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ARTICLE INFO ABSTRACT

Keywords: Liquorilactobacillus nagelii is a lactic acid bacterium frequently found in a variety of traditional fermented foods,
Liquorilactobacillus nagelii, comparative where it contributes to their sensory properties and potential health benefits. However, research evaluating the
genomics

genetic and functional features of L. nagelii is scarce in the literature. In this study, we sequenced and assembled
the genome of L. nagelii VUCC-R001, a strain isolated from kombucha tea, assessing its safety and exploring its
biotechnological potential, mainly in terms of p-phenyllactic acid and dextran production, through a comparative
genomic approach with 35 Liquorilactobacillus genomes and related phenotypic validation. Bioinformatic analysis
revealed a good-quality draft genome (~2.4 Mb) of VUCC-R001 with a completeness around 99.7% (N50 of
151,630 bp). Comparative genomic analyses showed the correct identification of the new strain, the absence of
genes encoding transmissible antibiotic resistance, virulence factors, and biogenic amine production, underlining
its safety, also confirmed by phenotypic tests. We identified genes putatively associated with p-phenyllactic acid
(PLA) production and verified the capability of this strain to produce a high concentration (52 mg/L) of PLA in
vitro. To date, this is the first study reporting a Liquorilactibacillus strain that produces p-phenyllactic acid.
Genome analyses of L. nagelii also elicited the presence of a dextransucrase GH70 (EC 2.4.1.5), leading to the
production of dextran from sucrose, an exopolysaccharide with applications in the food and biomedical in-
dustries. This investigation provides new insights into the genomic features and functional attributes of L. nagelii,
opening new prospects for the biotechnological use of selected strains belonging to this species.

Core phylogenomics
Safety assessment
p-phenyllactic acid
Destransucrase

of bioactive peptides, amino acids, exopolysaccharides, and compounds
with prebiotic potential (Mukherjee et al., 2023). Furthermore,
non-conventional LAB strains connected to fermentation are of indus-
trial interest as they can be employed for various biotechnological ap-
plications, such as functional starter cultures, probiotics, adjuncts, or
components of simplified tailor-made microbial consortia to improve
sensory quality, safety, and health-related attributes of fermented foods
(Gaspar and Crespo, 2016, chap. 7; Savary et al., 2021).

Among these species, Liquorilactobacillus nagelii, formerly known as
Lactobacillus nagelii (Zheng et al., 2020), holds an interesting place. First
identified by Edwards and colleagues (Edwards et al., 2000), L. nagelii
was originally isolated from a commercial grape wine undergoing
sluggish alcoholic fermentation. Besides, it was also found in many other
plant-based fermented foods and beverages, such as water kefir (Laureys
and De Vuyst, 2014), coyol wine or tavern (the fermented sap of

1. Introduction

Fermented foods represent promising solutions for the development
of safer, more secure, and sustainable food systems; furthermore, the
potential health-promoting effects of fermentation-associated beneficial
compounds are being investigated (Ganzle et al., 2023; Mukherjee et al.,
2023). Fermentation-associated microorganisms mainly belong to the
functional groups of lactic acid bacteria (LAB), acetic acid bacteria
(AAB), and yeasts. As regards LAB, despite the already known infor-
mation on conventional species used for many years in the food industry
(mainly belonging to the genera Lactobacillus, Lactiplantibacillus, Lacti-
caseibacillus, Lactococcus and Leuconostoc), strains of new underexplored
species from traditional fermented foods and beverages are gaining
attention thanks to their reservoir of enzymatic activities and production
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Abbreviations

AAB Acetic Acid Bacteria

ANI Average Nucleotide Identity

ARG Antimicrobial Resistance Gene

BLAST (p, n) Basic Local Alignment Search Tool (protein,
nucleotide)

BUSCO Benchmarking Universal Single-Copy Orthologs

CARD  Comprehensive Antibiotic Resistance Database

CAZy carbohydrate-active enzyme database

CFS cell-free supernatant

dbCAN3 automated carbohydrate-active enzyme annotation
database

dDDH  digital DNA-DNA Hybridization

Ddl p-alanine-p-alanine ligase

EFSA European Food Safety Authority

EPS exopolysaccharides

GGDC  Genome to Genome Distance Calculator

HPLC(-UV) High Performance Liquid Chromatography (-ultra-
violet)

