. It is further dehydrogenated
and hydrolyzed to y-aminobutyric acid. This pathway occurs, for
example, inside mitochondria of mammalian brain cells (Seiler and
Al-Therib 1974).

Under certain conditions, polyamine catabolism in humans is
not sufficient and may lead to toxicological symptoms caused by
increasing levels of the individual polyamines. Risk groups in-
clude mainly children, allergy sufferers, people taking monoamine
and diamine oxidase inhibitors (antidepressants, anti-Parkinsonian
drugs), and people with gastrointestinal problems (gastritis,
Crohn’s disease, and gastric ulcers), because oxidase activity in
these individuals is lower than in healthy people. The toxicologi-
cal effects of putrescine can be amplified by the presence of ethanol
and acetaldehyde because they support their transport through the
intestinal wall. The simultaneous effect of putrescine and alcohol
is particularly serious when consuming alcoholic beverages with
a higher content of putrescine (Silla Santos 1996). Another fac-
tor reducing aminooxidase activity is smoking. The aminooxidase
activity in smokers was observed to be lower by 30% due to the
inhibitory effect of some compounds contained in tobacco or
tobacco smoke (Berlin and Anthenelli 2001).
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Factors Affecting the Occurrence of Putrescine in Food

The main sources of BA in food are microorganisms with decar-
boxylase activity. Microbial formation of BA is affected by many
factors—the microorganisms present, pH, temperature, NaCl con-
tent, and so on.

Decarboxylase and deimination activities have been described
in different genera, species, and strains of both Gram-positive
and Gram-negative bacteria. For these bacteria, the produc-
tion of BAs can be a source of energy, a form of resistance to
acidic environments (Konings and others 1997), a form of DNA
regulation, or they may act as antioxidants (Kaur-Sawhney and
others 2003).

In some cases, the ability to produce BAs is species-
characteristic, such as putrescine production in the agmatine
deiminase pathway in some species of Lactococcus (Ladero and oth-
ers 2011a). In other cases, the ability to produce BAs is strain-
specific (Bover-Cid and Holzapfel 1999; Bunkovi and others
2011), as in Gram-negative bacteria, mainly enterobacteria and
Pseudomonas spp. However, the latest research has shown that many
Gram-positive bacteria have this ability and it has been shown that
in certain types of food (such as wine), LAB are the main source
of putrescine (Ancin-Azpilicueta 2008).

However, the presence of an increased amount of putrescine is
usually associated with high occurrence of Gram-negative bacteria
(ten Brink and others 1990; Pircher and others 2007; Burikova and
others 2010a; Delbes-Paus and others 2012), usually resulting from
a bad manufacturing process, poor quality, or insufficient hygiene.
There is no such direct correlation in the case of Gram-positive
bacteria, which may be caused by the fact that decarboxylase and
deimination activities are often strain-specific (Haldsz and others
1994). Generally, high occurrence of microorganisms does not
necessarily lead to increased production of BAs. Microorganisms
use the above-mentioned metabolic pathways often under specific
conditions. Thus, the occurrence of BAs can be influenced by a
combination of other important factors.

One of the most important factors is pH, which is related to
the pH optimum of decarboxylases. It is known that bacterial
inducible decarboxylases generally have an acidic pH optimum
(Gale 1946). Many studies have confirmed that a slight decrease in
pH actually leads to increased production of putrescine (Greif and
others 2006). On the other hand, many studies have shown that
a rapid decrease in pH has the opposite effect due to the reduced
growth of decarboxylation microorganisms (Maijala and others
1993; Bover-Cid and others 2001; Gardini and others 2001). An
increasing pH leads to a decrease in putrescine production (Greif
and others 2006).

One of the enzymes that have been well studied in this respect is
biodegradative ADC. It is very strongly induced in an acidic envi-
ronment in a rich medium and in an excess of substrate. Expression
of the adiA gene, which encodes this decarboxylase is induced by
a low pH (Stim and Bennett 1993). Also, biodegradable ODC in
E. coli is induced by a low pH and plays a role in regulating the in-
tracellular pH (Applebaum and others 1977). The decarboxylation
of ornithine to putrescine and subsequent exchange of putrescine
for new ornithine is a cycle that produces proton-motive force
and is induced at a low pH in order to protect the bacterium at a
low pH (Romano and others 2012).

Among LAB, only the existence of the biodegradative form
of ODC has been proved so far in Lactobacillus 30a. It is also
induced by a low pH, by means of which it compensates for
the decrease in pH resulting from the production of lactic acid
(Gale 1946).
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Not only decarboxylases are induced by a slightly acidic pH.
Similar behavior has also been observed in agmatine deiminase, an
enzyme in the agmatine deiminase pathway. It has been discovered
that aguA1 gene of L. brevis is transcriptionally induced by a low
pH (Arena and others 2010).

Another important factor affecting the bacterial production
of BAs is NaCl content. Many studies have confirmed that
a higher concentration of NaCl leads to a decrease in BA
production. It is due to a reduced number of bacterial cells
(Gardini and others 2001) and reduced activity of membrane-
bound decarboxylases (Chander and others 1989; Sumner and
others 1990). This trend was described, for example, in the Lac-
tobacillus bulgaricus strain (now Lactobacillus delbrueckii subsp. bulgar-
icus) (Chander and others 1989) or in E. faecalis EF37 (Gardini
and others 2001), where a decrease in tyramine production was
observed. A decrease in BA production with an increased NaCl
content was also described in some types of foodstuffs, including
fermented sausages (Roseiro and others 2006), feta cheese (Val-
samaki and others 2000), and white brined cheese (Aliakbarlu and
others 2009).

In contrast, higher production of tyramine in E. durans CCDM
53 was observed in an environment with a higher concentration
of NaCl (Burnkova and others 2012). Similarly, Burnikova and oth-
ers (2011) found that 5 strains of L. lactis used in cheese-making
technology produced more tyramine in an environment with 2%
(w/v) NaCl than in an environment with 1% (w/v) NaCl or
without the addition of salt. Also, in Gram-negative bacteria En-
terobacter or Morganella, higher production of BAs was found in an
environment with a higher concentration of NaCl in compari-
son with an environment with a lower concentration or without
the addition of salt (Greif and others 2006; Emborg and Dalgaard
2008). According to Wolken and others (2008) and Pereira and
others (2009a), higher production of tyramine in an environment
with a higher concentration of NaCl can be explained by the fact
that Na™ ions are involved in the regulation of the intracellular
pH. These ions are important in the sodium/proton antiport sys-
tem, as they are exchanged with H™ ions that are removed out
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of the cells. Thus, Na¥ ions play an essential role in the tyrosine
decarboxylation pathway.

Reduced production of putrescine in Enterobacter cloacae, as a re-
sult of an increased concentration of NaCl, was published by Greif
and others (2006). Bover-Cid and others (2009) also observed a
decrease in putrescine production by enterobacteria in relation to
an increased NaCl content.

Sugar content also significantly influences BA production in
food. As mentioned above, suitable starter culture may help reduce
the accumulation of BAs. It has been found that the addition of
sugar significantly promotes the growth of starter cultures, which
leads to suppression of the growth of Enterobacteriaceae and thus
reduces the accumulation of putrescine (Bover-Cid and others
2000a, 2009).

Similarly, temperature affects the production of BAs. Many pub-
lications confirm an increased BA content in many types of food-
stuffs with increasing temperature and storage period (Stratton
and others 1991; Halasz and others 1994; Martuscelli and others
2000; Gardini and others 2001; Pinho and others 2001; Gennaro
and others 2003; Santos and others 2003; Bunkova and others
2010b). However, long-term storage of meat at a low temperature
(4 °C) can lead to the accumulation of putrescine due to the
activity of psychrotrophic pseudomonads (Paulsen and Bauer
1997). It has also been discovered that some BA-producing genera
such as Photobacterium, Aeromonas, and Micrococcus can survive dur-
ing the storage of fish and shrimp on ice (Lakshmanan and others
2002). In contrast, increased temperature in fermented products
can lead to enhancement of the starter LAB and thus suppress the
growth of nonstarter BA-positive microorganisms (Maijala and
others 1995).

Other factors affecting the production of BAs in food include
free amino acid content, the presence of oxygen, water activity,
the presence of other substances, or interactions between microbial
cultures (Naila and others 2010). Several studies describe factors
that affect the production of BAs at the same time, for example,
observation of the influence of storage duration and temperature
on ripened cheese (Bunkovd and others 2010b; Komprda and
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others 2012; Pachlovi and others 2012). Hernindez-Orte and
others (2008) studied wine and the influence of various bacte-
rial cultures on BA production during malolactic fermentation
(MLF) (comparison of natural and inoculated MLF cultures) and
the influence of ripening period in oak barrels. After MLE the
content of all the observed BAs, including putrescine, increased.
However, the increase was significantly lower in the wines with
starter culture. With increasing duration of the ripening period,
the content of all BA was rising. Direct influence of factors on the
production of BAs was studied in 2 strains of O. oeni. The effects of
pH, ethanol content, and malic acid content were observed. Only
a decrease in pH had a more significant influence on putrescine
production in the ODC pathway (Marques and others 2008). The
influence of some factors (time, temperature, pH, amounts of
ethanol, sugar, and organic acids) on putrescine production in the
agmatine deiminase pathway was analyzed in L. hilgardii X1B. It
was found that the highest putrescine production occurs at pH 4
to 6; sugar and arginine contents significantly inhibited putrescine
production and, in contrast, higher concentrations of tartaric acid
and lactic acid increased putrescine production; the addition of
putrescine did not have any influence on the production of pu-
trescine in this strain (Arena and others 2008).

