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Abstract: Leuconostoc encompasses a number of species that frequently appear in foods where they
play different roles, ranging from ripening to spoiling. The number of available Leuconostoc genomes
has recently increased and enabled the precise taxonomic and phylogenetic delineation of species.
Nonetheless, a thorough investigation of the functions and the metabolic potential of Leuconostoc
species has never been accomplished. In this study, all the currently available 553 Leuconostoc
genomes were downloaded from NCBI GenBank and annotated utilizing specific tools in order to
reconstruct the metabolic potential of the genus in terms of carbohydrate hydrolysis and fermentative
pathways, transporters, and anabolic potential. The analysis revealed that species cluster based on
their metabolic potential, showing unique adaptation and ecological roles. Pentose phosphate and
phosphoketolase pathways were highlighted as the main ones of central metabolism. The various
identified PTS and ABC transporters showed adaptability to different sugars. The metabolic diversity
described in this study not only supports the role of Leuconostoc spp. in natural ecosystems but also
highlights their potential in industrial applications, particularly in the fermentation industry where
their ability to metabolize a wide range of substrates can be harnessed for the production of various
fermented foods and bioproducts.
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1. Introduction

The genus Leuconostoc includes Gram-positive, catalase-negative, facultative anaerobic
bacteria, distinguished by their unique metabolic capabilities among heterofermentative
lactic acid bacteria (LAB) [1,2]. These bacteria have complex nutritional needs, requiring
amino acids, peptides, nucleic acid derivatives, vitamins, fatty acids or their esters, and
fermentable carbohydrates [3]. Typically, Leuconostoc species inhabit plants, but they are
also found in nutrient-rich environments like milk, meat, food matrixes, and fermented
products [4-6]. Some species are notable for their ability to survive at refrigerator tempera-
tures and to thrive at 10 °C, to tolerate 50 g/L salt, and to grow at pH values above 4.5 [7,8].
During fermentation of diverse carbohydrates and substrates, they produce CO,, flavor
compounds and exopolysaccharides (EPS) [9,10].

Leuconostoc species exhibit a broad range of metabolic functions and distinctive phe-
notypic traits, making them relevant in many human activities. They frequently appear
in foods where they play different roles [11-14]. Leuconostocs may act as starters in fer-
mentation processes to enhance organoleptic properties or serve as bioprotective agents
against other spoilage bacteria. On the other hand, they may also contribute to food de-
terioration, participating in spoilage and impairing product quality. Their widespread
presence in foods has significant implications for human health and safety. Most of the
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representatives from genus Leuconostoc have been designated as “generally recognized
as safe” (GRAS) [15], affirming their safety for use in food production. However, some
clinical cases of human infections caused by this microorganism have been documented,
suggesting opportunistic pathogenic behavior. Most of these cases involved severely im-
munocompromised patients, with no direct link established between Leuconostoc isolation
and fermented food consumption [16-18]. Beyond the food industry, Leuconostoc spp. have
been utilized in the formulation of innovative cosmetics through bioactive extracts obtained
from fermented vegetables [13]. Recently, Leuconostoc spp. have also been investigated as
potential probiotics due to their ability to produce antimicrobial peptides and vitamins as
well as their capacity to modulate immune responses [7].

Despite numerous studies on Leuconostoc taxonomy and evolution, further research
on genomic diversity, species dynamics, and functional properties is necessary to fully
understand the genus’s potential. The discovery of new Leuconostoc species highlights
the ongoing exploration of diverse microbial communities in various ecological niches
and underscores the importance of continued research to elucidate their characteristics
and ecological roles [19,20]. The genus taxonomy has evolved, with the most recent
reclassification in 2020 placing Leuconostoc within the expanded family of Lactobacillaceae,
which now includes the former family Leuconostocaceae [21]. According to the List
of Prokaryotic Names with Standing in Nomenclature, the genus Leuconostoc currently
comprises 17 species [22].

In the past years, the number of available Leuconostoc genomes has rapidly increased,
recently reaching 553 assemblies. This growth opens the door for a comprehensive phy-
logenomic analysis of the genus, moving beyond traditional taxonomic methods based on
phenotypic and morphological features and chemotaxonomic criteria such as DNA-DNA
hybridization, G+C content, and 165 rRNA gene sequencing [23,24]. Comparative genome
analysis also allows for detailed comparisons at species or strain levels, giving insights into
their functional genetic potential.

This study aimed to uncover the differences in the metabolism of Leuconostoc species
through a thorough comparative genomic analysis of the genus, leveraging the availability
of 453 sequenced genomes. A deep functional annotation was conducted to delineate
distinct genotypic traits among the sequenced species and strains, deciphering phenotypic
behaviors and unique characteristics. This analysis sheds light on the metabolic potential
and ecological adaptations of this group of LAB.

2. Materials and Methods

A total of 553 Leuconostoc genome sequences were retrieved from NCBI datasets as of
1 October 2023. Only genomes obtained through pure culture sequencing were included,
while metagenome-assembled ones were excluded. CheckM [25] was employed to assess
genome completeness and contamination.

Genomes were annotated using Prokka [26] for subsequent pangenome calculation
with Roary [27], setting the minimum percentage identity parameter at 80%. Functional an-
notation was performed using eggnog-mapper v2.1.12 [28,29] to assign KEGG numbers to
each protein. KEMET [30] was then used to evaluate KEGG module completeness. Presence
of Carbohydrate Active enZymes (CAZy) were investigated with the standalone version
of the dbCANS3 that incorporates HMMER, Diamond, and dbCAN_sub for annotating
CAZyme families [31].