IDF International Dairy Federation

KEGG  Kyoto Encyclopedia of Genes and Genomes

LAB Lactic Acid Bacteria

MIC Minimum Inhibitory Concentration

MRS De Man-Rogosa-Sharpe medium

PLA p-phenyllactic acid

QPS Qualified Presumption of Safety

QUAST: Quality Assessment tool for genome assemblies

RAST Rapid Annotation using Subsystem Technology

RGI Resistance Gene Identifier tool

SCOBY Symbiotic Culture of Bacteria and Yeasts

SRA Sequence Read Archive

VFDB Virulence Factor Database

VUCC-DBT Verona University Culture Collection - Department of
Biotechnology

Acrocomia mexicana) (Rivera et al., 2020), ensiled fruit residues (Yang
etal., 2016), beer (Umegatani et al., 2022), kombucha tea (Ferremi Leali
et al., 2022), paocai (a traditional Chinese fermented vegetable food
(Zhao et al., 2023);), and Shalgam (a traditional Turkish lactic acid
fermented beverage (Yetiman and Ortakcei, 2023)). Whilst considered to
be a spoilage organism in wine and beer, in other well-known fermented
beverages produced with natural complex microbial consortia, such as
water kefir and kombucha, L. nagelii can positively interact with
co-occurring yeasts and AAB, affecting the production of metabolites
associated with potential health benefits, as well as sensory properties
(Yetiman and Ortakei, 2023; Zhao et al., 2023). Among these metabo-
lites, the production of dextran from sucrose in situ during fermentation
is very promising: Liquorilactobacillus spp. frequently express extracel-
lular glucansucrases, especially dextransucrases, which produce a—1 —
6 linked glucose polymers from sucrose (Ganzle et al., 2023) allowing
these strains the ability to persist in sucrose-rich environments;
furthermore, the extracellular production of dextran contributes to the
physicochemical and nutritional properties of fermented beverages
(Bechtner et al., 2019).

Additional benefits of L. nagelii strains can be linked to the produc-
tion of antimicrobial compounds that contribute to improving food
safety and shelf-life, such as the release of organic acids and bacterio-
cins, as observed by (Yetiman and Ortakci, 2023). Among organic acids,
p-phenyllactic acid (PLA) is a natural microbial antagonist and it is
frequently found in foods fermented by LAB (e.g. kimchi (Jung et al.,
2019);). In addition to its application as a biological preservative,
further investigation is warranted for this metabolite in
non-conventional LAB also as a “fermentation-dependent” biomarker for
lactic-fermented foods, indicating that it can act as a promising measure
of fermented food intake and metabolism (Li et al., 2021).

In addition to the promising features described, the first step in
selecting bacteria for the fermentation of new food is their safety
assessment which is commonly based on taxonomic identification
(usually through whole-genome sequencing), the absence of safety-
related traits (i.e., antibiotic resistance, virulence factors, and biogenic
amines) and a consistent body of knowledge related to its lifestyle,
ecology and history of safe use (Ganzle et al., 2023). From the regulatory
perspective, L. nagelii is included in the International Dairy Federation
(IDF) inventory of food cultures with proven beneficial association with
a food matrix (IDF, 2022), but, to date, this species does not hold the
Qualified Presumption of Safety (QPS) status by the European Food
Safety Authority (EFSA), which is a prerequisite for its deliberate use in
the food chain.

At the molecular level, the complete genome sequences of four

L. nagelii strains isolated from various sources were recently subjected to
a comparative genomic analysis with other 20 strains belonging to the
other species of the genus Liquorilactobacillus, and their genetic re-
lationships and evolutionary patterns were explored, identifying two
clades that differed in specific genomic signatures (presence/absence of
protophage infection and different gene selection pressure) (Liu et al.,
2023).

Since research on the evaluation of safety-related and biotechno-
logical attributes of L. nagelii remain scarce and scattered in the litera-
ture, in this study we carried out a thorough safety assessment and
functional investigation of L. nagelii VUCC-R001, a strain previously
isolated from an artisanal kombucha tea (Ferremi Leali et al., 2022),
through genome sequencing and in-depth comparative genomic analysis
with 35 other genomes of Liquorilactobacillus species.