For more information about the influence of factors on BA
production in food, see the reviews by Chong and others (2011),
Kala¢ (2014), and also Kala¢ and Krausovi (2005). Further re-
viewers describe factors affecting the occurrence of BAs in dairy
products (Linares and others 2011, 2012; Loizzo and others 2013),
meat and meat products (Kala¢ 2006; Ruiz-Capillas and Jimenez-
Colmenero 2004; Suzzi and Gardini 2003), fish and fish products
(Bulushi and others 2009; Prester 2011), alcoholic beverages (Anli
and Bayram 2009; Beneduce and others 2010; Kala¢ and Kfizek
2003).

Methods for the Determination of Putrescine and
Agmatine

In the last few years, a large number of methods have been
developed to determine the contents of putrescine and agmatine
(as one of the putrescine precursors) or their producers in food.
The most commonly used methods are: (1) microbiological meth-
ods using a decarboxylation medium containing a pH indicator;
(i) analytical methods—mainly separation methods in different
modifications (usually HPLC, capillary electrophoresis [CE]); and
(1i1) molecular-biological methods (including mainly the methods
of polymerase chain reaction (PCR)). The reasons for determin-
ing BAs are the possibilities to use them as spoilage indicators of
foods, to examine toxicity, and to initiate some pharmacological
reactions.

Analytical methods

Many authors have dealt with the detection of BA content in
different types of foodstuffs (under different conditions of treat-
ment and storage) by means of HPLC methods, thin layer chro-
matography, gas chromatography, and CE. For a more detailed
overview of the analytical methods, see the review by Onal (2007)
or Erim (2013). The BAs may be detected as well by biosensors,
enzymatic methods (Erim 2013), or ion mobility spectrometry
(Karpas 2013).

Most authors determined only the concentration of putrescine.
Only a few of them included agmatine among the BAs observed.
In order to confirm the fact that putrescine in food is produced
in more metabolic pathways, it is important to prove the presence
of the intermediate product of ADC pathways—agmatine. Many
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authors have detected agmatine in different samples of food. By
means of ion exchange chromatography, agmatine was detected by
Saccani and others (2005), Burikova and others (2010a), and Curiel
and others (2011). By means of the HPLC method, agmatine was
also detected in different samples of food by Arena and Manca
de Nadra (2001), Pons-Sinchez-Cascado and others (2005), and
Ozogul and Ozogul (2007). The HPLC method can also be used
for the simultaneous detection of BAs and precursors amino acids
(Mazzucco and others 2010). In order to decrease, the time of
analysis ultra-performance liquid chromatography (UPLC) can be
used. Dadikovi and others (2009) used the UPLC method for BAs
detection, including putrescine, in chicken meat and fish. This
method was succesfully used for the in vitro putrescine production
in some foodborne bacteria, for example, decarboxylase activity
of staphylococci and enterococci isolated from rabbit meat and
fish intestines (Pleva and others 2012), or LAB and bifidobacteria
isolated from dairy products and beer (Lorencova and others 2012,
2014).

Bacterial production of putrescine can also be detected by elec-
tromigration methods, for example, by CE, or micellar electroki-
netic chromatography. CE is after HPLC the second most de-
scribed analytical technique for BAs detection. The main advan-
tages of this versatile and robust method are speed, high efficient
and automated separation, small sample volumes, and low con-
sumption of solvents and reagents (Oguri 2000; Onal 2007; Erim
2013). CE can be used for BAs detection including putrescine in
solid food samples and in beverages. For a more detailed overview
of the electromigration methods, see the reviews by Castro-Puyana
and others (2012) or Erim (2013).

Biosensors for analysis of various analytes including BAs are
a good alternative to chromatographic or electromigration me-
thods.
rapidly developed due to their short time of analysis, low cost,
miniaturized devices, simplicity, and easily adaptation for partic-
ular analysis without pretreatment of analyzed samples. The basic
principle in electrochemical detection of BAs is enzymatic re-
action catalyzed by selective oxidases such as monoamine oxidase
(EC 1.4.3.4), diamine oxidase (EC 1.4.3.6), and putrescine oxidase
(EC 1.4.3.10). The detection limits of different biosensors for BAs
varying between 0.05 pug/kg and 10 mg/kg (Kivirand and Rinken
2011; Erim 2013). Recently, putrescine alone or simultaneously
with another BA was detected by biosensors, for example, during
meat-spoilage process (Boka and others 2012a), in alcoholoic bev-
erages (Di Fusco and others 2011; Boka and others 2012b); fish
samples (Alonso-Lomillo and others 2010; Henao-Escobar and
others 2013a), seafoods (Inaba and others 2004; Henao-Escobar
and others 2013b), or fermented soybean paste (Lee and others
2013).

Precursors of putrescine, amino acids ornithine, and arginine
can be quantifying in food by chromatographic methods, par-
ticularly by ion exchange chromatography, HPLC (mostly with
postcolumn derivatization with ninhydrine or o-phthalaldehyde),
gas chromatography, or CE (Peace and Gilani 2005; Bunka and
others 2009; Dominguez-Vega and others 2009; Ali and others
2010; Martinez-Gil and others 2012).

Novel electrochemical sensors for BAs detection are

Molecular-biological methods

However, the classical analytical methods only give us infor-
mation about the amount of BA that has already been produced.
The methods of molecular biology, mainly PCR and its modifica-
tions, can provide information of a different kind. These methods
enable us to detect the mere presence of microorganisms that
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Table 3-List of primer sets used to control targeting genes involved in the microbial production of putrescine.

Set of primers Targeting gene

Microorganisms Source

37416 odc (speF and speC) lactic acid bacteria, some Gram-negative bacteria Marcobal and others 2005

4’415’ odc (spefF and speC) lactic acid bacteria Marcobal and others 2005

PUT1-F + PUT1-R odc lactic acid bacteria, Gram-negative bacteria (except Mufoz and others 2004
Pseudomonas spp.)

PUT2-F 4+ PUT2-R odc Pseudomonas spp. Mufoz and others 2004

AODC1 + AODC2 odc lactic acid bacteria Costantini and others 2006

agdif + agdir aguA lactic acid bacteria Nannelli and others 2008

AguA-F + AguA-R aguA lactic acid bacteria Landete and others 2010

ptcA-F + ptcA-R ptc lactic acid bacteria Landete and others 2010

AgDT + AgD2 aguA lactic acid bacteria Coton and others 2010

ODC1 4 0ODC2 odc lactic acid bacteria Coton and others 2010

PTC2 + PTCIC aguB lactic acid bacteria

Agdl1 + Agdl1C aguA Lactocococcus lactis Ladero and others 2011a

IST 4+ 1SCO 15983 L. lactis Ladero and others 2011a

AgmSql + AgmSq2 AGDIc lactic acid bacteria

PTC2 + AgDdr AGDIc lactic acid bacteria Ladero and others 2012a

QAgmE3F + QAgmE3R AGDIc enterococci Ladero and others 2012b

QAgmLBF + QAgmLBR AGDIc lactobacilli Ladero and others 2012b

QAgmLCF4 + QAgmLCR4 AGDIc lactococci Ladero and others 2012b

adc5F 4 adc5R SpeA Gram-positive bacteria Wunderlichova and others 2013

agm4F + agm4R speB Enterobacteriaceae Wunderlichové and others 2013

adi5F + adi5R adi/ldc Pseudomonas spp. Wunderlichova and others 2013

AgDI4F + AgDI6F aguA Pseudomonas spp., Yersinia spp. Wunderlichova and others 2013

adiA3F + adiA3R adiA E. coli, Salmonella spp. Wunderlichové and others 2013

odc1F + odc1R odc Gram-positive bacteria Wunderlichova and others 2013

speF1F 4 speF1R speF Gram-positive bacteria Wunderlichova and others 2013

have the potential to produce these amines (Landete and oth-
ers 2007a). Thus, we can detect potential formation of BAs. By
means of these methods, we can also detect the presence of key
genes involved in the metabolism of the individual BAs and de-
termine which microorganisms are responsible for the production
of BAs in a particular food (de las Rivas and others 2005; Landete
and others 2007a; Torriani and others 2008). Moreover, the me-
thods of molecular biology allow us to study the metabolism of
amines and the possibilities of influencing it; the real-time PCR
method enables direct quantitative evaluation of the extent of
genes/microorganisms present or monitoring the gene expres-
sion of key genes (Fernindez and others 2006; Nannelli and
others 2008; Ladero and others 2010b). By means of methods
monitoring the gene expression, we can experimentally observe
the expression of key genes under different conditions (Arena
and others 2010), or we can observe the influence of factors
on the expression of these genes (Calles-Enriquez and others
2010).

The metabolism of putrescine includes several enzymes that are
encoded by the corresponding genes (see Table 2). PCR enables
to amplify several molecules of the target gene (DNA template)
and generate millions of copies of the gene observed. In this way,
we can detect sequences of genes corresponding to the enzymes
examined and thus predict whether a given microorganism has the
potential to produce BA.