Principal Coordinate Analysis (PCoA) based on the Jaccard dissimilarity index, calcu-
lated from the presence/absence of KEGG functions, was conducted using R with the vegan
and ape packages [32,33]. The following enzymes for citrate metabolism and the acetoin
pathway were searched [5]: citrate permease (AAA60396) of Letconostoc mesenteroides subsp.
mesenteroides, citrate lyase alpha and beta subunits (CAA71633 and CAA71632) of L. mesen-
teroides subsp. cremoris, oxaloacetate decarboxylase (AFS39629) of Leuconostoc gelidum,
alpha-acetolactate synthase (SPJ44178) of L. carnosum, alphaacetolactate decarboxylase
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(AFT82058) of L. carnosum, diacetyl reductase (SPJ42929) of L. carnosum, and 2,3-butanediol
dehydrogenase (WP_135197409) of L. carnosum.

BLASTYp searches were also conducted for mannitol dehydrogenase (ACM66886.1)
of L. mesenteroides, malic enzyme (BAX72645.1) of L. mesenteroides, malolactic enzyme
(KGB50834.1) of L. mesenteroides and the genes responsible for biogenic amine produc-
tion tyrosine decarboxylase (AAN77279.2) of Levilactobacillus brevis, agmatine /putrescine
exchanger (ABS19476.1) of Lv. brevis, agmatine deiminase (ABS19477.1) of Lv. brevis,
ornithine decarboxylase (AN]65946.1) of Furfurilactobacillus rossiae, lysine decarboxylase
(NP_414728.1) of Escherichia coli, and histidine decarboxylase (BAG26233.1) of Limosilacto-
bacillus reuteri subsp. reuteri.

The Total Average Nucleotide Identity (ANI) was calculated following Gosselin
et al. [34] method, with bootstrap values obtained from 100 ANI distance matrix replicates.
Alignments of 269 core genes identified by Roary out of a total of 32,467 genes were utilized
to generate phylogenetic trees. RAXML tool with 100 bootstrap replicates was used for
maximum likelihood tree construction [35]. The ANI distance matrix was employed for tree
construction using the script by Gosselin et al. [34]. In this script, the balanced minimum
evolution algorithm implemented in the FastME function of the R package ape [33] was ap-
plied to generate phylogenies for each distance matrix [36], whereas the function plotBS of
the R package Phangorn [37] was exploited to map support values onto the tree. SplitsTree
v. 4.18.2 [38] was utilized for additional phylogeny inference, employing a neighbor-net
drawing and Jukes-Cantor correction for alignment-derived trees [38,39].

3. Results and Discussion
3.1. Phylogenomic Organization

A dataset encompassing all 553 genome sequences of Leuconostoc species was available
on the 1st of October 2023. The sequences of metagenome-assembled genomes, duplicates,
and those exhibiting contamination levels exceeding 5% following the CheckM assessment
were excluded from the dataset, resulting in a total of 453 genomes that were selected for
further analysis (Supplementary Datasheet S1). Most of the genomes were ascribed to all
17 correctly named species (20 L. carnosum, 58 L. citreum, 13 L. falkenbergense, 4 L. fallax,
19 L. gelidum, 32 L. gasicomitatum, 3 L. holzapfelii, 1 L. inhae, 2 L. kimchii, 30 L. lactis, 2 L. litchii,
1 L. miyukkimchii, 219 L. mesenteroides, 1 L. palmae, 15 L. pseudomesenteroides, 1 L. rapi, and
23 L. suionicum), including the type strains (Supplementary Table S1), while 8 had the
general designation Leuconostoc sp., and 1 did not have a valid taxonomic name (i.e.,
Leuconostoc garlicum) [22].

Pairwise ANI values were calculated between genomes (Supplementary Datasheet
52). The analysis ascribed each strain to 1 of the 17 recognized species according to an ANI
threshold of 95%. The species delineations were consistent with those previously published
except for L. inhae, which now is separated from L. gasicomitatum [40] and identified as
G19. L. gelidum subsp. aenigmaticum, a subspecies included in this work, was correctly
clustered with other L. gelidum strains. The strains ascribed to L. lactis are still split into
two phylogenetically related groups, G9 and G10.

Phylogenetic trees were computed utilizing ANI and core genome alignment. The
split decomposition of the trees is consistent with the previous results [40] and confirmed
the most recent amendments (Supplementary Figure S1). The phylogenetic relationships
between the species are reported in Figure 1.
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Figure 1. The phylogenomic tree of 453 Leuconostoc genomes based on core gene alignment. Genome
groups correspond to species as delineated by ANI. For each group, the number of genomes is
reported in brackets.

3.2. Functional Analysis

The functional annotation of the 453 genomes carried out with eggnog-mapper allowed
us to identify KEGG metabolic blocks for metabolic reconstruction and comparison. A total
of 1722 metabolic blocks were identified, 608 shared by all the genomes (Supplementary
Datasheet S3).

A Jaccard distance matrix among strains, then subjected to a PCoA, was computed
based on the presence of KEGG metabolic blocks. The species formed well-distinct clusters
in the first three dimensions of the PCoA space (Figure 2).
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Figure 2. The PCoA based on the Jaccard distance matrix between Letconostoc genomes, computed
on the enzymatic functions predicted by KEGG.