To date, this is the first genome sequence of a L. nagelii strain isolated
from kombucha; this study provides new insights on the genomic fea-
tures and functional attributes in terms of dextran and PLA production of
this non-conventional species through a genotype-phenotype correla-
tion approach, opening a new perspective in the applicability of strains
of this species in the fermented beverage industry.

2. Materials and methods
2.1. Bacterial strain and growth conditions

Liquorilactobacillus nagelii TLV-4R7, previously isolated from an
artisanal kombucha tea (Ferremi Leali et al., 2022), was routinely grown
in MRS broth medium (Oxoid, Milan, Italy) at 30 °C for 24 h in aerobic
conditions. The strain is deposited in the Verona University Culture
Collection - Department of Biotechnology (VUCC-DBT) and named
VUCC-RO01.

2.2. DNA extraction, whole genome sequencing, assembly, and
annotation

Total genomic DNA of L. nagelii VUCC-R001 was extracted from 1.8
mL of broth culture using the Wizard SV Genomic DNA Purification System
kit (Promega Italia, Milan, Italy), following the manufacturer’s in-
structions with some modifications. Briefly, cells were harvested by
centrifugation (986 G-force/10 min), washed with distilled water, and
resuspended in 10 mg/mL of lysozyme solution (Merck, Darmstadt,
Germany) at 37 °C for 60 min; then the sample was centrifuged, and the
DNA extraction was carried out. The DNA quality was estimated by
Qubit Fluorometer (Thermo Fischer Scientific, Waltham, MA, USA) and
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NanoDrop One/OneC Microvolume UV-Vis
(Thermo Fischer Scientific, Waltham, MA, US).

Library preparation and sequencing were performed by IGATech
(Udine, Italy). In detail, libraries were obtained using CeleroTM DNA-
Seq kit (NuGEN, San Carlos, CA, USA) according to the manufac-
turer’s instructions; Illumina NovaSeq 6000 in paired-end 150 mode was
then used as platform sequencing. The raw reads were demultiplexed
and adapters were masked by IGATech tools.

The raw reads were trimmed with fastp (version 0.21.0; (Chen et al.,
2018)) and de novo assembly was performed with SPAdes using default
options (version 3.13.0; (Bankevich et al., 2012)). The quality of the
genome assembly was assessed with the software QUAST (Quality
Assessment Tool for Genome Assemblies) (version 5.0.2; (Gurevich
et al.,, 2013)) and BUSCO (Benchmarking Universal Single-Copy
Orthologs) (version 4.1.4; (Manni et al., 2021)) using ‘lactobacillale-
s.0odb10’ as lineage dataset. Genome annotation was performed with
Prokka (version 1.14.6; (Seemann, 2014)). Proksee (https://proksee.
ca/; (Grant et al., 2023)) was used to generate a circular graphical
genome map of L. nagelii VUCC-R001 and RAST (Rapid Annotation using
Subsystem Technology) (http://rast.nmpdr.org/rast.cgi) was used to
obtain the subsystem category distribution for annotation (Overbeek
et al., 2014).

Spectrophotometer

2.3. Data availability

The sequencing reads of L. nagelii VUCC-R0O01 genome have been
deposited at the NCBI Sequence Read Archive (SRA) under the Bio-
Project ID PRINA1044759 and BioSample ID SAMN38411806 with the
accession number SRR26941028, whereas the corresponding assembly
data set has been deposited at DDBJ/EMBL-ENA/GenBank under the
accession number JAYMDDO000000000. The version described in this
paper is JAYMDD000000000.1.

2.4. Taxonomic identification and phylogenomic analysis

The whole-genome sequences of 35 Liquorilactobacillus strains were
downloaded from the NCBI's RefSeq genome database on September 25,
2023 (Supplementary File S1), and their quality was assessed with
BUSCO. Genomes with a completeness higher than 96% were selected
and reannotated with Prokka. The Average Nucleotide Identity (ANI
(Goris et al., 2007);), was calculated using pyani tool (https://github.co
m/widdowquinn/pyani), while digital DNA-DNA hybridization (dDDH
(Auch et al., 2010);) was determined using GGDC (Genome to Genome
Distance Calculator 3.0 (Meier-Kolthoff et al., 2022);).