Only a few PCR methods have been developed to detect the
producers of putrescine. Most of the primers developed are de-
signed to detect a mixture of genes encoding ODC in both Gram-
negative and Gram-positive bacteria (de las Rivas and others 2005,
2006, 2007; Marcobal and others 2005; Costantini and others
2006) and to detect aguA gene encoding agmatine deiminase that
produces putrescine from agmatine in some LAB and Pseudomonas
spp. (Nannelli and others 2008; Coton and others 2010; Landete
and others 2010). Some of these primers were also used in multi-
plex PCR for simultaneous detection of more decarboxylase genes
(Nannelli and others 2008; Costantini and others 2009; Coton and
others 2010). Table 3 shows an overview of the published primers,
target genes, and information sources.
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PCR primers were mainly developed to detect odc gene, es-
pecially in Gram-positive bacteria. For the detection of odc gene
in LAB, the following primers were developed: odcf/odcr (Nan-
nelli and others 2008), ODC1/ODC2 (Coton and others 2010),
AODC1/AODC2 (Costantini and others 2006), and 4/15 (Mar-
cobal and others 2005). For the detection of odc genes in both LAB
and enterobacteria, 2 sets of primers were developed. The first one
was designed by Marcobal and others (2005); 3/16 primers were
developed for the detection of odc genes in LAB as well as for odc
genes in some Gram-negative bacteria. For example, they enable to
detect ODC in E. coli and Morganella morganii. Unfortunately, this
set of primers did not detect odc gene in Proteus vulgaris, which is
known to be ODC positive. The primer set 3/16 is not designed to
detect odc gene in bacteria of the genus Pseudomonas. The other set
of primers designed for the detection of odc in LAB and enterobac-
teria is PUT1-F/PUT1-R (Munoz and others 2004). This set of
primers reliably detects the presence of odc genes in enterobacteria.
However, it is not designed for Pseudomonas. Fadhlaoui-Zid and
others (2012) showed that this set of primers amplifies the mixture
of speC and speF genes. A special set of primers PUT2F/PUT2-R.
was designed for the detection of genes in Pseudomonas (Munoz
and others 2004).

For the detection of aguA genes in LAB, a few sets of primers
were designed: AGDIfor/AGDIrev (Lucas and others 2007),
agdif/agdir (Nannelli and others 2008), and AgD1/AgD2 (Coton
and others 2010). Landete and others (2010) made a set of primers
AguA-F/AguA-R for the detection of agnA gene in LAB and
Pseudomonas spp. The same report also presents a set of primers
designed for the detection of putrescine transcarbamoylase (en-
coded by pfc gene) in the AgDI pathway in LAB. Moreover,
other sets of primers were developed for the detection of the
gene cluster involved in the AgDI pathway for LAB. One set was
mainly used for enterococci (a major putrescine producer in dairy
products) in which PTC2 and AgdDr primers are used for de-
tection of this pathway (Ladero and others 2012a). The second
set (primers Agmsql and Amgsq2) was constructed for lactococci,
these primers are also used for detection of functional putrescine-
producing pathway in this species (Ladero and others 2011a). The
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region amplified by this last pair of primers was successfully used
for the design of qPCR (Ladero and others 2012b). Special sets
of primers were developed to distinguish between putrescine-
producing (via AgDI pathway) and nonputrescine-producing L.
lactis by means of detecting the presence of an inactivating insertion
(IS983) (Ladero and others 2011a).

Also, there were developed multiplex PCR methods that make
the use of these primers more effective in practice. For example,
Coton and others (2010) developed multiplex PCR with 4 sets of
primers for simultaneous detection of tyrosinedecarboxylase, his-
tidinedecarboxylase, ODC (using ODC1/ODC2 primers), and
agmatine deiminase (detection of aguA gene using AgD1/AgD?2
primers) in LAB. Costantini and others (2009) used 3 sets of
primers for the detection of TDC, HDC, and ODC (with
16/AODC1 primers in LAB). Wunderlichova and others (2013)
described a method for the detection of speC, speF; and speA genes
in Gram-negative bacteria. An overview of the published primers
is shown in Table 3.

Also, some qPCR methods for the quantification of putrescine
producers were published. Nannelli and others (2008) and Ladero
and others (2011c) used agdif/agdir and odcf/odcr primers for the
quantification of LAB-producing putrescine. gPCR method is a
very useful tool to quantify and screen undesirable BA producers in
various foods and beverages. This culture-independent method is
also suitable for estimation of the risks and factors influencing BA
accumulation in food, selection of starter cultures, and studying
the population dynamics of BAs-producing microbiota during the
manufacture of fermented products (Ladero and others 2010b,c,
2011b, 2012b; Schirone and others 2013).

In addition to PCR, qPCR, and their modifications, the pre-
sence of decarboxylases in bacteria can be studied also using
proteomic approaches. Pessione and others (2005, 2009, 2010)
used proteomic approach to studying bacterial producers of BAs
(mainly lactobacilli and enterococci) and energy metabolism in
LAB including amino acid decarboxylation and arginine deiminase
pathway.

Conclusion

Although putrescine is not classified within the group of BA
with the highest potential toxicity, elevated levels of this amine
in food and drinks are connected with certain risks. Therefore,
there are several compelling reasons to study and monitor its con-
centration and to focus on the methods reducing its content in
foodstuffs.

The aim of this review was in detail to describe production
of putrescine in both Gram-negative and Gram-positive bacte-
ria including all specific genes and enzymes related to putrescine
metabolism. Factors influencing their expression and activity were
also described. Possibilities of putrescine-producing strain detec-
tion by PCR are included, along with a complete list and charac-
teristics of available specific primers designed for putrescine-related
gene detection and eventual quantification.

Acknowledgments
This work was supported by the Grant Agency of the Czech
Republic (Grant Nr GA CR 503/11/1417). The authors do not

declare a conflict of interest.

References

Alberto MR, Arena ME, Manca de Nadra MC. 2007. Putrescine production
from agmatine by Lactobacillus hilgardii: effect of phenolic compounds. Food
Control 18(8):898-903.

© 2014 Institute of Food Technologists®

Ali HSM, Pitzold R, Briickner H. 2010. Gas chromatographic
determination of amino acid enantiomers in bottled and aged wines. Amino
Acids 38:951-8.

Ali MA, Poortvliet E, Stromberg R, Yngve A. 2011. Polyamines in foods:
development of a food database. Food Nutr Res 55,
doi:10.3402/fnr.v5510.5572.

Aliakbarlu J, Alizadeh M, Razavi-Rohani SM, Vahabzade Z, Saei SS, Agh S.
2009. Effects of processing factors on biogenic amines production in Iranian
white brine cheese. Res J Biol Sci 4(1):23-8.

Alonso-Lomillo MA, Dominguez-Renedo O, Matos P, Arcos-Martinez MJ.

2010. Disposable biosensors for determination of biogenic amines. Anal
Chim Acta 665:26-31.

Ancin-Azpilicueta C, Gonzilez-Marco A, Jiménez-Moreno N. 2008.
Current knowledge about the presence of amines in wine. Crit Rev Food
Sci Nutr 48(3):257-75.

Anli ER, Bayram M. 2009. Biogenic amines in wines. Food Rev Intl
25:86-102.

Applebaum DM, Dunlap JC, Morris DR. 1977. Comparison of the
biosynthetic and biodegradative ornithine decarboxylases of Escherichia coli.
Biochemistry 16(8):1580—4.

Arena ME, Landete JM, Manca de Nadra MC, Pardo I, Ferrer S. 2008.
Factors affecting the production of putrescine from agmatine by Lactobacillus
hilgardii X1B isolated from wine. ] Appl Microbiol 105(1):158-65.

Arena ME, Manca de Nadra, MC. 2001. Biogenic amine production by
Lactobacillus. ] Appl Microbiol 90(2):158-62.

Arena PA, Russo P, Capozzi V, Beneduce L, Spano G. 2010. Effect of
abiotic stress conditions on expression of the Lactobacillus brevis IOEB 9809
tyrosine decarboxylase and agmatine deiminase genes. Ann Microbiol 61:
179-83.

Aymerich T, Martin B, Garriga M, Vidal-Carou MC, Bover-Cid S, Hugas
M. 2006. Safety properties and molecular strain typing of lactic acid bacteria
from slightly fermented sausages. ] Appl Microbiol 100:40-9.

Azcarate-Peril MA, Altermann E, Hoover-Fitzula RL, Cano R]J,
Klaenhammer TR. 2004. Identification and inactivation of Genetic loci
involved with Lactobacillus acidophilus acid tolerance. Appl Environ Microbiol
70(9):5315-22.

Bagni N, Tassoni A. 2001. Biosynthesis, oxidation and conjugation of
aliphatic polyamines in higher plants. Amino Acids 20(3):301-17.

Bardécz S, Duguid TJ, Brown DS, Grant G, Pusztai A, White A, Ralph A.
1995. The importance of dietary polyamines in cell regeneration and
growth. Br J Nutr 73(6):819-28.

Beneduce L, Romano A, Capozzi V, Lucas P, Barnavon L, Bach B, Vuchot
P, Grieco F, Spano G. 2010. Biogenic amine in wines. Ann Microbiol
60:573-8.

Benner Jr RA, Staruszkiewicz WF, Rogers PL, Otwelle WS. 2003.
Evaluation of putrescine, cadaverine, and indole as chemical indicators of
decomposition in penaeid shrimp. J Food Sci 68(7):2178-85.

Berlin I, Anthenelli RM. 2001. Monoamine oxidases and tabaco smoking.
Intl ] Neuropsychopharmacol 4(1):33—42.

Bermudez R, Lorenzo JM, Fonseca S, Franco I, Carballo J. 2012. Strains of
Staphylococcus and Bacillus isolated from traditional sausages as producers of’
biogenic amines. Frontiers Microbiol 3:151.

Boka B, Adanyi N, Szamos J, Virag D, Kiss A. 2012b. Putrescine biosensor
based on putrescine oxidase from Kocuria rosea. Enzyme Microb Technol
51:258-62.

Boka B, Adanyi N, Virdg D, Sebela M, Kiss A. 2012a. Spoilage detection
with biogenic amine biosensors, comparison of different enzyme electrodes.
Electroanal 24(1):181-6.

Bover-Cid S, Holzapfel WH. 1999. Improved screening procedure for
biogenic amine production by lactic acid bacteria. Intl J Food Microbiol
53(1):33-41.

Bover-Cid S, Hugas M, Izquierdo-Pulido M, Vidal-Carou MC. 2000a.
Amino acid-decarboxylase activity of bacteria isolated from fermented pork
sausages. Intl ] Food Microbiol 66(3):185-9.