The strains belonging to L. litchii, L. suionicum, and L. mesenteroides were the sole strains
laying at positive values of PCo1 (Figure 2). Most of the numerous strains of L. mesenteroides
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were well separated from a cluster encompassing the 23 strains of L. suionicum and the
2 L. litchii. The strains of the subspecies L. mesenteroides subsp. cremoris constituted a
subgroup, separated along PCo3 from the other L. mesenteroides. At negative values of
PCol, the two groups of L. lactis (G9 and G10) formed a group at positive PCo2 and PCo3,
L. falkenbergense and L. pseudomesenteroides clustered together at negative PCo2 and positive
of PCo3, C. citreum was located at positive PCo2 and negative PCo3, and L. gelidum and
L. gasicomitatum clustered at negative PCo2 and slightly negative PCo3. Blocks involved in
the biosynthesis of pyridoxal-P, histidine, tryptophan, and sulfur-containing amino acids
metabolism were among the major determinants of separation along PCol.

3.3. Metabolic Reconstruction

The metabolic potential of Leuconostoc bacteria was inferred utilizing information on an-
notated metabolic functions available in the KEGG database (Supplementary Datasheet S4),
coupled, when necessary, with a BLAST search of specific enzymes responsible for specific
metabolic blocks and with the search of the enzymes involved in carbohydrate metabolism.
The KEGG metabolic modules identified in Leuconostoc genomes and their degree of com-
pleteness in the different species are summarized in Figure 3, while the prevalence of
complete PTS and ABC transporters in the different species is summarized in Figure 4.
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(2) Only substrate binding; (3) ATP binding often missing; (4) BraE missing in G2, G3, G4, G5, and G6.

3.3.1. Central Catabolic Route

The Leuconostoc genus, known for its heterofermentative metabolism, primarily utilizes
the pentose phosphate pathway (PPP) and phosphoketolase pathway (PKP) for sugar
catabolism, resulting in the production of lactate, acetate, or ethanol and CO,. Consistent
with its crucial role in the central metabolism, D-xylulose-5-phosphate phosphoketolase
(EC 4.1.2.9), the pivotal enzyme in the PKP, is encoded by a gene present in the core genome
of all Leuconostoc species.

Interestingly, both the Embden—Meyerhof (EMP) and Entner-Doudoroff (ED) path-
ways, common glycolytic pathways in other organisms, are incomplete in Leuconostoc
species. The EMP pathway is disrupted at the 6-phosphofructokinase step, and the ED
pathway lacks phosphogluconate dehydratase and 2-dehydro-3-deoxy-phosphogluconate
aldolase. The alternative pathways identified in leuconostocs allowed for the efficient
utilization of the available substrates through less common routes, providing these bacteria
with flexibility and adaptation to various environments [41,42].
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Moreover, the presence of NADH oxidase across all species indicates a mechanism
for maintaining redox balance by regenerating NAD+ through oxygen reduction. This
feature might contribute to the survival of these bacteria in oxygen-variable environments,
supporting their growth and metabolic activities [42,43].

3.3.2. Uptake and Fermentation of Sugars

Sugar uptake in LAB could take place by primary active transporters, secondary
transporters, group translocators, and channels [43,44]. The most common energy coupling
mechanisms rely on phosphoenolpyruvate in group translocators, such as phosphotrans-
ferase systems (PTS), ATP in primary transporters based on ATB-binding cassettes (ABC),
and gradients of cations in symport or antiport secondary transporters [43,44]. Several PTS
and ABC transporters were identified through KEGG annotation (Figure 4).

Leuconostoc species exhibited a diverse array of phosphotransferase systems (PTS) for
sugar uptake, reflecting their adaptability to different sugar substrates. Mannose (Man
XYZ), sucrose (ScrA), and beta-glucoside (BglF) PTS transporters were the most widespread,
indicating a primary reliance on these sugars. Fructose PTS transporters (FruA/B) were
also prevalent in the genomes of the related species L. rapi, L. kimchii, L. miyukkimchii,
L. gelidum, L. gasicomitatum, L. holzapfelii, L. lactis, L. citreum, and L. inhae, underscoring
fructose’s significance in their metabolism.

Other PTS transporters, such as those for glucose (PtsG) and N-acetylglucosamine
(NagE), were restricted to specific species like L. pseudomesenteroides and L. falkenbergense,
suggesting niche adaptations. Similarly, maltose PTS transporters (MalT) were found in
all the genomes of L. rapi, L. litchii, L. suionicum, and L. mesenteroides and most genomes of
L. gasicomitatum, L. holzapfelii, and L. lactis (G9), suggesting a role in environments where
maltose is present [45].

Galactitol PTS (GatABC) distinguished L. rapi and L. carnosum, while ascorbate PTS
(UlaABC) characterized most genomes of L. gelidum, L. gasicomitatum, L. pseudomesenteroides,
L. falkenbergense, L. suionicum, L. mesenteroides, and L. inhae.

A limited number of ABC transporters for the uptake of carbohydrates were identified.
A transporter for pentoses (RbsABCD) was found in all the genomes of L. carnosum, L. rapi,
L. kimchii, L. miyukkimchii, and L. inhae and in the majority of L. gelidum, L. gasicomitatum, and
L. falkenbergense. A transporter for malto- and galactooligosaccharides characterized most
or all L. miyukkimchii, L. gasicomitatum, L. lactis, L. pseudomesenteroides, and L. falkenbergense.