Comparative genomic analysis was performed using Roary pipeline
(Page et al., 2015) setting 70% as blast similarity and 99% as number of
strains. The presence and absence genes table outputted from Roary
pipeline was analyzed with the pg_power_law fit function in R package
pagoo (Ferres and Iraola, 2021) for the analysis of pangenome and a
python script (https://github.com/MrTomRod/flower-plot) was used to
produce the flower plot. After this, a BlastKOALA (Kanehisa et al., 2016)
analysis was performed on the core-genome to obtain KEGG (Kyoto
Encyclopedia of Genes and Genomes) orthologs and annotation. A
phylogenomic tree of 130 concatenated core-genes shared with the
outgroup Companilactobacillus alimentarius DSM 20249T was built with
MEGAT11 (version 11 (Tamura et al., 2021);) using Neighbor-joining as
statistical method and 1000 as bootstrap value. The phylogenomic tree
was visualized with ggtree R package (Xu et al., 2022).

2.5. Safety assessment

2.5.1. Genomic and phenotypic analysis of antibiotic resistance

The annotated sequences of the whole dataset were employed to
query the Comprehensive Antibiotic Resistance Database (CARD,
version 3.2.7; https://card.mcmaster.ca/) through the Resistance Gene
Identifier tool (RGI, version 6.0.2 (Alcock et al., 2023);) selecting only
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“Perfect” and “Strict” hits and to query ResFinder 4.1 database (https://
cge.food.dtu.dk/services/ResFinder/ (Florensa et al., 2022);) with 90%
as percentage of identity and 60% as query coverage for acquired anti-
microbial resistance genes.

Moreover, AAB18338.1 coding for p-alanine-p-alanine ligase (Ddl)
of Leuconostoc mesenteroides ATCC 8293 was used as query to perform a
BLASTp search against all genomes of Liquorilactobacillus spp. All the
amino acid sequences of Ddl retrieved in the annotated genomes were
aligned with Clustal Omega online tool (https://www.ebi.ac.uk/Tools/
msa/clustalo/ (Sievers et al., 2011);) and fully gap removed with Jal-
view (version 2.11.2.7 (Waterhouse et al., 2009),) to search the point
mutation F261Y involved in vancomycin resistance (Campedelli et al.,
2019).

The minimum inhibitory concentrations (MICs) were evaluated in
VUCC-R001, as well as in L. nagelii DSM 13675" in duplicate for nine
antibiotics indicated by EFSA (ampicillin, clindamycin, chloramphen-
icol, erythromycin, gentamicin, kanamycin, streptomycin, tetracycline,
and vancomycin) (Merck), following both homofermentative and
facultative heterofermentative lactobacilli entries (EFSA, 2018). Briefly,
growth was monitored using the Cary 60 UV-VIS Spectophotometer
instrument (Agilent Technologies, Santa Clara, USA) at a wavelength of
625 nm, until an ODgys = 0,160-0,200 was reached, which corre-
sponded to approximately 1 x 10% cells/mL. Subsequently, the culture
was diluted 1:10 in LSM broth (90% ISO-SENSITEST Broth, Oxoid, and
10% MRS, Oxoid), then 100 pL were inoculated into tubes containing
9.9 mL LSM broth and three different concentrations of each antibiotic
(half cut-off, cut-off, and two-fold cut-off) to reach a final concentration
of 1 x 10° cells/mL. Tubes were incubated under aerobic conditions at
30 °C for 48 h, with a positive control (no antibiotics) and a negative one
(no inoculation). MICs were read as the lowest concentration of an
antimicrobial agent at which visible growth was inhibited.

2.5.2. Histamine and tyramine production

The presence of the genes encoding for histidine and tyrosine
decarboxylases was investigated in the Liquorilactobacillus spp. genomes.
BLASTn was performed with a threshold of nucleotide sequence identity
>30%, e-value <1 x 107> and query coverage >70% using the following
sequences (GenBank ID) as queries: AF446085.5 (Levilactobacillus brevis
IOEB 9809); AF354231.1 (Enterococcus faecalis JH2-2); AB125629.1
(Tetragenococcus muriaticus); U58865.1 (Oenococcus oeni 9204);
J02613.1 (Ligilactobacillus saerimneri 30A); AJ749838.1 (Lentilactoba-
cillus buchneri B301); AY651779.1 (Lentilactobacillus hilgardii IOEB
0006).

