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Abstract: Hafnia alvei is receiving increasing attention from both a medical and veterinary point of
view, but the diversity of molecules it produces has made the interest in this bacterium extend to the
field of probiotics, the microbiota, and above all, to its presence and action on consumer foods. The
production of Acyl Homoserine Lactones (AHLs), a type of quorum-sensing (QS) signaling molecule,
is the most often-studied chemical signaling molecule in Gram-negative bacteria. H. alvei can use this
communication mechanism to promote the expression of certain enzymatic activities in fermented
foods, where this bacterium is frequently present. H. alvei also produces a series of molecules involved
in the modification of the organoleptic properties of different products, especially cheeses, where
it shares space with other microorganisms. Although some strains of this species are implicated
in infections in humans, many produce antibacterial compounds, such as bacteriocins, that inhibit
the growth of true pathogens, so the characterization of these molecules could be very interesting
from the point of view of clinical medicine and the food industry. Lastly, in some cases, H. alvei is
responsible for the production of biogenic amines or other compounds of special interest in food
health. In this article, we will review the most interesting molecules that produce the H. alvei strains
and will discuss some of their properties, both from the point of view of their biological activity
on other microorganisms and the properties of different food matrices in which this bacterium
usually thrives.
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1. Introduction

Hafnia alvei is a Gram-negative bacillus that belongs to a family recently proposed as
Hafniaceae, within the order Enterobacterales [1,2]. H. alvei occurs in many natural environ-
ments such as rivers and fish farms, as well as in polluted waters and sewage [3,4]. This
bacterium is also common in the digestive tract of many animal [5]. Some H. alvei strains
were considered as being an opportunistic pathogen in several animal species including
mammals, fish, birds and insects [6], and are also suspected to cause a variety of disorders
in humans [3,7]. In studies prior to 2010, the use of biochemical tests provided a rapid
but imprecise identification of this species. However, in the last decade, the taxonomy of
this species has been fully explained, which was differentiated from other closely related
species with biochemical tests, as well as specific PCR and DNA-DNA hybridization tests,
and through the sequencing of total or partial genomes [2,8,9]. These improvements in

Molecules 2022, 27, 5585. https:/ /doi.org/10.3390/molecules27175585

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules27175585
https://doi.org/10.3390/molecules27175585
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-8795-519X
https://orcid.org/0000-0002-0802-7975
https://orcid.org/0000-0003-2997-1049
https://orcid.org/0000-0002-7250-1782
https://orcid.org/0000-0002-8151-9132
https://doi.org/10.3390/molecules27175585
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27175585?type=check_update&version=1

Molecules 2022, 27, 5585

2 of 14

taxonomic identification have shown that some strains of H. alvei were actually strains
of related species such as Escherichia, Citrobacter, Obesumbacterium, Salmonella, Serratia, or
Yokenella [3,10-12]. In addition, researchers have also realized that H. paralvei, a very similar
species, was being incorrectly classified as H. alvei by many laboratories [9]. In food mi-
crobiology, many laboratories continue to use traditional systems such as the API system,
the Microbat system or the Biolog system, although more precise tests such as 165 rRNA
gene sequencing or faster tests such as identification using MALDI-TOF MS are gradually
being established. The problem when using MALDI-TOF comes mainly from updating its
databases, since they are normally optimized for the identification of human pathogens,
and not so much for the identification of environmental pathogens. All these systems
were used to identify strains of H. alvei isolated from food with more or less satisfactory
results [13,14]. It is highly desirable that the companies that manufacture these tools begin
to incorporate the needs of food microbiologists and veterinarians into their databases.

Although some virulence traits have been studied in H. alvei, little is known about
the factors that contribute to their pathogenesis within a host, including motility, surface
appendages for adherence to eukaryotic cells, and biofilm formation [15-17]. The best-
studied strains in terms of virulence mechanisms are human and fish isolates, although the
range of hosts of this species is very wide [16,18]. At the moment, the number of strains
included in these studies is very limited and we also detected a clear shortage of mechanistic
studies that could complement descriptive studies. In addition, there is a lack of more
in vitro studies with eukaryotic cells, and also in vivo models, with complex animals such
as zebrafish or mice or simple ones such as the Galleria mellonella worm. In addition to
its putative virulence factors and despite their apparently low virulence, predisposing
factors such as immunodeficiency may favor some pathologies associated with H. alvei
infection in humans. Importantly, some H. alvei strains isolated from different foods encode
toxin genes such as the E. coli heat-stable toxin and a verotoxin [19]. Verotoxins in H. alvei
were demonstrated in in vitro assays against a tissue culture cell line derived from monkey
kidney epithelial cells [8].