Unlike PTS and ABC transporters, the secondary transporters relying on the symport
or the antiport of cations are not annotated in the KEGG orthology database, but several
sequences could be found with an NCBI annotation. In particular, many members of
the major facilitator superfamily (MFS) were found in all the genomes of Leuconostoc type
strains, in numbers ranging from 17 of L. palmae to 41 of L. gelidum (Supplementary Table S2).
Unfortunately, NCBI annotation did not allow for any definition of substrate specificity that
could include simple sugars, oligosaccharides, metabolites, amino acids, oxyanions, and
xenobiotics [46]. Thus, it is very plausible that they function in the uptake of carbohydrates
in Leuconostoc also.

The uptake mechanisms participated in various specific pathways for sugar catabolism,
as elucidated in Figures 3 and 5. For instance, intracellular fructose that could have entered
the cell by means of an ABC transporter or could have been generated by intracellular hy-
drolysis of fructans can be processed in all species via fructose-6P by fructokinase (K00847),
then isomerized to glucose-6P by glucose-6-phosphate isomerase (K01810) and channeled
towards the heterolactic pathway. Alternatively, in the species L. kimchii, L. gelidum, L. gasi-
comitatum, L. lactis (G9 and G10), and L. inhae, fructose could enter the cells as fructose-1P
by means of FruA /B PTS (K02768), then be transformed into fructose-1,6 bisphosphate by
1-phosphofructokinase (K00882) and channeled towards the homolactic route by fructose-
bisphosphate aldolase (K01624). This dual capability for fructose catabolism highlights a
metabolic versatility that likely provides an ecological advantage.
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Figure 5. Fermentative pathways predicted from Leuconostoc genomes. (a) Fermentation of simple
sugars. (b) Citrate and malolactic fermentations. Colors: green, always present; red, always absent;
yellow, not generally present (refer to panel c); grey, not conclusively characterized. (c¢) Occurrence
and prevalence of specific metabolic reactions in Leuconostoc species.

Otherwise, this second route seems precluded in L. fallax, L. carnosum, L. palmae,
L. litchii, L. suionicum, and L. mesenteroides that lack FruA /B PTS, 1-phosphofructokinase,
and fructose-bisphosphate aldolase. L. pseudomesenteroides and L. falkenbergense lacked
FruA/B PTS and 1-phosphofructokinase, while L. citreum, L. rapi, L. miyukkimchii, and
L. holzapfelii lacked the aldolase. All the genomes of L. miyukkimchii, L. gelidum, L. ga-
sicomitatum, L. lactis (G9 and G10), L. pseudomesenteroides, L. falkenbergense, L. suionicum,
L. mesenteroides, and some L. citreun harbored a gene encoding aldose-ketose isomerase
(K01805), which could isomerize glucose into fructose and vice versa.

Leloir’s pathway for galactose utilization was complete in all the species except in
L. fallax, L. carnosum, L. miyukkimchii, L. palmae, L. inhae, and some strains of L. citreum,
L. pseudomesenteroides, and L. falkenbergense. In general, the missing genes were those
encoding galactokinase (EC 2.7.1.6) and hexose-1-phosphate uridylyltransferase (2.7.7.12).
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The presence of enzymes like mannitol dehydrogenase and aldose-ketose isomerase
further underscored the metabolic flexibility of Leuconostoc species [43]. These enzymes
enable the interconversion of sugars like fructose and mannitol and glucose and fructose,
respectively, allowing for the bacteria to efficiently exploit a wide range of substrates.
L. miyukkimchii and L. suionicum possessed the gene encoding sorbitol dehydrogenase
(K0008) to convert sorbitol into fructose. All the strains were capable of importing mannose
through mannose PTS (K02793) and isomerizing it into fructose 6-P with mannose-6-
phosphate isomerase (K01809).

Leuconostoc species present mechanisms for pentose metabolism, crucial for their
growth on plant-derived substrates rich in these sugars [43]. Pentoses can be channeled
in the PKP pathway at the level of the intermediates ribulose 5P or xylulose 5P. Genes
encoding enzymes for the conversion of ribose into ribulose-5P are ubiquitous, facilitating
the entry of ribose into the PKP pathway. However, the inability to convert D-arabinose
into ribulose 5P in all species suggests selective pressure to specialize in certain sugars
over others.

For xylose metabolism, in the species L. miyukkimchii, L. gelidum, L. gasicomitatum,
L. lactis (G9 and G10), L. pseudomesenteroides, L. falkenbergense, L. suionicum, and L. mesen-
teroide, the presence of xylulokinase (K00854), transforming xylulose into xylulose 5P, and
aldose-ketose isomerase, for the xylose transformation into xylulose, indicates an efficient
conversion pathway of xylose to xylulose 5P, integrating into the PKP pathway. Addition-
ally, the presence of xylitol dehydrogenase in the species L. miyukkimchii and L. suionicum
points to an alternative pathway for xylose catabolism, providing a metabolic redundancy
that might enhance survival under varying conditions.

Enzymes for the utilization of L-arabinose through transformation into L-ribulose,
followed by phosphorylation into L-ribulose 5P and conversion into D-xylulose 5P, were
present in L. rapi, L. kimchi, L. inhae, L. gelidum, L. gasicomitatum, L. holzapfelii, L. palmae,
L. citreum, L. suionicum, and some strains of L. lactis (G9 and G10) and L. mesenteroides.