To phenotypically confirm the absence of production of the two
biogenic amines, L. nagelii VUCC-R001 and DSM13675" were grown in
the JNM medium (Merck) modified according to (Bover-Cid and Hol-
zapfel, 1999), added with tyrosine or histidine in duplicate. Decarbox-
ylation of amino acids on this medium is detected by the pH indicator
color changing from yellow to purple, due to the pH increase for the
amine production. Ligilactobacillus saerimneri 30a and Enterococcus fae-
calis EF37 were used as positive controls for histamine and tyramine
production, respectively.

2.5.3. Virulence and pathogenicity factors analysis

VFDB (Virulence Factor DataBase; (Liu et al., 2022) was employed
for virulence factor analysis. The search was focused on the enzymes and
toxins of Enterococcus (the phylogenetically closest LAB) reported in
VFDB. The protein sequences (GenBank ID) analyzed were gelatinase
(WP_002369251); hyaluronidase (WP_002399773; WP_011109578);
SprE  (WP_002369252) and cytolysin (AAM75253; AAM75252;
AAM75254; AAM75249; AAM75250; AAM75251; AAM75248;
AAM75247). BLASTp was performed with a threshold of amino acid
sequence identity >30%, e-value < 1 x 10> and query coverage >70%.
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2.6. Identification of dextransucrase production

dbCAN3 (https://bcb.unl.edu/dbCAN2/index.php (Zheng et al.,
2023);), a webserver for the automatic annotation of active carbohy-
drate enzymes which uses CAZy as a database (Carbohydrate-active
enzymes database, http://www.cazy.org/ (Drula et al., 2022);) was
employed to search for genes coding for dextransucrase in L. nagelii
VUCC-R001. The amino acid sequence of the identified dextransucrase
of VUCC-R001 was then aligned to the dextransucrase gene of L. nagelii
TMW 1.1827 (GenBank ID: BSQ50_03510) and used as a query to search
the Liquorilactobacillus genomes via BLASTp (identity >30%, e-value <
1 x 1075 and query coverage >70%.) The retrieved sequences were
aligned with Clustal Omega and edited with Jalview. Finally, MEGA11
(Molecular Evolutionary Genetics Analysis Version 11 (Tamura et al.,
2021);) was also used to create a gene tree using the Maximum Likeli-
hood statistical method.

To evaluate the capability to produce exopolysaccharides (EPS) by
L. nagelii VUCC-R001 and DSM 136757, 10 pL of broth culture were
spotted on MRS agar medium (Oxoid), supplemented with different
sugars (glucose, sucrose, fructose, galactose, or lactose, 20 g/L) and with
ruthenium red (0.08 g/L). EPS production was assessed by visual in-
spection of the phenotypic characteristics of the colonies (white/
mucoid: EPS production; pink: no EPS production) (Kersani et al., 2017).

2.7. p-phenyllactic acid (PLA) production

2.7.1. Identification of PLA biosynthesis pathway genes

The protein accession numbers were retrieved using E.C. numbers
reported in (Rajanikar et al., 2021). In details, a total of 12 query se-
quences were used: three queries were related to the core pathway for
PLA production (E.C. 2.6.1.-AraT/aromatic amino acid aminotrans-
ferase; E.C.  1.1.1.28-D-LDH/p-lactate = dehydrogenase; = E.C.
1.1.1.27-L-LDH/1-lactate dehydrogenase); nine queries were associated
to the de novo synthetic pathway (E.C. 2.5.1.54-AroA/3-deoxy-7-phos-
phoheptulonate synthase; E.C. 4.2.3.4-AroB/3-dehydroquinate syn-
thase; E.C. 4.2.1.10- AroC/3-dehydroquinate dehydratase; E.C.
1.1.1.25-AroD/shikimate 5-dehydrogenase; E.C. 2.7.1.71-,Arol/shiki-
mate kinase; E.C. 2.5.1.19-AroE/3-phosphoshikimate-1-carboxyvinyl-
transferase; E.C.  4.2.3.5- AroF/chorismate  synthase; E.C.
5.4.99.5-AroH/chorismate mutase II; E.C. 4.2.1.51- PheA/prephenate
dehydratase) Query sequences were employed to detect through
BLASTp the PLA biosynthesis pathway gene sequences in L. nagelii
VUCC-R001, considering sequence identity >30%, e-value < 1 x 107>
and query coverage >70%. Moreover, an additional BLASTp was per-
formed using the PLA biosynthesis pathway proteins retrieved for
VUCC-R001 on the predicted proteins of the Liquorilactobacillus
genomes.