Another emerging research topic is its resistance to antibiotics. Some H. alvei are
resistant to important antibiotics such as some third-generation cephalosporins and car-
bapenems. Other studies indicate that it is a promiscuous species in terms of the acquisition
or transference of resistance determinants by means of plasmids [20-22]. Antibiotic resis-
tance data indicate that this bacterium is especially resistant to colistin, an antibiotic of last
resort in human medicine, placing this bacterium in the group of bacteria that are naturally
resistant to this antibiotic, such as Proteus, Providencia, and Serratia [21-25].

This fragmented knowledge about its biology at different levels has not prevented it
from being an interesting bacterial species also from the point of view of the food industry
as well. As we discussed above, its extensive distribution in nature also makes it a common
inhabitant of the microbiota of many species of aquatic and terrestrial animals and may
spread during slaughtering operations. As an example, Patterson and Gibbs reported
this bacterium on carcasses, tables in the boning room, and on the hands of workers [26].
Consequently, this bacterium was isolated from meat, fish, and dairy products.

Some of the strains reported in the literature are clearly harmful to food preservation
and to the full maintenance of their organoleptic properties. However, other potentially
beneficial strains were reported, mainly to control the proliferation of other microorganisms
with true pathogenic capacities such as Salmonella spp., Bacillus sp., or some serotypes of
E. coli, including enterotoxigenic strains, among others. H. alvei was also included in a list of
microorganisms with a desirable contribution to food fermentations [27]. Furthermore, in
an interesting series of articles, French researchers have used a strain of H. alvei that appears
to have interesting probiotic properties in obese mice. When introduced into the food of
these obese mice, body weight, fat mass gain and tissue adiposity were reduced [28,29].

In this review, we examine the most interesting molecules present in H. alvei strains and
discuss some of their properties, both from the point of view of their biological activity on
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other microorganisms and from the point of view of the food matrix, where this bacterium
seems to act as an important agent of food spoilage in some cases.

2. Genomics

The development of genome sequencing technologies and advanced computational
analyses has increased our capacity for bacterial product discovery. Genome mining
approaches identify those genes involved in secondary metabolite production, which can
reveal the biosynthetic potential in many bacterial species. However, with the advent of
genome sequence information, we also came across a lot of information, including the
problem of being able to apply this information to biological questions. As of 1 August 2022,
35 H. alvei genomes were made publicly available in the GenBank database, of which only
six are complete (available online: Genome List-Genome-NCBI (https:/ /www.ncbi.nlm.
nih.gov/genome/browse/#!/prokaryotes/10737/, accessed on 1 August 2022). Complete
genomes belong to strains of different origins; thus, genomes of human clinical strains can
be found (strains HUMV5920, PCM-1220 and CBA7135), one isolate from plant rhizosphere
(strain A23BA), and one strain isolated from fish meat (strain FB1). The last one is an isolate
from the human gut (sample name MGYG-HGUT-02508). The size of H. alvei genomes
varies between 4.47 Mbp and 5.01 Mbp with an average size of 4.79 Mbp. Furthermore,
the percentage of G + C was 49.58%, varying between 48.2% and 49%. Obviously, much
information is still hidden in the uncompleted genomes, which would undoubtedly enable
us to better understand the characteristics of this species and why some strains of H. alvei
are predominant in some environments and not in others, or their ability to use some
metabolites or others depending on the food matrix in which the strains are located.