For simple sugars, reconstructed metabolic capabilities were in good agreement
with fermentative profiles of type strains obtained with API 50CH tests (Supplementary
Datasheet S5), available as phenotypical information in BacDive (https:/ /bacdive.dsmz.
de/api-test-finder). The few discordances may be attributed to the uncertainty of the
prediction of uptake systems.

3.3.3. Carbohydrate-Active Enzymes (CAZymes)

Carbohydrate-active enzymes (CAZymes) are families of enzymes that catalyze the
degradation, modification, or synthesis of complex carbohydrates. CAZymes play a vital
role in the breakdown and fermentation of carbohydrates and in the synthesis of bacterial
components such as the peptidoglycan and exopolysaccharides (EPS). Thus, the array of
CAZymes harbored by Leuconostoc spp. directly impact the ability of these bacteria to
thrive in environments rich in complex carbohydrates and have a direct effect on microbial
ecology and the evolution (e.g., the ripening vs. the deterioration) of the food matrixes
where Leuconostoc members are naturally present. Like other LAB, Leuconostoc spp. are
known producers of EPS. These molecules impact the texture of food matrixes, where they
influence viscosity, syneresis, firmness, and the technological and sensory properties [47].

Genes encoding a total of 305 different carbohydrate-active enzymes were identified in
Leuconostoc genomes, 57 of which harbored a signal peptide putatively enabling secretion
(Supplementary Datasheet S5). The CAZymes included 126 glycosyl hydrolases (GHs),
146 glycosyl transferases (GTs), 7 carbohydrate esterases (CEs), and 6 polysaccharide lyases
(PLs). The number of CAZyme genes harbored by each genome ranged from 23 to 77, most
of the genes occurring in a single copy. Remarkable exceptions were GH13_e122, GH70_e0,
and GT2, respectively, occurring with up to 6, 6, and 15 copies. The number of GHs and
GTs lay in the range of 5-40 and 8-37 per genome, with marked differences among groups
(Figure 6). These enzymes enable Leuconostoc species to thrive in environments rich in
complex carbohydrates, such as plant material and fermented foods [48].
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Figure 6. CAZymes predicted in Leuconostoc genomes. (a) The abundance of total CAZymes, glycosyl
hydrolases (GHs), and glycosyl transferases (GTs) in phylogenomic groups; boxes depict the 25th,
50th, and 75th percentiles, whiskers. (b) The heatmap of GH and PL presence in Leuconostoc groups.
Only the GHs and the PLs occurring in at least one group with 100% prevalence and not involved
in peptidoglycan processing (i.e., GH23, GH25, and GH73) are reported. S.P. column reports the
presence (Y) or absence (N) of the signal peptide. The substrate specificity of each dbCAN-sub
is given if available, otherwise generic activity deducted form CAZy ID is given in brackets. The
number (or the range) of genes is given in the cells.

For instance, L. pseudomesenteroides was the species harboring among the highest
number of GHs and GTs (24-40 and 20-35, respectively), while L. carnosum presented
among the lowest ones (12-19 and 14-20, respectively). The range was remarkably broad
within L. mesenteroides, especially due to L. mesenteroides subsp. cremoris, which uniformly
harbored very low numbers of both GH (generally < 15) and GT (generally < 18) genes,
unlike other L. mesenteroides strains. Nineteen members of GH73 and thirteen of GH25,
endo-B-1,4-N-acetylglucosaminidases and lysozyme-like 1,4-N-acetylmuramidases, re-
spectively, both involved in peptidoglycan processing, were widespread across all the
groups. Both GH73 and GH25 and, in some cases, specific members of these families (i.e.,
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GH?73_e248 and GH73_e84) were found in all genomes, highlighting their role in cell wall
remodeling and possibly defense mechanisms against microbial competition [49]. Thir-
teen members of the GH13 family, with predicted substrate specificity for sucrose and/or
starch, were identified, mainly lacking the signal peptide. Some of them occurred in all
the genomes of certain groups but were absent in others, while others (e.g., GH13_e117
and GH13_e122) were almost ubiquitous and occurred also in multiple copies. GH32
CAZYmes, encompassing sucrose, fructan, and inulin hydrolases, were found in all the
genomes. Of the 13 members of GH32, the intracellular GH32_e5 was found in most of
the genomes, while others specifically occurred in some species. Extracellular GH32 were
much less widespread, with GH32_e10 characterizing L. litchii, L. suionicum, and some of
L. mesenteroides genomes and GH32_e49 occurring only in L. rapi, L. kimchii, and L. inhae.
Another extracellular fructosidase belonging to GH68 was predicted in L. litchii and in
many genomes of L. suionicum and L. mesenteroides, while an intracellular one belonging to
GHO91 characterized L. inhae. The invertases/fructanases of families GH13 and GH32 were
the sole oligosaccharides hydrolyzing GHs found in the species L. palmae, which was the
least provided of Leuconostoc genus.

Intracellular GH1 and GH2 members with predicted specificity for (3-glucosides
and/or 3-galactosides were identified in most species, in some of them in multiple copies.
Most or all the genomes of L. rapi, L. kimchii, L. miyukkimchii, L. gelidum, L. gasicomitatum,
L. lactis (G9 and G10), L. citreum, L. litchii, L. suionicum, and L. inhae harbored both GH1_e0
and GH1_e85, while L. carnosum harbored only the former and L. fallax only the latter.
Most of the genomes of L. mesenteroides harbored both the sequences, or at least GH1_e85,
with the exception of L. mesenteroides subsp. cremoris and some other strains that lacked
both. GH2 members (GH2_e13 and GH2_e92) were identified in all or most strains of
L. rapi, L. kimchii, L. gelidum, L. gasicomitatum, L. holzapfelii, L. lactis (G9 and G10), L. citreum,
L. pseudomesenteroides, L. falkenbergense, L. litchii, L. suionicum, and L. mesenteroides. The
presence of GH1 and GH2 families further supports the ability of Leuconostoc species to
utilize diverse carbohydrates, including those derived from plant cell walls [50].