2.7.2. HPLC determination of PLA

PLA production by L. nagelii VUCC-R001 and DSM 13675 was
determined by HPLC-UV analysis. In detail, a broth culture of each strain
was centrifuged, and the supernatant was filtered through a 0.22 pm
filter (Millipore, Milano, Italy) to obtain the cell-free supernatant (CFS).
The CFS was directly injected in the HPLC instrument (Jasco Extrema
LC-4000 - photo diode array detector Jasco MD-4010, Mary’s Court
Easton, USA) that was equipped with the ZORBAX Eclipse Plus C18
column (95 1°\, 4.6 mm x 250 mm, 5 pm particles) (Agilent, Santa Clara,
USA). The run was performed at 35 °C and 210 nm. Solvent A (water -
0.05% trifluoroacetic acid -TFA), and solvent B, (methanol - 0.05% TFA)
were used with the following gradient elution: 10% B - 90% A at 5 min;
40% B - 60% A at 25 min; 100% B at 37 min and 10% B - 90% A B at 42
min (Valerio et al., 2016; Xu et al., 2020). The run lasted 50 min for each
sample, with a flow rate of 1.00 mL/min at 40 MPa maximum pressure
and injecting 10 pL of sample. Furthermore, different solutions of PLA
(Sigma-Aldrich) in water were prepared to create the calibration curve:
3; 6; 15; 30; 60; 150; 300 g/L. The Jasco ChromNAV program (version
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2.04.04) was used to process the chromatograms obtained from the
HPLC-UV analysis. The amount of PLA produced by the two strains was
determined by integrating calibration curves obtained from standards
(Supplementary File S2). Lacticaseibacillus casei NRRL B-1922T was used
as positive control (Cortes-Zavaleta et al., 2014); the test was done in
duplicate.

3. Results
3.1. General features of Liquorilactobacillus nagelii VUCC-R001 genome

A total of more than 8 million paired-end reads were de-novo
assembled. A draft genome consisting of 37 scaffolds and a size of 2.4 Mb
(scaffolds size >1000 bp) (Fig. 1a) with a high sequencing depth of 498
% (avg. coverage depth) and a coverage (>1 x ) of 99.96% was obtained,
highlighting a good quantity of sequencing. The GC content of L. nagelii
VUCC-R001 was 36.68%, whereas the N50 value was 151,630 bp by
QUAST statistics (Supplementary File S3). Based on the BUSCO tool, the
genome resulted complete and in single copy at 99.7% (Supplementary
File S4). A total of 2381 genes were predicted, showing a high level of
completeness (99.7%) with BUSCO evaluation. These results confirmed
that the assembly and annotation obtained are of high-quality, in
accordance with the other L. nagelii genomes deposited in NCBI.

For the annotation performed by Prokka and RAST, 2531 coding
sequences were predicted and most of the genes were related to Car-
bohydrates (326), followed by Amino Acids and Derivatives genes (239),
Protein metabolism (171), Cell Wall and Capsule genes (124), Cofactors,
Vitamins, Prosthetic Groups, Pigments (99), RNA Metabolism (99) and
DNA Metabolism (98), as reported in Fig. 1b.

3.2. Core-genome and pan-genome comparison

The genome size of Liquorilactobacillus spp. ranged from 1.92 to 2.72
Mbp, with L. satsumensis TMW11829 showing the largest genome size
(2.72 Mbp), and L. uvarum DSM 199717 the highest number of genes
(2,667); on the other hand, L. cacaonum DSM 21116T showed both the
minimum genome size (1.92 Mbp) and the minimum number of genes
(1,885). The pan-genome of the 36 Liquorilactobacillus strains enclosed
14,593 genes, of which only 499 constitute the core genome (genes
shared between 99% and 100% of strains), 59 are considered soft-core
genes (genes shared between 95% and 99% of strains), 4477 are shell
genes (genes shared between 15% and 95% of strains) and 9558 are
cloud genes (genes shared between 0% and 15% of strains), as reported
in Fig. 2a.