3. Quorum Sensing

Genomes from the sequenced environmental and pathogenic H. alvei strains contain
genes for quorum sensing, mobility and biofilm formation [4,5,30]. The production of
several enzymatic activities in H. alvei is under the control of quorum-sensing (Q-S) mech-
anisms [31], which also occur in other bacteria [32]. Quorum sensing enables bacteria to
regulate their collective behavior depending on the population cell density in a certain
environment, which is a mechanism that exists in many food spoilage bacteria. As with
other Gram-negative food spoilage bacteria, H. alvei uses an array of N-homoserine lactones
as signaling molecules for QS [33,34]. Homoserine lactones (HLs) or N-acyl homoserine
lactones (AHLs) are molecules commonly produced by Gram-negative bacteria, includ-
ing food-borne pathogens such as bacteria of the genus Aeromonas [35], Shewanella [36],
Clostridium [37], Pseudomonas [38], and Salmonella [39] among others, which constitute a
cell density-dependent intercellular signaling mechanism that modulates a great variety
of physiological processes, including the production of different virulence factors. Many
strains of Enterobacteriaceae isolated from food are able to synthesize AHLs because these
molecules are easily detectable from contaminated foods using biosensor strains or bio-
chemical assays. The production of these molecules is also common among proteolytic
psychrotrophic bacteria isolated from raw foods including milk [33,40,41], bean sprouts [42],
and fish, birds and mammal meat [40]. Extracts obtained from planktonic and biofilm cells
of H. alvei contain HLs of different lengths (Table 1). At this point, we must reference the
type of biosensor used to detect the AHLs produced by the different strains isolated from
food. Strains of the species Chromobacterium violaceum are commonly used, mainly the
CV026 strain. C. violaceum CV026 is a well-known AHL reporter strain, but this strain could
not recognize long-acyl-chain homoserine lactones such as C10- and C14- HSLs. To do this,
a new strain called VIR24 was developed, with the ability to detect long-acyl-chain HSL
molecules not detected by CV026 [43]. Other species used to detect these molecules are
genetically modified strains of Agrobacterium tumefaciens, E. coli and Pseudomonas putida [41].
Some HL molecules detected by CV biosensors are not detected by Agrobacterium or E. coli
and vice versa. Hence the importance of using several biosensors to detect AHLs in dif-
ferent types of samples. Subsequently, chromatographic, or proteomic methods must be
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used to verify the type of molecule produced after comparison with known standards
that can be obtained at a low price from different chemical reagent companies. N-Acyl-L-
homoserine-lactone-producing H. alvei strains are frequently encountered in spoiling foods
of protein origin.

Table 1. Molecules produced by H. alvei strains related to food products.

Strain Strain Source Molecule Biosensors Used Characterization Reference
Method
C. violaceum CV026
3-ox0-C6-HSL, E. coli MT102
068 Cooled raw milk 3-0x0-C8-HSL, A. tumefaciens A136 TLC, LC/MS [41]
C6-HLS A. tumefaciens NTL4
P. putida F117
059 3-o0x0-C6-HSL, C. violaceum CV026
071 Cooled raw milk 3-ox0-C8-HSL, A. tumefaciens WCF47 2TLC, LC/MS [33,41]
C6-HLS, C8-HLS E. coli Psb403
Vacuum-packed fish 3-ox0-C6-HSL, ) 1
FB1 paste 3 ox0-C8-HSL. C. violaceurn CV026 LC/MS [44]
C6-HSL,
H4 Sea cucumber 3-0x0-C8-HSL, tun(;zva(ggnzr}g{%% TLC, LC/MS [45]
C4-HSL f
Vacuum-packed C. violaceum CV026
718 meat OHHL A. tumefaciens pZLR4 TLC, LC/MS (461
Ha-01 Spoiled turbot C6-HSL, C8-HSL C. violaceum CV026 3 GC/MS [47]

1 LC/MS: liquid chromatography/mass spectrometry; 2 Thin Layer Chromatography; > GC/MS: gas chromatog-
raphy/mass spectrometry. C6-HSL (N-hexanoyl-L-homoserine lactone); 3-oxo-C8-HSL (N-(3-oxo-octanoyl)-L-
homoserine lactone); C4-HSL (N-butyryl-L-homoserine lactone); OHHL (N-(3-oxo-hexanoyl) homoserine lactone).