Two GH43 1,4-3-xylosidases were identified, one characterizing the genomes L. rapi
and L. kimchii and the other L. miyukkimchii, L. gelidum, L. gasicomitatum, L. lactis, L. pseudome-
senteroides, and L. falkenbergense. Intracellular GH65 and GH70 members with predicted
specificity for alpha-glucosides were identified in most species, in some of them in multiple
copies. The sequences of an extracellular member of GH70 were also widespread, being
highly prevalent in most species. An intracellular alpha-galactosidase belonging to GH36
was found in all the genomes of L. gelidum, L. gasicomitatum, L. holzapfelii, L. lactis, L. pseu-
domesenteroides, L. falkenbergense, L. litchii, and L. suionicum and in most of L. mesenteroides.

Other intracellular CAZymes belonging to GH3, GH8, GH31, GH51 GH94, GH109, and
GH170, responsible for the hydrolysis of a variety of glycans (e.g., alpha and beta glucans
and hexosamines-containing polysaccharides), were less frequent and characterized the
genome of certain species.

Among the glycosyl transferases, GT2, GT4_el1712, GT4_e199, GT4_e2671, GT4_e272,
GT28_el, GT51_e10, GT51_e50, GT111_el (or in alternative GT111_e12), and GT113_e35
were found in the vast majority of the genomes in all the species, with only a few exceptions
(Supplementary Figure S2). These GTs are active on UDP- or GDP-activated hexoses
and involved in the biosynthesis of glycans, including peptidoglycan and EPS. The high
abundance of GT2 sequences, with up to 15 copies per genome (while all the others
generally occurred with one or, more rarely, two copies), underscores their crucial role
in carbohydrate metabolism and in the stability of bacterial cells [51]. Other GTs were
diversely distributed in the genus, in some cases presenting a remarkably high prevalence in
one or a few species. Such diversity in the array of GTs is expected to affect the biosynthetic
properties of oligo- and polysaccharides and could thus influence the structure of the
EPS. However, information on the substrate specificity of the GTs cannot be inferred with
precision from the CAZy database. As a matter of fact, Leuconostoc is one of the major EPS
producers among LABs, and increasing structural information has been recently obtained
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from specific strains of L. mesenteroides, L. pseudomesenteroides, and L. citreum [52-54]. The
EPS of L. pseudomesenteroides was mostly a linear o-(1—6)-linked glucan [52] that also
contained mannose residues in L. mesenteroides [53], whereas it was a highly branched
structure rich in uronic acids in L. citreum [54]. A thorough structural characterization and
comparison of the EPS among Leuconostoc species still needs to be carried out to establish
some correspondence with the GTs harbored in the genomes.

Of the six PL, two PL1 sequences with putative pectin lyase activity were found with
high prevalence in some species, i.e., the extracellular PL1_e108 and PL1_e50. The former
was found in all or most of the genomes of L. rapi, L. kimchii, L. miyukkimchii, L. litchii,
L. suionicum, and L. inhae, while the latter in L. holzapfelii, L. lactis (G9 and G10), and
L. citreum.

Among esterase, a sequence of CE9_el7a putative N-acetylglucosamine 6-phosphate
deacetylase was found in nearly all the genomes. Other CEs characterized a more lim-
ited number of genomes, such as the glycoside deacetylase CE4_31 characterizing most
L. gelidum, L. gasicomitatum, L. holzapfelii, L. pseudomesenteroides, and L. inhae; the glycoside
deacetylase CE2_13 in all the genomes of L. citreum; and the esterase CE1 in L. litchii.

Unlike for simple sugars, it was not possible to establish a relationship between pre-
dicted CAZymes and the observed API 50CH phenotypes, with regards to the fermentation
of oligo- and polysaccharides (e.g., inulin, raffinose, maltose), mainly due to the lack of
sufficient information regarding the substrate specificity of GHs and the other CAZymes
(Supplementary Datasheet S6). For instance, fructosidases and alpha-glucanases are very
widespread, but they likely targeted only di- and oligosaccharides, while no strains could
utilize inulin and starch.

3.3.4. Metabolism of Organic Acids

Organic acids such as citrate and malate are metabolized by some Leuconostoc species,
impacting the sensory properties of dairy products and wine, respectively [43,55]. Citrate is
present in fruit juices, milk, and vegetables and is also added as a preservative in foods. The
complex metabolism of citrate can generate 4-carbon compounds, such as diacetyl, acetoin,
and butanediol, which possess aromatic and slight antimicrobial properties [43,56]. These
compounds play a pivotal role in the fermentation processes involving certain Leuconostoc
species. The ability to metabolize citrate and other organic acids contributes significantly
to the flavor development and sensory properties of dairy products and other fermented
foods [57,58]. Additionally, this metabolic capability aids in the preservation of fermented
foods. The enzymes/blocks involved in citrate uptake and transformation into pyruvate
(i.e., citrate permease, « and {3 citrate lyase, and oxalacetate decarboxylase) were predicted
in the species L. holzapfelii, L. citreum, and L. inhae and in several strains belonging to
L. gasicomitatum, L. gelidum, L. pseudomesenteroides, L. falkenbergense, and L. mesenteroides
(including all the L. mesenteroides subsp. cremoris). In general, in the other species and in
the remaining strains of L. gasicomitatum, L. gelidum, L. pseudomesenteroides, L. falkenbergense,
and L. mesenteroides, the citrate pathway was absent (e.g., in L. fallax and L. carnosum) or
lacked only the subunits of citrate lyase (e.g., L. lactis and L. suionicum) (Figure 5).