The pangenome of the genus Liquorilactobacillus was considered
open, because it fit the Heap’s law (n = kNY) (Tettelin et al., 2008),
where the value of y was calculated to be 0.52 (<1.0) for the 36 genomes
analyzed (Ferres and Iraola, 2021). Moreover, the number of accessory
and unique genes for each strain varied between genomes as displayed
in the flower plot in Fig. 2b ranging from zero (L. mali UCMA16447) to
2020 (L. uvarum DSM 199717) for accessory genes and spanning from 2
(L. satsumensis Kef-w11) to 509 (L. ghanensis DSM 18630T) for unique
genes. The genome of VUCC-R001 has 1817 accessory genes and 14
unique genes of which 10 are annotated as hypothetical proteins and the
other coming from transposase families, transcriptional repressor and
reductase.

About KEGG annotation of core-genes, the majority are related to
genetic information processing (178) (in particular to ribosome related
proteins and aminoacyl-tRNA biosynthesis), followed by carbohydrate
metabolism (38) (e.g, glycolysis/gluconeogenesis and pentose phos-
phate pathways), nucleotide metabolism (37), amino acids metabolisms
(27) (especially to alanine, aspartate and glutamate metabolism),
environmental information processing (24) (such as ABC transporters
genes), signaling and cellular processes (19) (e.g., cell cycle and flagellar
assembly related genes), energy (17) and lipid metabolism (14) (e.g.,
oxidative phosphorylation and fatty acid biosynthesis) and glycan
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Fig. 1. Graphical representation of the genome and RAST (Rapid Annotation using Subsystem Technology) annotation of Liquorilactobacillus nagelii VUCC-R001. For
panel (a) in the genome representation executed by Proksee, the coding regions were shown in blue, tRNA in red, rRNA in green, tmRNA (transfer-messenger RNA) in
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value for each. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

biosynthesis (10) (in particular for peptidoglycan biosynthesis), unlike
111 genes that remained unclassified as shown in Fig. 2c.

A phylogenomic analysis was performed, selecting and concate-
nating 130 core-genes shared with the outgroup Companilactobacillus
alimentarius DSM 20249T which showed that, as expected, VUCC-R001
clustered with the other L. nagelii strains. Generally, two clades could be
recognised: one clade including L. nagelii and it most closely related
species (L. ghanensis, L. sicerae and L. vini), while all the other Lig-
uorilactobacillus species formed the other clade. Within the latter, three
further subclusters emerged: the first one included the genomes of
L. satsumensis and L. oeni, the second one enclosed the genomes of
L. cacaonum, L. hordei and L. mali, while the last one grouped the ge-
nomes of L. capillatus, L. sucicola, L. uvarum and L. aquaticus strains

(Fig. 3).

3.3. Taxonomic identification

Digital DNA-DNA hybridization (d{DDH) and the Average Nucleotide
Identity (ANI) were calculated to precisely determine the species
assignation of VUCC-R0O01, previously defined by 16S rRNA gene
sequencing and BLAST comparison (Ferremi Leali et al., 2022).

VUCC-R001 showed the highest dDDH and ANI values (89.40% and
98.80% respectively) with the genome of L. nagelii DSM 136757, as re-
ported in Fig. 4 and Supplementary File S5. Since values obtained were
higher than the proposed species cut-off boundary (70% and 95%,
respectively) (Chun et al., 2018), the whole genomic data confirmed that
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KEGG annotation.

VUCC-R001 indeed belongs to the species L. nagelii, also supported by
the lower dDDH and ANI values obtained with the other species of the
genus Liquorilactobacillus (Fig. 4, Supplementary File S5).

3.4. Safety assessment

3.4.1. Analysis of antibiotic resistance

To verify if the strain VUCC-R001 had any resistance towards anti-
biotics, both in silico and phenotypic analysis were carried out. The in-
silico search of antibiotic resistance genes was performed using the da-
tabases CARD (Alcock et al., 2023) and ResFinder 4.0 (Florensa et al.,
2022), as indicated in the EFSA guidance (2018).

ResFinder returned no hits either in VUCC-R001 or in the analyzed
genomes of the genus Liquorilactobacillus, while CARD’s RGI algorithm
found antibiotic-resistance genes in all genomes displayed in red
(Fig. 5). In particular, the gene vanT of the vanG cluster (accession no.
ARO: 3002972, Strict cut-off) was found in VUCC-R001 (32.88% identity
and 52.25% as query coverage), as well as in all genomes included in the
dataset. This gene is involved in vancomycin resistance by altering the
target of the antibiotic (Courvalin, 2006).