H. alvei shares QS virulence factors with other pathogens of related enterobacterial
species, therefore, it is not surprising that its adhesion properties to both inanimate surfaces
and eukaryotic cells were studied, although not in depth. By presenting a group behavior,
H. alvei is able to form biofilms on very diverse substrates and under different environ-
mental conditions [48,49]. For example, in vacuum packaging and modified atmosphere
packaging foods. Many strains of H. alvei are also able to grow at temperatures as low
as 2.6 °C, making them a potential contaminant of refrigerated food [50]. However, the
relationship between quorum sensing and biofilm production at refrigeration temperatures
has not been studied in this bacterium. An interesting aspect of biofilm production in this
species is the synthesis of cellulose. Some bacteria form biofilms by biogenesis of intracellu-
lar bis-(3'-5') cyclic dimeric-GMP (c-di-GMP) which inhibits motility and induces secretion
of biofilm-promoting adherence factors. c-di-GMP production has not been studied in
this species but a set of genes—related to bcsABCD operon involved in the production
of cellulose—during the formation of biofilms in this species was identified, and have
their counterparts in other species of enterobacteria such as E. coli or Salmonella spp. [48].
Biosynthesis of cellulose-containing biofilms occurs in a variety of Proteobacteria that in-
habit diverse ecological niches. Therefore, it is necessary to advance knowledge on the
production of this compound not only in H. alvei, but also in other bacteria, since the
control of biofilms represents one of the most persistent challenges to the food industry in
which microbial communities of different foodborne pathogens are problematic. Quorum-
quenching (QQ) mechanisms have recently been proposed as a strategy for controlling
biofilm formation by interfering with this signaling system in food-borne bacteria [51-55].
In an interesting study, using a strain of H. alvei isolated from meat [56], Bruhn and cowork-
ers demonstrated a cross-activity of quorum-sensing molecules produced by H. alvei on
other species of bacteria—such as Serratia proteomaculans—that are isolated with some
frequency from contaminated food, indicating that this species—and possibly other en-
terobacteria producing quorum-sensing molecules—participate in the spoilage of food
products through interspecific communication and biofilm formation [46,57].
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4. Biogenic Amines Produced by H. alvei

Biogenic amines (BAs) are organic nitrogenous compounds of low molecular weight
formed mostly by decarboxylation of free amino acids—histidine, ornithine, lysine and
tyrosine—mediated by amino acid decarboxylase enzymes. These biogenic amines are
found in a wide range of foods including vegetables, milk products and meat, and also in
some alcoholic beverages [58-61]. Gene sequences for lysine and ornithine decarboxylase
were identified in the genome of a least one sequenced H. alvei strain [62].

The presence of biogenic amines in seafood is of interest because high levels of dietary
biogenic amines can be toxic for consumers. High amounts of BAs in foods may cause
gastric, cardiac, and intestinal problems, and also migraine and allergic responses in
some individuals, as well. BAs are also of interest since they are a good index of food
spoilage. Some common BAs found in spoiled foods are putrescine, cadaverine, spermidine,
agmatine, tyramine and histamine [63-65].

Histamine is regarded as the main agent for scombrotoxic fish poisoning. The term
“scombroid poisoning” was originally used to describe the illness, as this type of food
poisoning was often associated with fish belonging to the family Scombridae (i.e., tuna). A
correlation was shown between the concentration of histamine, cadaverine and putrescine
and the sensory scores of sliced cold-smoked salmon [66]. Many Gram-negative and
Gram-positive bacteria isolated from spoiled meat and meat products produce BAs under
different conditions [67]. The most frequent Gram-negative bacterial species isolated from
these products are members of the family Enterobacteriaceae [64,68,69]. Different articles
have reported the production of these compounds by strains of H. alvei. In some cases, the
number of BAs produced is high and similar to the number of BAs produced by strains of
E. coli, Morganella, Proteus, Citrobacter, Serratia or Providentia.

In the repertoire of molecules of this type produced by H. alvei we find tryptamine,
phenylethylamine, putrescine, cadaverine, histamine, tyramine, spermine and spermi-
dine, although the concentration of BAs produced varies greatly for each particular
strain [66,70-75]. As the biosynthesis of BA in foods requires the availability of key free
amino acids, the good performance of H. alvei in cheese favors said biosynthesis. Monitor-
ing the presence of these compounds produced by H. alvei and other bacteria during food
processing and storage involves not only their detection but also a better understanding of
the mechanisms when producing them. That is why more in vitro studies are needed to
know the ability of H. alvei to produce these molecules in different food matrices and in the
presence or absence of competing bacteria or chemical inhibitors. An example is the set of
experiments performed by Dugat-Bony and coworkers with soft-ripened cheese, where
the population of H. alvei was reduced with high content of NaCl, and concomitantly, the
production of BA was also reduced [76].