Bover-Cid S, Izquierdo-Pulido M, Vidal-Carou MC. 2000b. Influence of
hygienic quality of raw material on biogenic amine production during
ripening and storage of dry fermented sausages. ] Food Prot 63(11):
1544-50.

Bover-Cid S, Izquierdo-Pulido M, Vidal-Carou MC. 2001. Effect of the
interaction between a low tyramine-producing Lactobacillus and proteolytic
staphylococci on biogenic amineproduction during ripening and storage of
dry sausages. Intl ] Food Microbiol 65(1-2):113-23.

Bover-Cid S, Miguélez-Arrizado MJ, Becker B, Holzapfel WH, Vidal-Carou
MC. 2008. Amino acid decarboxylation by Lactobacillus curvatus CTC273

Vol. 13,2014 e Comprehensive Reviews in Food Science and Food Safety 1025



Microbial production of putrescine...

affected by the pH and glucose availability. Food Microbiol 25(2):
269-77.

Bover-Cid S, Torriani S, Gatto V, Tofalo R, Suzzi G, Belletti N. 2009.
Relationships between microbial population dynamics and putrescine and

cadaverine accumulation during dry fermented sausage ripening. ] Appl
Microbiol 106(4):1397-407.

Brazeau BJ, Johnson BJ, Wilmot CM. 2004. Copper-containing amine
oxidases. Biogenesis and catalysis; a structural perspective. Arch Biochem
Biophys 428(1):22-31.

Bulushi IAI, Poole S, Deeth HC, Dykes GA. 2009. Biogenic amines in fish:
roles in intoxication, spoilage, and nitrosamine formation. A review. Crit

Rev Food Sci Nutr 49(4):369-77.

Burnka F, Budinsky P, Cechovi M, Drienovsky V, Pachlova V, Matoulkovi
D, Kuban V, Bunkova L. 2012. Content of biogenic amines and polyamines
in beers from the Czech Republic. J Inst Brew 118:213-6.

Bunka F, Budinsky P, Zimikovd B, Merhaut M, Flasarovd R, Pachlovd V,
Kuban V, Bunkovi L. 2013. Biogenic amines occurrence in fish meat
sampled from restaurants in region of Czech Republic. Food Control
31(1):49-52.

Burika F, Kfiz O, Velickova A, Bunkova L, Kri¢mar S. 2009. Effect of acid
hydrolysis time on amino acid determination in casein and processed cheeses
with different fat content. ] Food Compos Anal 22:224-32.

Bunkova L, Adamcova G, Hudcova K, Velichova H, Pachlova V, Lorencova
E, Bunka F. 2013. Monitoring of biogenic amines in cheeses manufactured
at small-scale farms in fermented dairy products in the Czech Republic.
Food Chem 141(1):548-51.

Bunkovi L, Burika F, Drib S, Kra¢mar S, Kuban V. 2012. Effects of NaCl,
lactose and availability of oxygen on tyramine production by the Enterococcus
durans CCDM 53. Eur Food Res Technol 234:973-9.

Bunkova L, Bunka F, Hlobilova M, Vanatkova Z, Novakova D, Drab V.
2009. Tyramine production of technological important strains of
Lactobacillus, Lactococcus and Streptococcus. Eur Food Res Technol
229(3):533-8.

Burnkova L, Burika F, Klcovska P, Mrkvicka V, Dolezalovd M, Kra¢mar S.
2010a. Formation of biogenic amines by Gram-negative bacteria isolated
from poultry skin. Food Chem 121(1):203-6.

Burnkovi L, Bunika F, Mantlova G, Cablovi A, Sedlacek I, Svec P, Pachlova
V, Kric¢mar S. 2010b. The effect of ripening and storage conditions on the
distribution of tyramine, putrescine and cadaverine in Edam-cheese. Food
Microbiol 27(7):880-8.

Bunkova L, Bunka F, Pollakova E, Podesvova T, Drab V. 2011. The effect of
lactose, NaCl and an aero/anaerobic environment on the tyrosine

decarboxylase activity of Lactococcus lactis subsp. cremoris and Lactococcus lactis
subsp. lactis. Intl ] Food Microbiol 147(2):112-9.

Cachaldora A, Fonseca S, Franco I, Carballo J. 2013. Technological and
safety characteristics of Staphylococcaceae isolated from Spanish traditional
dry-cured sausages. Food Microbiol 33:61-8.

Calles-Enriquez M, Eriksen BH, Andersen PS, Rattray FP, Johansen AH,
Fernindez M, Ladero V, Alvarez MA. 2010. Sequencing and trancriptional
analysis of Streptococcus thermophilus histamine biosynthesis gene cluster:
factors that affect differential hdcA expression. Appl Environ Microbiol
76(18):6231-8.

Carruthers LM, Marton L], Peterson CL. 2007. Polyamine analogues: potent
inducers of nucleosomal array oligomerization and inhibitors of yeast cell
growth. Biochem J 405(3):541-5.

Castro-Puyana M, Garcia-Canas V, Sim6 C, Cifuentas A. 2012. Recent
advances in the application of capillary electromigration methods for food
analysis and Foodomics. Electrophoresis 33:147-67.

Chander H, Batish VH, Babu S, Singh RS. 1989. Factors affecting amine
production by a selected strain of Lactobacillus bulgaricus. ] Food Sci
54(4):940-2.

Chang M, Chang HC. 2012. Development of a screening method for

biogenic amine producing Bacillus spp. Intl ] Food Microbiol 153:
269-74.

Chaves-Lopez C, De Angelis M, Martuscelli M, Serio A, Paparella A, Suzzi
G. 2006. Characterization of the Enterobacteriaceae isolated from an
artisanal Italian ewe’s cheese (Pecorino Abruzzese). ] Appl Microbiol
101:353-60.

Chen J, Cheng C, Xia Y, Zhao H, Fang C, Shan Y, Wu B, Fang W. 2011.
Lmo0036, an ornithine and putrescine carbamoyltransferase in Listeria
monocytogenes, participates in arginine deiminase and agmatine deiminase

pathways and mediates acid tolerance. Microbiology 157(Pt 11):
3150-61.

1026 Comprehensive Reviews in Food Science and Food Safety ¢ Vol. 1

Chong CY, Abu Bakar F, Russly AR, Jamilah B, Mahyudin NA. 2011. The
effects of food processing on biogenic amines formation. Intl Food Res J
18(3):867-76.

Cipolla BG, Havouis R, Moulinoux JP. 2007. Polyamine contents in current
foods: a basis for polyamine reduced diet and a study of its long term
observance and tolerance in prostate carcinoma patients. Amino Acids
33(2):203-12.

Costantini A, Cersomino M, Del Prete V, Garcia-Moruno E. 2006.
Production of biogenic amines by lactic acid bacteria: screening by PCR,,
thin-layer chromatography, and high-performance liquid chromatography of
strains isolated from wine and must. ] Food Prot 69(2):391-6.

Costantini A, Vaudano E, Del Prete V, Danei M, Garcia-Moruno E. 2009.
Biogenic amine production by contaminating bacteria found in starter
preparations used in winemaking. ] Agric Food Chem 57(22):10664-9.

Costantini A, Pietroniro R, Doria F, Pessione E, Garcia-Moruno E. 2013.
Putrescine production from different amino acid precursors by lactic acid
bacteria from wine and cider. Intl ] Food Microbiol 165:11-7.

Coton M, Delbés-Paus C, Irlinger F, Desmasures N, Le Fleche A, Stahl V,
Montel M-C, Coton E. 2012. Diversity and assessment of potential risk
factors of Gram-negative isolates associated with French cheeses. Food
Microbiol 29:88-98.

Coton M, Romano A, Spano G, Romano A, Spano G, Ziegler K, Vetrana
C, Desmarais C, Lonvaud-Funel A, Lucas P, Coton E. 2010. Occurrence of
biogenic amine-forming lactic acid bacteria in wine and cider. Food
Microbiol 27(8):1078-85.

Cunin R, Glansdorff' N, Pierard A, Stalon V. 1986. Biosynthesis and
metabolism of arginine in bacteria. Microbiol Rev 50(3):314-52.

Curiel JA, Ruiz-Capillas C, de las Rival B, Carrascosa AV,
Jiménez-Colmenero F, Muiioz R. 2011. Production of biogenic amines by
lactic acid bacteria and enterobacteria isolated from fresh pork sausages
packaged in different atmospheres and kept under refrigeration. Meat Sci
88(3):368-73.

Dadikova E, Kfizek M, Pelikinova T. 2009. Determination of biogenic
amines in foods using ultra-permormance liquid chromatography (UPLC).
Food Chem 116:365-70.

Dandrifosse G, Peulen O, El Khefif N, Deloyer P, Dandrifosse AC, Grandfils
C. 2000. Are milk polyamines preventive agents against food allergy? Proc
Nutr Soc 59(1):81-6.

De Filippis F, Pennacchia C, Di Pasqua R, Fiore A, Fogliano V, Villani F,
Ercolini D. 2013. Decarboxylase gene expression and cadaverine and
putrescine production by Serratia proteamaculans in vitro and in beef. Intl |
Food Microbiol 165:332-8.

de las Rivas B, Marcobal A, Carrascosa AV, Muiioz R. 2006. PCR detection
of foodborne bacteria producing the biogenic amines histamine, tyramine,
putrescine and cadaverine. ] Food Prot 69(10):2509-14.

de las Rivas B, Marcobal A, Munoz R. 2007. Gene organization of the
ornithine decarboxylase-encoding region in Morganella morganii. ] Appl
Microbiol 102(6):1551-60.

de Las Rivas B, Marcobal A, Mufioz, R. 2005. Improved multiplex-PCR.

method for the simultaneous detection of food bacteria producing biogenic
amines. FEMS Microbiol Lett 244(2):367-72.