Citrate metabolism not only provides an additional energy source but also contributes
to the production of key flavor compounds like diacetyl and acetoin. The genes encoding
the enzymes involved in the transformation of pyruvate into acetoin, diacetyl, and 2,3-
butanediol (i.e., x-acetolactate synthase, x-acetolactate decarboxylases, diacetyl acetoin
reductases, and 2,3 butanediol dehydrogenase) belonged to the core genome of the genus.

Malolactic conversion, also referred to as malolactic fermentation, consists of the
decarboxylation of malic acid, catalyzed by malolactic enzyme, to yield lactic acid. Such
a reaction, which converts malate to lactate, is carried out by an array of LAB, including
some Leuconostoc members, and represents an important metabolic pathway, crucial for
deacidifying fermented products, enhancing their sensory properties and improving micro-
bial stability [59]. In particular it is relevant in winemaking, where malic acid that naturally
occurs in grape must is converted to softer-tasting lactic acid.
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The malolactic enzyme was predicted in all the genomes of L. rapi, L. kimchii, L. miyukkim-
chii, L. gelidum, L. holzapfelii, L. lactis (G9 and G10), L. citreum, and L. litchii; in most of
L. pseudomesenteroides, L. falkenbergense, L. suionicum; and a minority of L. gasicomitatum
and L. mesenteroides (Figure 5). The reaction could also take place by being catalyzed by
decarboxylating malate dehydrogenases [60]. Interestingly, the same sequence retrieved
in Leuconostoc genomes received the annotation of both this latter activity and oxalacetate
decarboxylase. The widespread presence of this pathway indicates its ecological relevance
and has significant impacts on the industrial applications of these microorganisms. Malate
dehydrogenase, yielding oxaloacetate, was absent in all the genomes.

The degradation of ascorbate was assessed in some species of lactobacilli, which could
lead to a decrease in this preservative, thus contributing to food deterioration [61]. The route
of ascorbate degradation consists of lactone opening, tautomerization, and decarboxylation
to yield xylulose 5-phosphate, which is catabolized in the pentose phosphate pathway. The
route was complete in all the strains of L. gelidum subsp. gelidum and L. gelidum subsp.
aenigmaticum, L. gasicomitatum, L. pseudomesenteroides, L. falkenbergense, and L. inhae and
in some strains of L. carnosum, L. citreum, L. suionicum, and L. mesenteroides. In all the
other species and in the remaining strains of L. carnosum, L. citreum, L. suionicum, and
L. mesenteroides, the ascorbate degradation pathway was absent. Information on ascorbate
degradation in food by leuconostocs is still lacking. A possible role of leuconostocs in
ascorbate degradation deserves to be investigated in food matrixes to establish whether
they could contribute to food deterioration.

3.3.5. Metabolism of Amino Acids and Cofactors

ABC transporters for the intake of many preformed aspartate, glutamate, glutamine,
glycine, proline, cystine (TcyABC or TcyKLMN), and methionine peptides; for biogenic
amines; and for peptides were ubiquitously found in all the Leuconostoc genomes and
indicate a high dependence on exogenous amino acids (Figure 4). An ABC transporter for
the intake of branched chain amino acids was also very widespread, characterizing all the
genomes except those of L. fallax, L. gelidum, L. gasicomitatum, L. palmae, and L. litchii. A be-
taine/proline transporter was also found in most species, while the one for S-methylcysteine
characterized only L. rapi, L. kimchii, and L. miyukkimchii. Leuconostoc species exhibit both
the capacity to efficiently import essential nutrients from their surroundings and a complex
and varied ability to metabolize amino acids, highlighting their adaptation to diverse
ecological niches and nutritional environments.

The genes encoding glutamate dehydrogenase and alanine dehydrogenase were miss-
ing in all the genomes, indicating that ammonium organication into these amino acids
is precluded. On the other hand, glutamic-aspartic transaminase was ubiquitous, and
glutamate synthase was predicted only in all the genomes of L. suionicum and in a minor-
ity of L. mesenteroides. The pathway of serine production from glycolysis intermediates
seemed ineffective due to the lack of phosphoserine phosphatase in all the genomes, indi-
cating a reliance on external sources of serine consistent with the organism’s adaptation to
environments rich in preformed amino acids.

The pathways depending on preformed serine to yield glycine and cysteine; on gluta-
mate to yield glutamine, arginine, and proline; and on aspartate to yield homoserine and
threonine were generally complete (Figure 3). Asparagine could be produced from aspartate
by aspartate ammonia lyase (K01914) in 66 genomes, mainly belonging to L. mesenteroides.
Otherwise, asparagine production could be achieved from oxalacetate by omega-amidase
and asparagine-keto acid aminotransferase (K13566 and K22457) in all the species except
L. fallax. The pathway from homoserine to methionine was always complete except in
L. palmae, L. gasicomitatum, and L. fallax.