5. Antagonistic Activity

The presence of genes for the production of bacteriocins was also discovered after an
analysis of different genomes and plasmids of H. alvei [5,77]. Bacteriocins are molecules
synthesized by several Gram-positive and Gram-negative bacteria with antimicrobial prop-
erties, even at low concentrations, provoking the inhibition of bacterial growth or directly
killing the bacteria. Different researchers have found strains of H. alvei that have antagonis-
tic activity against other bacteria for both clinical and food safety interests (Table 2). The
antagonistic activity was demonstrated primarily by plate inhibition assays, directly con-
fronting the strain of H. alvei that produces the inhibitor compound against the target strain.
For example, strains of H. alvei with the capacity to produce antimicrobial compounds,
such as bacteriocins, thiopeptides, and beta-lactones have recently been isolated [77,78].
Thiopeptide antibiotics are modified sulfur-rich peptides with a central nitrogen-containing
six-membered ring that can be decorated with several azoles, such as thiazoles, and oxa-
zoles with great activity against Gram-positive bacteria [79,80]. Beta-lactones were isolated
from a variety of bacterial and fungal species which resemble the biologically highly ac-
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tive B-lactames [81]. Structurally, 3-lactones are four-membered heterocycles with high
ring-strain, electrophilicity and reactivity [82].

Table 2. Antagonistic activity of H. alvei against pathogens.

Source of H. alvei Target Pathogen Outcome Inhibitor/Factor Reference
Intestinal microbiota of H. alvei Killing of target strains Alvelc‘ms A and'B . [77]
humans and mammals (pore forming bacteriocins)

. . . A. hydrophila,
Intestlr.\al microbiota of L. monocytogenes, Growth inhibition Putative bacteriocins [78]
rainbow trout . ;
S. enterica, E. coli
Salmonella Inhibition of Salmonella biofilm Cell-free culture
Meat - Reduction of planktonic cell supernatant, [83]
Enteritidis . .
metabolism non-enzymatic molecule
Honey bee gut Bacillus sp. Antagonistic activity unknown [5,84]
Cheese LSTEC Reduction in growth kinetics unknown [85]
Cheese E. coli O26:H11 Reduction in growth kinetics unknown [86]
ATCC®9760™ E. coli O157:H7 Reduction in growth kinetics unknown [87]
Cheese S. enterica and E. coli Killing of target strains unknown [88]
Killing of target strain and
Cheese Staphylococcus aureus reduction of enterotoxin unknown [89]
production
Raw ground pork Yersinia enterocolitica Growth inhibition unknown [90]

! STEC: Shigatoxin-producing Escherichia coli.

Additionally, in the work of Awolope and coworkers [4], interesting siderophores were
identified in the genome of an H. alveus strain isolated from the rhizosphere of a garden
plant, which could be used as Trojan horses to facilitate the action of some antibiotics
against resistant bacteria [91-93]. Interestingly, some H. alvei strains isolated from the
gut microbiota of rainbow trout Oncorhynchus mykiss showed antagonistic activity to both
Gram-negative pathogens (Aeromonas hydrophila, Salmonella enterica, and Escherichia coli)
and Gram-positive pathogens (Listeria monocytogenes). Although the exact nature of the
compounds involved in these effects was not fully characterized, the authors opt for
some type of compound of a protein nature, possibly bacteriocins [78]. A clear example
of the presence of these compounds with activity against strains of the same species or
against other species is that of alveicins. These bacteriocins, similar to colicins produced
by strains of E. coli, appear to be also encoded in plasmids [77,94,95]. The toxic action
of these bacteriocins is derived from their ability to form a voltage-gated channel which
causes depolarization of the membrane of sensitive bacterial cells. The role of H. alvei in
the reduction of biofilms of other bacteria was also shown, including planktonic cells of
important human pathogens present in food [83].

Fukushima and Gomyoda tested the antagonistic effect of H. alvei against Yersinia
enterocolitica serotype O3 in raw ground pork. H. alvei was able to inhibit the growth
of the Y. enterocolitica in this food matrix both at room temperature and at refrigeration
temperature, but the exact mechanism of inhibition was not determined [90]. In one of the
few studies in which strains of H. alvei were compared with strains of Gram-positive toxin-
producing bacteria, an inhibitory effect of Hafnia was also demonstrated. The researchers
showed that H. alvei reduces the number of Staphylococcus aureus in raw milk during the
co-culture of both species [89]. Furthermore, this reduction was shown to also inhibit toxin
production by S. aureus. The researchers found that milk acidification did not influence the
growth of S. aureus or toxin production, so the most likely hypothesis for the inhibition
was the production of some type of inhibitory compound by H. alvei. These data also
demonstrated the ability of H. alvei to reduce the number of competing Gram-positive
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bacteria in dairy products. Another study conducted in Turkish meat products evidenced
a high presence of H. alvei, which could be competing with E. coli O157:H?7, isolated in
low numbers; however, the assays were only observational, and no causality could be
established to explain the low presence of E. coli in these samples or their competition
with other bacteria such as Citrobacter or other non-O157:H7 strains of E. coli [96]. In
some cases, direct competition assays between strains have not been able to determine an
inhibitory effect, which does occur when competing strains are inoculated into a food matrix.
This indicates that the production of certain bactericidal or bacteriostatic compounds is
determined by the type of matrix or by the special nutrient utilization characteristics of
competing species. For example, if competing species share patterns of carbon use, this
could lead to them competing within the food matrix. Further characterization of these
antibacterial products of H. alvei is essential for potential use in real conditions.