Delbés-Paus C, Pochet S, Helinck S, Veisseire P, Bord C, Lebecque A,
Coton M, Desmasures N, Coton E, Irlinger F, Montel MC. 2012. Impact
of Gram-negative bacteria in interaction with a complex microbial
consortium on biogenic amine content and sensory characteristics of an
uncooked pressed cheese. Food Microbiol 30(1):74-82.

Di Fusco M, Federico R, Boffi A, Macone A, Favero G, Mazzei F. 2011.
Characterization and application of diamine oxidase from Lathyrus sativus as
component of an electrochemical biosensor for the determination of
biogenic amines in wine and beer. Anal Bioanal Chem 401:707-16.

Di Luccia A, Picariello G, lacomino G, Formisano A, Paduano L,
D’Agostino L. 2009. The in vitro nuclear aggregates of polyamines. FEBS |
276(8):2324-35.

Dominguez-Vega E, Martinez-Girén AB, Garcia Ruiz C, Crego AL, Marina
ML. 2009. Fast derivatization of the non-protein amino acid ornithine with
FITC using an ultrasound probe prior to enantiomeric determination in
food supplements by EKC. Electrophoresis 30:1037—45.

Drabik-Markiewicz G, Dejaegher B, De Mey E, Kowalska T, Paelinck H,
Vander YH. 2011. Influence of putrescine, cadaverine, spermidine or
spermine on the formation of N-nitrosamine in heated cured pork meat.
Food Chem 126:1539-45.

Driessen AJ, Smid EJ, Konings WIN. 1988. Transport of Diamines by

Enterococcus faecalis is mediated by an agmatine-putrescine antiporter. J
Bacteriol 170(10):4522-7.

3,2014 © 2014 Institute of Food Technologists®



Microbial production of putrescine. ..

Dufour C, Dandrifosse G, Forget P, Vermesse F, Romain N, Lepoint P.
1988. Spermine and spermidine induce intestinal maturation in the rat.
Gastroenterology 95(1):112—6.

Durlu-Ozkaya F, Ayhan K, Vural N. 2001. Biogenic amines produced by
Enterobacteriaceae isolated from meat products. Meat Sci 58(2):163—6.

EFSA Panel on Biological Hazards (BIOHAZ). 2011. Scientific opinion on
risk based control of biogenic amine formation in fermented foods. EFSA J
9(10):36-7.

Emborg |, Dalgaard P. 2006. Formation of histamine and biogenic amines in
cold-smoked tuna: an investigation of psychrotolerant bacteria from samples
implicated in cases of histamine fish poisoning. ] Food Prot 69(4):897-906.

Emborg J, Dalgaard P. 2008. Modelling the effect of temperature, carbon
dioxide, water activity and pH on growth and histamine formation on
Morganella psychrotolerans. Intl ] Food Microbiol 128(2):226-33.

Erim FB. 2013. Recent analytical approaches to the analysis of biogenic
amines in food samples. Trends Anal Chem 52:239-47.

Even S, Leroy S, Charlier C, Zakour NB, Chacornac J-P, Lebert I, Jamet E,
Desmonts M-H, Coton E, Pochet S, Donnio P-Y, Gautier M, Talon R, Le
Loir Y. 2010. Low occurrence of safety hazards in coagulase negative
staphylococci isolated from fermented foodstufts. Intl ] Food Microbiol
139:87-95.

Fadhlaoui-Zid K, Curiel JA, Landeta G, Fattouch S, Reverén I, de las Rivas
B, Sadok S, Muiioz R. 2012. Biogenic amine production by bacteria
isolated from ice-preserved sardine and mackerel. Food Control
25(1):89-95.

Fernandez M, del Rio B, Linares DM, Martin MC, Alvarez MA. 2006.
Real-time polymerase chain reaction for quantitative detection of
histamine-producing bacteria: use in cheese production. J Dairy Sci
89(10):3763-9.

Fernindez M, Linares DM, Del Rio B, Ladero V, Alvarez MA. 2007. HPLC
quantification of biogenic amines in cheeses: correlation with
PCR-detection of tyramine-producing microorganisms. J Dairy Res
74(3):276-82.

Fernindez M, Zaiiga M. 2006. Amino acid catabolic pathways in lactic acid
bacteria. Crit Rev Microbiol 32(3):155-83.

Fernindez-Garcia E, Tomillo J, Nafiez M. 1999. Effect of added proteinases
and level of starter culture on the formation of biogenic amines in raw milk
Manchego cheese. Intl ] Food Microbiol 52(3):189-96.

Fernindez-Garcia E, Tomillo J, Nunez M. 2000. Formation of biogenic
amines in raw milk Hispanico cheese manufactured with proteinases and
difterent levels of starter culture. ] Food Prot 63(11):1551-5.

Gale EE 1946. The bacterial amino acid decarboxylases. Adv Enzymol Relat
Areas Mol Biol 6:1-32.

Gardini F, Martuscelli M, Caruso MC, Galgano F, Crudele MA, Favati F,
Guerzoni ME, Suzzi G. 2001. Effects of pH, temperature and NaCl
concentration on the growth kinetics, proteolytic activity and biogenic
amine production of Enterococcus faecalis. Intl ] Food Microbiol
64(1-2):105-17.

Gennaro MC, Gianotti V, Marengo E, Pattono D, Turi RM. 2003. A
chemometric investigation of the effect of the cheese-making process on

contents of biogenic amines in a semi-hard Italian cheese (Toma). Food
Chem 82(4):545-51.

Geornaras I, Dykes GA, von Holy A. 1995. Biogenic amine formation by
poultry-associated spoilage and pathogenic bacteria. Lett Appl Microbiol
21:164-6.

Gray ]I, Collins ME. 1977. A comparison of proline and putrescine as
precursors of N-nitrosopyrrolidine in nitrite-treated pork system. J Food Sci
42(4):1034-7.

Greif G, Greifova M, Karovicovi J. 2006. Effects of NaCl concentration and
initial pH value on biogenic amine formation dynamics by Enterobacter spp.
bacteria in model conditions. ] Food Nutr Res 45(1):21-9.

Griswold AR, Chen YY, Burne RA. 2004. Analysis of an agmatine
deiminase gene cluster in Streptococcus mutans UA 159. ] Bacteriol
186(6):1902—4.

Griswold AR, Jameson-Lee M, Burne RA. 2006. Regulation and
physiologic significance of the agmatine deiminase system of Streptococcus
mutans UA159. J Bacteriol 188(3):834—41.

Hackert ML, Carroll DW, Davidson L, Kim S, Momany C, Vaaler G, Zhang
L. 1994. Sequence of ornithine decarboxylase from Lactobacillus sp. strain
30a. ] Bacteriol 176(23):7391—4.

Halasz A, Barith A, Simon-Sarkadi L, Holzapfel W. 1994. Biogenic amines
and their production by microorganisms in food. Trends Food Sci Technol

5(2):42-9.

© 2014 Institute of Food Technologists®

Helinck S, Perello M-C, Deetae P, de Revel G, Spinnler H-E. 2013.
Debaryomyces hansenii, Proteus vulgaris, Psychrobacter sp. and Microbacterium
foliorum are able to produce biogenic amines. Dairy Sci Technol 93:191-200.

Henao-Escobar W, Dominguez-Renedo O, Alonso-Lomillo MA,
Arcos-Martinez MJ. 2013a. A screen-printed disponosable biosensor for
selective determination of putrescine. Microchim Acta 180:687-93.

Henao-Escobar W, Dominguez-Renedo O, Alonso-Lomillo MA,
Arcos-Martinez MJ. 2013b. Simultaneous determination of cadaverine and
putrescine using a disposable monoamine oxidase based biosensor. Talanta
117:405-11.

Hernandez-Jover T, Izquierdo-Pulido M, Veciana-Nogués MT,
Mariné-Font A, Vidal-Carou MC. 1996. Biogenic amine sources in cooked
cured shoulder pork. ] Agric Food Chem 44(10):3097-101.

Hernandez-Jover T, Izquierdo-Pulido M, Veciana-Nogues MT,
Marine-Font A, Vidal-Carou MC. 1997. Biogenic amine and polyamine
contents in meat and meat products. ] Agric Food Chem 45(6):2098-102.

Hernindez-Orte P, Lapena AC, Pena-Gallego A, Astrain J, Baron C, Pardo I,
Polo L, Ferrer S, Cacho J, Ferreira V. 2008. Biogenic amine determination
in wine fermented in oak barrels: factors affecting formation. Food Res Intl
41(7):697-706.

Hou MH, Lin SB, Yuann JM, Lin WC, Wang AH, Kan Ls L. 2001. Effects
of polyamines on the thermal stability and formation kinetics of DNA
duplexes with abnormal structure. Nucleic Acids Res 29(24):5121-8.

Igarashi K, Kashiwagi K. 2010. Modulation of cellular function by
polyamines. Intl ] Biochem Cell Biol 42(1):39-51.

Inaba Y, Tokishita S, Hamada-Sato N, Kobayashi T, Imada C, Yamagata H,
‘Watanabe E. 2004. Development of agmatine sensor using the combination
of putrescine oxidase and agmatinase for squid freshness. Biosens Biolectron
20:833-40.

Izquierdo Canas PM, Gémez Alonso S, Pérez PR, Prieto SS, Romero EG,
Herreros MLLP. 2009. Biogenic amine production by Oenococcus oeni
isolates from malolactic fermentation of Tempranillo wine. J Food Prot
72(4):907-10.

Izquierdo-Pulido M, Hernandez-Jover T, Mariné-Font A, Vidal-Carou MC.