The pathway of lysine biosynthesis was complete from aspartate to 2,3,4,5-tetrahydro-
dipicolinate. Succinylase, acetylase, and dehydrogenase pathways required to convert
2,3,4,5-tetrahydrodipicolinate into lysine were incomplete, missing one or two enzymes. No-
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tably, the carboxy-lyase enzyme responsible for forming lysine from meso-2,6-diaminohep-
tanedioate, the common intermediate of the three pathways, was always present.

The anabolic pathways leading to branched chain amino acids were complete only in
L. carnosum, L. miyukkimchii, L. litchii, L. suionicum, and L. mesenteroides.

With regard to aromatic amino acids, the shikimate pathway from erythrose 4-phosphate
to chorismate was complete. The pathways leading to tyrosine and phenylalanine both
seemed interrupted due to the lack of chorismate mutase and also always lacked other en-
zymes. Tryptophan biosynthesis was complete in L. fallax, L. rapi, L. kimchii, L. miyukkimchi,
L. holzapfelii, L. litchii, L. suionicum, L. mesenteroides, and L. inhae; in most of L. carnosum and
L. pseudomesenteroides; and in a minority of L. lactis and L. falkenbergense.

The route from 5-phosphoribosyl diphosphate to histidine was complete except for
L. lactis, L. palmae, and L. citreum.

The genes encoding histidine, lysine, tyrosine, and ornithine decarboxylases (hdcA,
ldc, tyrDC, and odc, respectively) and agmatine deiminase (aguD and aguA), responsible
for the synthesis of biogenic amines, were absent in all the genomes.

With regards to vitamins, the thiamine salvage pathway is ubiquitous in all the
genomes (Figure 3). Pyridoxal phosphate biosynthesis characterized only L. holzapfelii and
L. lactis (G9 and G10) but was lacking in all the other species. Riboflavin biosynthesis is
present in a subset of species (L. fallax, L. rapi, L. kimchii, L. holzapfelii and L. lactis (G9 and
G10), L. citreum, L. litchii, L. suionicum, L. inhae, and some L. mesenteroides), indicating varying
capabilities to synthesize this essential vitamin. Similarly, tetrahydrofolate biosynthesis,
crucial for nucleotide synthesis and amino acid metabolism, is found (lacking alkaline
phosphatase) only in L. rapi, L. kimchii, L. holzapfelii and L. lactis (G9 and G10), L. citreum,
L. litchii, and most L. suionicum, suggesting a selective evolutionary adaptation.

The pathway of mevalonate production and the subsequent C10-C20 isopreonid
biosynthesis towards geranyl geranyl-PD, critical for synthesizing vital cellular compo-
nents, such as quinones, were complete in all the genomes (Figure 3). In all genomes,
menaquinone biosynthesis from chorismate to menaquinol lacked only 1,4-dihydroxy-2-
naphthoyl-CoA hydrolase.

4. Conclusions

With the advent of the genomic era, the increasing availability of bacterial genomes has
significantly enhanced our understanding of bacterial taxa. Recent comprehensive studies
on the genus Leuconostoc [41,49] have primarily focused on species delineation, refining the
taxonomy of certain Leuconostoc groups and resolving issues such as paraphyletic branches.
However, a detailed investigation into the functions and metabolic potential of this genus
has not been thoroughly conducted until now.

In this study, we elucidated the metabolic potential of the species belonging to this
genus. Their metabolic pathways exhibit remarkable adaptability to diverse sugar sub-
strates through specialized transporters and catabolic enzymes. The ability of these species
to import and utilize a wide range of amino acids and vitamins from their environment
along with their selective biosynthetic pathways enables them to thrive in various competi-
tive habitats. This metabolic diversity not only supports their role in natural ecosystems
but also underscores their potential in industrial applications. In particular, their capabil-
ity to metabolize a wide range of substrates and affect sensory properties and texture is
invaluable in the fermentation industry, where they can be utilized to produce various
fermented foods and bioproducts. On the other hand, these same properties could be
undesired in certain food or beverages, where leuconostocs could participate to spoilage
and deterioration. The ongoing exploration of their genomic and metabolic capabilities
continues to unveil the versatility and potential of the Leuconostoc genus.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390 /microorganisms12071487/s1, Supplementary Table S1: Nominal taxonomy
of the analyzed genomes; Supplementary Table S2: Number of transporters belonging to Major
Facilitator Superfamily (MFS), as annotated by NCBI in the genome of Leuconostoc type-strains;
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Supplementary Figure S1. Split decomposed phylogenetic trees based on (a) core genes alignment
and (b) ANI values; Supplementary Figure S2: Heatmap of GTs presence in Leuconostoc groups.
S.P. column reports the presence (Y) or absence (N) of the signal peptide. The number (or the
range) of genes is given in the cells; Supplementary Datasheet S1: List of Leuconostoc genomes
analyzed in the present study; Supplementary Datasheet S2: Matrix of pairwise ANI between
453 Leuconostoc genomes; Supplementary Datasheet S3: KEGG functions predicted in Leuconostoc
genomes; Supplementary Datasheet S4: Degree of Completness of KEGG modules in Leuconostoc
genomes; Supplementary datasheet S5: Fermentative profiles of type strains obtained using the API
50CH test, as reported in the BacDive database. For more information, please visit the BacDive API
Test Finder at https:/ /bacdive.dsmz.de/api-test-finder; Supplementary Datasheet S6: CAZymes
predicted in Leuconostoc genomes utilizing dbCAN3.
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