Sometimes, H. alvei is the bacterium that ends up displaced by a competitor. For
example, strains of Proteus vulgaris reduce the number of H. alvei present in some types
of cheese [97], and Lactobacillus spp. during the fermentation of table olives [98] or in
vacuum-packaged steaks [99]. This last study again demonstrated the importance of
both the growth temperature of the bacterium and the pH in the production of volatile
compounds. Being a predominant bacterium in dairy products, there are not many species
that can effectively compete against H. alvei, which in some cases would be desirable. To
reduce the number of H. alvei in food, different strategies were used, such as the addition
of dihydrocoumarin, a compound derived from coumarin, a known QS inhibitor that is
used as an additive in food. In an inhibition study, dihydrocoumarin was shown to be able
to reduce swimming motility and the biofilm formed by a strain of H. alvei isolated from
ready-to-eat sea cucumber [100]. The inhibitory effect seems to be related to the action of
this compound on the quorum-sensing molecules produced by H. alvei. Finally, furanones
also affect biofilm formation in H. alvei, probably interfering with its QS communication
system [33].

6. Other Compounds Produced by H. alvei

In addition to QS molecules, BAs, and antimicrobial compounds, we want to high-
light that H. alvei produces three other types of molecules, which, although they are less
studied, deserve to be commented on here: volatile compounds, molecules involved in the
regulation of metabolism in mammals, and compounds of biotechnological interest.

H. alvei is also able—as are several other bacterial species—to produce or induce the
production of several volatile compounds in pure culture-inoculated beef samples stored
aerobically at low temperatures. Among them, we can find alcohols such as 2-methylbutanol
or 2,3-butanediol up to diacetyl, acetoin, dimethyl sulfide or methanethiol [101]. Of note, the
production of these compounds is greatly influenced by the pH. H. alvei is able to generate
volatile compounds, probably due to its capacity to transform the amino acids methionine
and cysteine into aromatic compounds via transamination or deamination.

The growth of H. alvei also seems to favor the production of some volatile compounds
by autochthonous populations. In a study using an experimental smear of soft cheese, the
effect of H. alvei inoculation on the production of volatile compounds by the indigenous
microbial communities of this type of cheese was demonstrated [102]. The compounds that
were mostly induced after inoculation with H. alvei were methanethiol, methythioacetate,
dimethyl disulfide and dimethyl trisulfide, which can be responsible for the quality and
uniqueness of a variety of cheeses.

As we mentioned earlier, H. alvei is frequently detected in traditional cheeses [103-109].
In a study in which 17 species of bacteria were identified in soft raw ewe’s milk cheeses, it
was determined that H. paralvei and H. alvei were predominant species, which gives us an
idea of the ubiquity of these related species in cheeses of different origin and geographic
location [110].

The variety of molecules produced by H. alvei when it has favorable conditions to grow
into cheese was made clear in a study carried out with the reference strain ATCC® 51815™
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—isolated from milk—which was used to modify some organoleptic properties of ewe milk
cheese. Researchers separately used the extracellular products of this species—and also
from other bacteria and yeasts—to take advantage of the enzymatic activities and accelerate
or condition cheese ripening without modifying the main compositional features of the
cheese. The main modification made by the extracellular products of H. alvei in this work
was the increase in the synthesis of sulfur compounds such as methanethiol, dimethyl-
trisulfide, 2.4-dithiapentane, 3-methyl-thio-1-propene, s-methyl thioacetate and 1-methyl-
thiopropane, and the increasing reduction of some esters such as methyl butanoate, ethyl
acetate, propyl butanoate, 1-methyl-propyl butanoate, 2-methyl-butyl acetate, and 3-methyl-
butyl acetate [111]. The same authors performed a similar study using the extracellular
products of H. alvei to modify the sensory and biochemical characteristics of sourdough
bread [112]. In a similar work, Spanish researchers evaluated the production of volatile
compounds by four strains of H. alvei isolated from dairy products [113]. The production
of compounds in the internal part of these cheeses evolved over time from 24h to 8 days,
with an increase in the levels of compounds such as 2-methyl propanal, 2,3-butanedione,
3-methyl butanol, and dimethyl sulfide. This last was observed inside cheeses, although in
many cases, these levels were comparable to those induced by strains of other species of
enterobacteria such as Serratia liquefaciens, Enterobacter sakazakii, E. cloacae, or E. coli.