1996. Biogenic amines in European beers. | Agric Food Chem
44(10):3159-63.

Johnson TD. 1996. Modulation of channel function by polyamines. Trends
Pharmacol Sci 17(1):22-7.

Joosten HML]J, Northolt MD. 1987. Conditions allowing the formation of
biogenic amines in cheese. 2. Decarboxylative properties of some
non-starter bacteria. Neth Milk Dairy J 41:259-80.

Jorgensen LV, Huss HH, Dalgaard P. 2000. The effect of biogenic amine
production by single bacterial cultures and metabiosis on cold-smoked
salmon. ] Appl Microbiol 89:920-34.

Kabir A, Kumar GS. 2013. Binding of the biogenic polyamines to
deoxyribonucleic acids of varying base composition: base specificity and the
associated energetics of the interaction. PLOS ONE 8(7):¢70510.

Kalac P. 2006. Biologically active polyamines in beef, pork and meat
products: a review. Meat Sci 73:1-11.

Kala¢ P. 2009. Recent advances in the research on biological roles of dietary
polyamines in man. ] Appl Biomed 7:65-74.

Kalac P. 2014. Health effects and occurrence of dietary polyamines: a review
for the period 2005—-mid 2013. Food Chem 161:27-39.

Kalac P, Kfizek M. 2003. A review of biogenic amines and polyamines in
beer. J Inst Brew 109(2):123-8.

Kala¢ P, Krausova P. 2005. Review of dietary polyamines: formation,
implications for growth and health and occurrence in foods. Food Chem
90(1-2):219-30.

Kalac P, Kiizek M, Pelikanova T, Langova M, Veskrna O. 2005. Contents of
polyamines in selected foods. Food Chem 90(4):561—4.

Karmas E. 1981. Biogenic amines as indicators of sea food freshness.
Lebensmitt Wissensch Technol Food Sci Technol 14(5):273-5.

Karovicova J, Kohajdova Z. 2005. Biogenic amines in food. Chem Pap
59(1):70-9.

Karpas Z. 2013. Applications of ion mobility spectrometry (IMS) in the field
of foodomics. Food Res Intl 54:1146-51.

Kaur-Sawhney R, Tiburcio AF, Altabella T, Galston AW. 2003. Polyamines
in plants: an overview. J Cell Mol Biol 2:1-12.

Kim M-K, Mah J-H, Hwang H-J. 2009. Biogenic amine formation and
bacterial contribution in fish, squid and shellfish. Food Chem 116:87-95.

Kivirand K, Rinken T. 2011. Biosensors for biogenic amines: the present
state or art mini-review. Anal Lett 44:2821-33.

Vol. 13,2014 e Comprehensive Reviews in Food Science and Food Safety 1027



Microbial production of putrescine...

Komprda T, Burdychova R, Dohnal V, Cwikovi O, Sladkova P. 2008. Some
factors influencing biogenic amines and polyamines content in Dutch type
semi-hard cheese. Eur Food Res Technol 227:29-36.

Komprda T, Rejchrtovd E, Sladkova P, Zeminek L, Vymlatilova L. 2012.
Effect of some external factors on the content of biogenic amines and
polyamines in asmear-ripened cheese. Dairy Sci Technol 18(92):367-82.

Konings WN. 2002. The cell membrane and the struggle for life of lactic acid
bacteria. Antonie Van Leeuwenhoek 82(1-4):3-27.

Konings WN, Lolkema JS, Bolhuis M, Van Veen HW, Poolman B, Driessen
AJ. 1997. The role of transport processes in survival of lactic acid bacteria.
Energy transduction and multidrug resistance. Antonie Van Leeuwenhoek
71(1-2):117-28.

Kuley E, Balikci E, Ozogul I, Cengiz D. 2013. Interaction between lactic
acid bacteria and food-borne pathogens on putrescine production in
ornithine-enriched broth. Intl ] Food Sci Technol 48:394—404.

Ladero V, Calles-Enriquez M, Fernandéz M, Alvarez MA. 2010a.
Toxicological effects of dietary biogenic amines. Curr Nutr Food Sci
6:145-56.

Ladero V, Cafiedo E, Pérez M, Martin MC, Fernandéz M, Alvarez MA.
2012b. Multiplex qPCR for the detection and quantification of
putrescine-producing lactic acid bacteria in dairy products. Food Control
27(2):307-13.

Ladero V, Coton M, Ferniandez M, Buron N, Martin MC, Guichard H,
Coton E, Alvarez MA. 2011b. Biogenic amines content in Spanish and
French natural ciders: application of qPCR for quantitative detection of
biogenic amine-producers. Food Microbiol 28(3):554-61.

Ladero V, Fernindez M, Calles-Enriquez M, Sinchez-Llana E, Cafedo E,
Martin MC, Alvarez MA. 2012a. Is biogenic amines production a
strain-dependent trait in enterococci? Food Microbiol 30(1):132-8.

Ladero V, Fernindez M, Cuesta I, Alvarez MA. 2010c. Quantitative
detection and identification of tyramine-producing enterococci and
lactobacilli in cheese by multiplex qPCR. Food Microbiol 27:933-9.

Ladero V, Martinez N, Martin MC, Fernindez M, Alvarez MA. 2010b.
qPCR for quantitative detection of tyramine- producing bacteria in dairy
products. Food Res Intl 43(1):289-95.

Ladero V, Rattray FP, Mayo B, Martin MC, Fernindez M, Alvarez MA.
2011a. Sequencing and transcriptional analysis of the biosynthesis gene
cluster of putrescine-producing Lactococcus lactis. Appl Environ Microbiol
77(18):6409-18.

Ladero V, Sanchez-Llana E, Fernandez M, Alvarez MA. 2011c. Survival of
biogenic amine-producing dairy LAB strains at pasteurisation. Intl ] Food
Sci Technol 46(3):516-21.

Lakshmanan R, Shakila RJ, Jeyasekaran G. 2002. Survival of amine-forming
bacteria during the ice storage of fish and shrimp. Food Microbiol
19(6):617-25.

Landete JM, Arena ME, Pardo I, Manca de Nadra MC, Ferrer S. 2010. The
role of two families of bacterial enzymes in putrescine synthesis from
agmatine via agmatine deiminase. Intl Microbiol 13(4):169-77.

Landete JM, Arena ME, Pardo I, Manca de Nadra MC, Ferrer S. 2008.
Comparative survey of putrescine production from agmatine deamination in
different bacteria. Food Microbiol 25(7):882-7.

Landete JM, de Las Rivas B, Marcobal A, Munoz R. 2007a. Molecular
methods for the detection of biogenic amine-producing bacteria on foods.
Intl J Food Microbiol 117(3):258—69.

Landete JM, Ferrer S, Pardo I. 2007b. Biogenic amine production by lactic
acid bacteria, acetic bacteria and yeast isolated from wine. Food Control
18:1569-74.

Largue E, Sabater-Molina M, Zamora S. 2007. Biological significance of
dietary polyamines. Nutrition 23(1):87-95.

Latorre-Moratalla ML, Bover-Cid S, Veciana-Nogués T, Vidal-Carou MC.
2009. Thin-layer chromatography for the identification and
semi-quantification of biogenic amines produced by bacteria. ] Chrom A,
1216:4128-32.

Lavizzari T, Breccia M, Bover-Cid S, Vidal-Carou MC, Veciana-Nogués
MT. 2010. Histamine, cadaverine, and putrescine produced in vitro by
Enterobacteriaceae and Pseudomonadaceae isolated from spinach. J Food
Prot 73(2):385-9.

Lee J-1, Jang J-H, Yu M-J, Kim Y-W. 2013. Construction of a bifunctional
enzyme fusion for the combined determination of biogenic amines in foods.
J Agric Food Chem 61:9118-24.

Lehane L, Olley J. 2000. Histamine fish poisoning revisited. Intl ] Food
Microbiol 58(1-2):1-37.

Lehtonen P. 1996. Determination of amines and amino acids in wine, a
review. Am J Enol Vitic 47(2):127-33.

1028 Comprehensive Reviews in Food Science and Food Safety ¢ Vol. 13,2014

Li J, Doyle KM, Tatlisumak T. 2007. Polyamines in the brain: distribution,
biological interactions, and their potential therapeutic role in brain ischemia.
Curr Med Chem 14(17):1807-13.

Lipares DM, del Rio B, Ladero V, Martinez N, Fernindez M, Martin MC,
Alvarez MA. 2012. Factors influencing biogenic amines accumulation in
dairy products. Frontiers Microbiol 3:180.

Linares DM, Martin MC, Ladero V, Alvarez MA, Fernandez M. 2011.
Biogenic amines in dairy products. Crit Rev Food Sci Nutr 51:
691-703.

Llacer JL, Polo LM, Tavarez S, Alarcén B, Hilario R, Rubio V. 2007. The
gene cluster for agmatine catabolism of Enterococcus faecalis. Studies of
recombinant putrescine transcarbamylase and agmatine deiminase and a
snapshot of agmatine deiminase catalyzing its reaction. ] Bacteriol
189(4):1254-65.

Loizzo MR, Menichini F, Picci N, Puoci F, Spizzirri UG, Restuccia D.
2013. Technological aspects and analytical determination of biogenic amines
in cheese. Trends Food Sci Technol 30:38-55.

Lorencova E, Bunkova L, Matoulkova D, Drab V, Pleva P, Kuban V, Burika
F. 2012. Production of biogenic amines by lactic acid bacteria isolated from
dairy products and beer. Intl J Food Sci Technol 47(10):2086-91.

Lorencova E, Bunkova L, Pleva P, Drab V, Kuban V, Bunka F. 2014.
Selected factors influencing the ability of Bifidobacterium to form biogenic
amines. Intl J Food Sci Technol 49:1302-7.