H. alvei could also be interesting in regulating metabolism when introduced as a
probiotic. Based on the production of the caseinolytic protease B (Clpb) protein, identified
as a key anorexigenic peptide involved in the regulation of appetite, researchers have used
the strain HA4597™ as a probiotic in a mouse model of hyperphagic obesity. The results
demonstrate some beneficial anti-obesity and metabolic effects induced by the bacterium,
which may represent a strategy for long-term body weight management [28,29]. When
authorizing probiotics for human health, the strains must meet special characteristics, by
which it would be interesting to know the complete genome of this patented strain, as well
as the presence or absence of virulence determinants or resistance genes. Furthermore, it
would be interesting to compare this genome with other strains of the same or different
species, in order to select the best probiotic candidates.

In another interesting study, German researchers showed that metabolites generated
during the growth of H. alvei improved the inflammatory response of endothelial cells by
regulating the levels of their adhesion molecules and reducing the production of proinflam-
matory cytokines such as IL-6 and IL-8 [114]. These findings could have relevance for the
understanding, treatment or reduction of symptoms or low-grade inflammation in some
inflammatory diseases.

The induction of pro- or anti-inflammatory cytokines by H. alvei is a little explored
field. For example, it was shown that the lipopolysaccharide (LPS) from certain H. alvei
strains induces high levels of the cytokine Interleukin-10 (IL-10) in dendritic cells [115].
IL-10 is an anti-inflammatory cytokine that modulates innate and adaptive immunity. The
induction or repression of cytokines by some H. alvei strains may help us to improve
our understanding of some aspects of host-microbe interactions both with commensal,
probiotic or pathogenic strains.

To conclude this review, we would like to cite H. alvei as a possible biofactory.
1,3-Propanediol is synthesized during glycerol fermentation and has a number of industrial
applications. As 1,3-propanediol can be produced through a biotechnological process by
bacteria, H. alvei was postulated as an alternative biocatalyst for the production of this com-
pound [116]. The strain AD27 used in this study was isolated from pickled vegetables, and
its rapid growth and easy genetic manipulation make it a bacterium with good prospects
in the biotech industry [117,118].

7. Concluding Remarks

With the advent of genome sequence information, we came across a lot of information
which then causes the problem of being able to apply this information to biological ques-
tions. At the moment, this problem does not yet occur with H. alvei, since unfortunately
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there are only half a dozen complete genomes available, and only one of them belongs to a
strain isolated from food. Information from a representative number of genomes could help
us identify molecules produced by this species in different fields, such as bacteriocins, the
regulation of enzymatic activities by quorum sensing, the production of secondary metabo-
lites beneficial or harmful to food, or the potential use of the antimicrobial compounds
produced by H. alvei. Although some of these molecules have been partially identified and
characterized, there is a long way to go until they can be used in real conditions, such as in
food preservation.

In the event that the molecules produced by H. alvei are harmful, a strategy to favor its
inhibition within food matrices would be the use of compounds that block quorum-sensing
signaling pathways in this bacterium, for example, using products that perform quorum
quenching. On the contrary, some of the products of its metabolism seem to have an
interest both in the medicine and in the food industry, either because they directly inhibit
the growth of other microorganisms, or because they are susceptible to biotechnological
modification that makes them applicable in real life. We must continue to advance in the
characterization of the antimicrobial products secreted by H. alvei, since these compounds
act by inhibiting or delaying the growth of other species of important Gram-negative and
Gram-positive bacteria, which can contribute positively to extending the shelf life of cheeses
and other dairy products.

Finally, as H. alvei strains have very diverse origins, the sequencing of new genomes
will add new molecules to the list of potentially interesting compounds produced by this
bacterium, susceptible to modification, or that can be directly applied to food.
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