Lorenzo JM, Cachaldora A, Fonseca S, Gémez M, Franco I, Carballo J.
2010. Production of biogenic amines “in vitro” in relation to the growth
phase by Enterobacteriaceae species isolated from traditional sausages. Meat
Sci 86:684-91.

Léser C. 2000. Polyamines in human and animal milk. Br ] Nutr 84(Suppl
1):S55-8.

Lu S, Xu X, Zhou G, Zhu Z, Meng Y, Sun Y. 2010. Effect of starter

cultures on microbial ecosystem and biogenic amines in fermented sausage.
Food Control 21(4):444-9.

Lucas PM, Blancato VS, Claisse O, Magni C, Lolkema JS, Lonvaud-Funel A.
2007. Agmatine deiminase pathway genes in Lactobacillus brevis are linked to
the tyrosine decarboxylation operon in a putative acid resistance locus.
Microbiology 153(Pt 7):2221-30.

Lucas PM, Wolken WA, Claisse O, Lolkema JS, Lonvaud-Funel A. 2005.
Histamine-producing pathway encoded on an unstable plasmid in
Lactobacillus hilgardii. Appl Environ Microbiol 71(3):1417-24.

Maijala R, Eerola S, Aho M, Hirn J. 1993. The effect of GDL-induced pH
decrease on the formation of biogenic amines in meat. ] Food Prot
56(2):125-9.

Maijala R, Nurmi F, Fischer A. 1995. Influence of processing temperature
on the formation of biogenic amines in dry sausages. Meat Sci 39(1):9-22.

Marcobal A, de las Rivas B, Moreno-Arribas MV, Mufnoz R. 2004.
Identification of the ornithine decarboxylase gene in the putrescine —
producer Oenococcus oeni BIFI-83. FEMS Microbiol Lett 239(2):213-20.

Marcobal A, de Las Rivas B, Moreno-Arribas MV, Mufioz R. 2005.
Multiplex PCR method for the simultaneous detection of histamine-,
tyramine-, and putrescine producing lactic acid bacteria in foods. ] Food
Prot 68(4):874-8.

Marcobal A, de las Rivas B, Moreno-Arribas MV, Munoz R. 2006.

Evidence for horizontal gene transfer as origin of putrescine production in
Oenococcus oeni RM83. Appl Environ Microbiol 72(12):7954-8.

Marino M, Maifreni M, Moret S, Rondinini G. 2000. The capacity of
Enterobacteriaceae species to produce biogenic amines in cheese. Lett Appl
Microbiol 31(2):169-73.

Marques AP, Leitio MC, San Romiao MV. 2008. Biogenic amines in wines:
influence of oenological factors. Food Chem 107(2):853—60.

Martinez-Gil AM, Garde-Cerdan T, Lorenzo C, Lara JF, Pardo F, Salinas
MR. 2012. Volatile compounds formation in alcoholic fermentation from
grapes collected at 2 maturation stages: influence of nitrogen compounds
and grape variety. ] Food Sci 71(1):C71-9.

Martuscelli M, Crudele MA, Gardini F, Suzzi G. 2000. Biogenic amine
formation and oxidation by Staphylococcus xylosus strains from artisanal
fermented sausages. Lett Appl Microbiol 31(3):228-32.

Martuscelli M, Gardini F, Torriani S, Mastrocola D, Serio A, Chaves-Lopez
C, Schirone M, Suzzi G. 2005. Production of biogenic amines during the
ripening of Pecorino Abruzzese cheese. Intl Dairy J 15:571-8.

Mazzucco E, Gosetti F, Bobba M, Marengo E, Robotti E, Gennaro MC.
2010. High-performance liquid chromatography — ultraviolet detection
method for the simultaneous determination of typical biogenic amines and

precursors amino acids. Applications in food chemistry. ] Agric Food Chem
58:127-34.

© 2014 Institute of Food Technologists®



Microbial production of putrescine. ..

Medina MA, Urdiales JL, Rodriguez-Caso C, Ramirez FJ, Sinchez-Jiménez
F. 2003. Biogenic amines and polyamines: similar biochemistry for different
physiological missions and biomedical applications. Crit Rev Biochem Mol
Biol 38(1):23-59.

Meyskens Jr FL, Gerner EW. 1995. Development of

difluoromethylornithine as a chemoprevention agent for the management of
colon cancer. J Cell Biochem Suppl 22:126-31.

Mohan CO, Ravishankar CN, Gopal TKS, Kumar KA, Lalitha KV. 2009.
Biogenic amines formation in seer fish (Scomberomorus commerson) steaks
packed with O; scavenger during chilled storage. Food Res Intl
42(3):411-6.

Muioz R, de las Rivas B, Marcobal A, Carrascosa AV. 2004. Simultaneous
detection of bacteria producing biogenic amines by PCR. Spanish patent
application 2004-02314.

Naila A, Flint S, Fletcher G, Bremer P, Meerdink G. 2010. Control of
biogenic amines in food-existing and emerging approaches. ] Food Sci
75(7):R139-50.

Nannelli F, Claisse O, Gindreau E, de Revel G, Lonvaud-Funel A, Lucas
PM. 2008. Determination of lactic acid bacteria producing biogenic amines
in wine by quantitative PCR methods. Lett Appl Microbiol 47(6):594-9.

Naumoff DG, Xu Y, Glansdorff N, Labedan B. 2004. Retrieving sequences
of enzymes experimentally characterized but erroneously annotated: the
case of the putrescine carbamoyltransferase. BMC Genomics 5(1):52.
doi:10.1186/1471-2164-5-52.

Oguri S. 2000. Electromigration methods for amino acids, biogenic amines
and aromatic amines. ] Chrom B 747:1-19.

Onal A. 2007. A review: current analytical methods for the determination of
biogenic amines in foods. Food Chem 103(4):1475-86.

Ozogul F. 2004. Production of biogenic amines by Morganella morganii,
Klebsiella pneumoniae and Hafnia alvei using a rapid HPLC method. Eur Food
Res Technol 219:465-9.

Ozogul F, Ozogul Y. 2005. Formation of biogenic amines by Gram-negative
rods isolated from fresh, spoiled, VP-packed and MAP-packed herring
(Clupea harengus). Eur Food Res Technol 221:575-81.

Ozogul F, Ozogul Y. 2007. The ability of biogenic amines and ammonia
production by single bacterial cultures. Eur Food Res Technol 225:385-94.

Ozogul F, Taylor KDA, Quantick P, Ozogul Y. 2002. Biogenic amines
formation in Atlantic herring (Clupea harengus) stored under modified
atmosphere packaging using a rapid HPLC method. Intl J Food Sci Technol
37(5):515-22.

Pachlova V, Burika F, Flasarova R, Vilkova P, Burikova L. 2012. The effect
of elevated temperature on ripening of Dutch type cheese. Food Chem
132(4):1846-54.

Parrot J, Nicot G. 1966. Pharmacology of histamine. In: Eichler O, Farah S,
editors. Handbook of experimental pharmacology. Heidelberg:
Springer-Verlag. p 148-61.

Paulsen P, Bauer F. 1997. Biogenic amines in fermented sausages — 2. Factors

influencing the formation of biogenic amines in fermented sausages.
Fleischwirtschaft Intl 77:32—4.

Peace RW, Gilani GS. 2005. Chromatographic determination of amino acids
in foods. ] AOAC Intl 88:877-87.

Pegg AE, Shantz LM, Coleman CS. 1995. Ornithine decarboxylase as a
target for chemoprevention. J Cell Biochem Suppl 22:132-8.

Pereira CI, Matos D, San Romio MV, Crespo MTB. 2009a. Dual role for
the tyrosine decarboxylation pathway in Enterococcus faecium E17: response to
an acid challenge and generation of a proton motive force. Appl Environ
Microbiol 75(2):345-52.

Pereira,CI, San Romio MV, Lolkema ]S, Crespo MTB. 2009b. Weissella
halotolerans W22 combines arginine deiminase and ornithine
decarboxylation pathways and converts arginine to putrescine. ] Appl
Microbiol 107:1894-902.

Pessione A, Lamberti C, Pessione E. 2010. Proteomics as a tool for studying
energy metabolism in lactic acid bacteria. Mol Biosyst 6:1419-30.

Pessione E, Mazzoli R, Giuftfrida MG, Lamberti C, Garcia-Moruno E,
Barello C, Conti A, Giunta C. 2005. A proteomic approach to studying
biogenic amine producing lactic acid bacteria. Proteomics 5:687-98.

Pessione E, Pessione A, Lamberti C, Coisson DJ, Riedel K, Mazzoli R,
Bonetta S, Eberl L, Giunta C. 2009. First evidence of a membrane-bound,
tyramine and f-phenylethylamine producing, tyrosine decarboxylase in
Enterococcus faecalis: a two-dimensional electrophoresis proteomic study.
Proteomics 9:2695-710.

Pinho O, Ferreira IM, Mendes E, Oliveira BM, Ferreira M. 2001. Effect of
temperature on evolution of free amino acid and biogenic amine contents
during storage of Azeitio cheese. Food Chem 75(3):287-91.

© 2014 Institute of Food Technologists®

Pircher A, Bauer F, Paulsen P. 2007. Formation of cadaverine, histamine,
putrescine and tyramine by bacteria isolated from meat, fermented sausages
and cheeses. Eur Food Res Technol 226:225-31.

Pleva P, Bunkova L, Laukova A, Lorencova E, Kuban V, Bunka F. 2012.
Decarboxylation activity of enterococci isolated from rabbit meat and
staphylococci isolated from trout intestines. Vet Microbiol 159(3—4):
438-42.

Pons-Sanchez-Cascado S, Bover-Cid S, Veciana-Nogués MT, Vidal-Carou
MC. 2005. Amino acid-decarboxylase activity of bacteria isolated from
ice-preserved anchovies. Eur Food Res Technol 220:312-5.

Prester L. 2011. Biogenic amines in fish, fish products and shellfish: a review.
Food Addit Contam 28(11):1547-60.

Pridmore RD, Berger B, Desiere F, Vilanova D, Barretto C, Pittet A-C,
Zwahlen M-C, Rouvet M, Altermann E, Barrangou R, Mollet B,
Mercenier A, Klaenhammer T, Arigoni F, Schell MA. 2004. The genome
sequence of the probiotic intestinal bacterium Lactobacillus johnsonii NCC
533. Proc Natl Acad Sci USA 101(8):2512-7.

Rauscher-Gabernig E, Gabernig R, Brueller W, Grossgut R, Bauer F,
Paulsen P. 2012. Dietary exposure assessment of putrescine and cadaverine
and derivation of tolerable levels in selected foods consumed in Austria. Eur
Food Res Technol 235(2):209-20.

Rokka M, Eerola S, Smolander M, Alakomi HL, Ahvenainen R. 2004.
Monitoring of the quality of modified atmosphere packaged broiler chicken
cuts stored in different temperature conditions B. Biogenic amines as
quality-indicating metabolites. Food Control 15(8):601-7.

Romano A, Ladero V, Alvarez MA, Lucas PM. 2014. Putrescine production
via the ornithine decarboxylation pathway improves the acid stress survival
of Lactobacillus brevis and is part of a horizontally transferred acid resistance
locus. Intl J Food Microbiol 175:14-9.

Romano A, Trip H, Lonvaud-Funel A, Lolkema JS, Lucasa PM. 2012.
Evidence of two functionally distinct ornithine decarboxylation systems in
lactic acid bacteria. Appl Environ Microbiol 78(6):1953-61.

Roseiro C, Santos C, Sol M, Silva L, Fernandes 1. 2006. Prevalence of
biogenic amines during ripening of a traditional dry fermented pork sausage
and its relation to the amount of sodium chloride added. Meat Sci
74(3):557-63.

Ruiz-Capillas C, Jimenez-Colmenero F. 2004. Biogenic amines in meat and
meat products. Crit Rev Food Sci Nutr 44(7-8):489-99.

Saccani G, Tanzi E, Pastore P, Cavalli S, Rey M. 2005. Determination of
biogenic amines in fresh and processed meat by suppressed ion
chromatography—mass spectrometry using a cation-exchange column. J
Chromatogr A 1082(1):43-50.

Santos WC, Souza MR, Cerqueira MMOP, Gléria MBA. 2003. Bioactive
amines formation in milk by Lactococcus in the presence or not of rennet and

NaCl at 20 and 32 °C. Food Chem 81(4):595-606.

Schirone M, Tofalo R, Fasoli G, Perpetuini G, Corsetti A, Manetta AC,
Ciarrocchi A, Suzzi G. 2013. High content of biogenic amines in Pecorino
cheeses. Food Microbiol 34:137-44.

Seiler N. 2003a. Thirty years of polyamine-related approaches to cancer
therapy. Retrospect and prospect. Part 1. Selective enzyme inhibitors. Curr
Drug Targets 4(7):537-64.

Seiler N. 2003b. Thirty years of polyamine-related approaches to cancer
therapy. Retrospect and prospect. Part 2. Structural analogues and
derivatives. Curr Drug Targets 4(7):565-85.

Seiler N, Al-Therib MJ. 1974. Putrescine catabolism in mammalian brain.
Biochem J 144(1):29-35.

Seiler N, Douaud F. 1998. Polyamine metabolism and transport in the
mammalian organism. In: Bardocz S, White A, Hajos G, editors. Food
science and technology. Biogenetically active amines in food. Volume II.
Metabolic effects of biologically active amines in food. Luxembourg:
European Commission. p 19-38.

Seitter (née Resch) M, Geng B, Hertel C. 2011. Binding to extracellular
matrix proteins and formation of biogenic amines by food-associated
coagulase-negative staphylococci. Intl ] Food Microbiol 145:483—7.

Shalaby AR. 1996. Significance of biogenic amines to food safety and human
health. Food Res Intl 29(7):675-90.

Silla Santos MH. 1996. Biogenic amines: their importance in foods. Intl J
Food Microbiol 29(2-3):213-31.

Simon JP, Stalon V. 1982. Enzymes of agmatine degradation and the control
of their synthesis in Streptococcus faecalis. ] Bacteriol 152(2):676-81.

Smith TA. 1981. Amines in food. Food Chem 6(3):169-200.

Soufleros E, Barrios ML, Bertrand A. 1998. Correlation between the content

of biogenic amines and other wine compounds. Am J Enol Vitic
49(3):266-78.

Vol. 13,2014 * Comprehensive Reviews in Food Science and Food Safety 1029



Microbial production of putrescine...

Spinelli-Gugger AM, Lakritz L, Wasserman AE, Gates RA. 1981.
Nitrosamine precursors in the adipose tissue of pork bellies. J Food Sci
46(4):1136-8.

Stim KP, Bennett GN. 1993. Nucleotide sequence of the adi gene, which
encodes the biodegradative acid-induced arginine decarboxylase of
Escherichia coli. ] Bacteriol 175(5):1221-34.

Stratton JE, Hutkins RW, Taylor SL. 1991. Biogenic amines in cheese and
other fermented foods: a review. ] Food Prot 54(6):460-70.

Straub BW, Kicherer M, Schilchert SM, Hammes WP. 1995. The formation
of biogenic amines by fermentation organisms. Z Lebensm Unters Forsch
201(1):79-82.

Sumner SS, Roche F, Taylor SL. 1990. Factors controlling histamine
production in Swiss cheese inoculated with Lactobacillus buchneri. ] Dairy Sci
73(11):3050-8.

Suzzi G, Gardini F. 2003. Biogenic amine in dry fermented sausages: a
review. Intl ] Food Microbiol 88(1):41-54.

Tabor CW, Tabor H. 1984. Polyamines. Annu Rev Biochem 53:749-90.

Tabor H, Tabor CW. 1972. Biosynthesis and metabolism of
1,4-diaminobutane, spermidine, spermine, and related amines. Adv
Enzymol Relat Areas Mol Biol 36:203—68.

Taylor SL. 1985a. Histamine food poisoning: toxicology and clinical aspects.
Crit Rev Toxicol 17(2):91-128.

Taylor SL. 1985b. Histamine poisoning associate with fish, cheese and other
foods. WHO VPH/FOS 85(1):1-47.

ten Brink B, Damink C, Joosten HM, Huis in‘t Veld JH. 1990. Occurrence
and formation of biologically active amines in foods. Intl ] Food Microbiol
11(1):73-84.

Til HP, Falke HE, Prinsen MK, Willems MI. 1997. Acute and subacute

toxicity of tyramine, spermidine, spermine, putrescine and cadaverine in
rats. Food Chem Toxicol 35(3—4):337—48.

Torriani S, Gatto V, Sembeni S, Tofalo R, Suzzi G, Belletti N, Gardini F,
Bover-Cid S. 2008. Rapid detection and quantification of tyrosine
decarboxylase gene (tdc) and its expression in Gram-positive bacteria
associated with fermented foods using PCR-based methods. ] Food Prot
71(1):93-101.

1030 Comprehensive Reviews in Food Science and Food Safety ¢ Vol. 13,2014

Valsamaki K, Michaelidou A, Polychroniadou A. 2000. Biogenic amine
production in Feta cheese. Food Chem 71(2):259-66.

van den Berg GA, Nagel GT, Muskiet FA, Halie MR. 1985. Mass
fragmentographic identification of polyamine metabolites in the urine of
normal persons and cancer patients, and its relevance to the use of
polyamines as tumour markers. ] Chromatogr 339(2):223-31.

‘Wang LC, Thomas BW, Warner K, Wolf W], Kwolek WF. 1975. Apparent
odor thresholds of polyamines in water and 2% soybean flour dispersions. ]
Food Sci 40(2):274-6.

Wegmann U, Overweg K, Horn N, Goesmann A, Narbad A, Gasson MJ,
Shearman C. 2009. Complete genome sequence of Lactobacillus johnsonii
FI9785, a competitive exclusion agent against pathogens in poultry. J
Bacteriol 191(22):7142-3.

Wen LN, Xie MX. 2013. Evidence of different G-quadruplex DNA binding
with biogenic polyamines probed by electrospray ionization-quadrupole
time of flight mass spectrometry, circular dichroism and atomic force
microscopy. Biochimie 95(6):1185-95.

‘Wendakoon CN;, Sakaguchi M. 1995. Combined effect of sodium chloride
and clove on growth and biogenic amine formation of Enterobacter aerogenes
in mackerel muscle extract. ] Food Prot 56(5):410-3.

William K. 1997. Interactions of polyamines with ion channels. Biochem ]
325(Pt 2):289-97.

Wolken WA, Lucas PM, Lonvaud-Funel A, Lolkema JS. 2008. The
mechanism of the tyrosine transporter TyrP supports a proton motive
tyrosine decarboxylation pathway in Lactobacillus brevis. ] Bacteriol
188(6):2198-206.

‘Wunderlichova L, Bunkova L, Koutny M, Valenta T, Burika F. 2013. Novel
touchdown-PCR method for the detection of putrescine producing
Gram-negative bacteria in food products. Food Microbiol 34(2):

268-76.

Zoumas-Morse C, Rock CL, Quintana EL, Neuhouser ML, Gerner E,
Meyskens Jr FL. 2007. Development of a polyamine database for assessing
dietary intake. ] Am Diet Assoc 107(6):1024-7.

© 2014 Institute of Food Technologists®