Furthermore, other van genes were detected with Strict cut-offs in
other Liquorilactobacillus genomes: vanH of the vanA cluster (accession

no. ARO: 3002942) in L. hordei DSM 19519T, TMW11907 and TMW
1.1822; vanH of the vanB cluster (accession no. ARO: 3002943) in
L. ghanensis DSM 1863OT, and in L. nagelii AGA58, UW_MP_LIQLAC1_1,
UW_DM_LIQLAC1_1, and UW_DM_LIQLAC1_2; vanH of the vanP cluster
(accession no. ARO: 3007188) in L. oeni DSM 19972T; vanH of the vanO
cluster (accession no. ARO: 3002948) in L. uvarum DSM 19971T,
IMAU80559, and IMAU80777.

As for vancomycin resistance, lactobacilli may show the Ddl ligase
(p-alanine-p-alanine ligase) of type Y or of type F, which can either
confer or not intrinsic resistance to vancomycin. For this reason, all the
Liquorilactobacillus Ddls were aligned (including VUCC-R001, locus tag:
SM360_00625) and showed the F-type (Supplementary File S6). These
data indicated that all of them show intrinsic resistance to vancomycin
(i.e., it is less likely to be transferred to other microorganisms through
horizontal gene transfer events) (Ammor et al., 2007).

Thanks to CARD, two other genes coding for efflux pumps associated
with resistance to antibiotics, disinfectants and antiseptics were identi-
fied: the gene mdeA (multidrug efflux A; accession no. ARO: 3007011)
was found in L. capillatus DSM 19910" and L. hordei TMW 1.1822; while
the gene gacJ (accession no. ARO: 3007014) was found in L. hordei TMW
1.1822 and TMW11907. MdeA confers resistance to fluoroquinolones,
aminoglycoside, penicillins, tetracyclines, disinfectant and antiseptic
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agents (Kim et al., 2013), while gacJ is an efflux pump belonging to the
Small Multidrug Resistance (SMR) family, that confers resistance to
quaternary ammonium compounds (Bjorland et al., 2003).

The Minimum Inhibitory Concentration (MIC) analysis performed on
VUCC-R001 and DSM 13675" with the antibiotics indicated by EFSA
(2018) revealed that the two L. nagelii strains were not able to grow
beyond the cut-off values for eight antibiotics tested (ampicillin 7 mg/L;
clindamycin 4 mg/L; chloramphenicol 4 mg/L; erythromycin 1 mg/L;
gentamicin 16 mg/L, kanamycin 64 mg/L, streptomycin 64 mg/L,
tetracycline 8 mg/L), but they are able to grow beyond vancomycin
cut-off value (2 mg/L), confirming the resistance retrieved in silico.

3.4.2. Analysis of biogenic amine production

The genes encoding for tyrosine and histidine decarboxylases for
tyramine and histamine production, respectively, were not detected in
the Liquorilactobacillus genomes. These data were further confirmed at
phenotypic level for VUCC-R001 and DSM 136757, where the two
strains were not able to decarboxylate tyrosine nor histidine (Supple-
mentary File S7).

3.4.3. Virulence and pathogenicity factors analysis

Analysis of the Liquorilactobacillus genomes with the Virulence Factor
Database (VFDB) did not retrieve significant data, showing that these
species do not harbor any known virulence and pathogenicity factors.

3.5. Identification of dextransucrase activity

The analysis with dbCAN3 of CAZy showed the presence of a protein
belonging to the GH70 family (Glycoside Hydrolase), annotated in
VUCC-R001 as a dextransucrase (EC. 2.4.1.5, NODE_1, position: 389-
1188). This enzyme is responsible for dextran production, mainly from
sucrose (Bechtner et al., 2019). The distribution of the amino acid
sequence of the dextransucrase was also investigated in all the Lig-
uorilactobacillus spp. genomes, which revealed that 27 out of 36 strains
displayed this enzyme (Supplementary File S8).

L. cacaonum DSM 21116, L. ghanensis DSM 186307, L. vini DSM
206057, L. sicerae CECT 82277, and L. oeni DSM 199727 did not display
the gene encoding for dextransucrase. As for the species L. nagelii and
L. hordei, an intraspecific diversity was highlighted: L. nagelii DSM
13675 and L. hordei DSM 195197 were the only strains among their
species in which the dextransucrase was not detected. Interestingly the
dextransucrase of VUCC-R001 formed a robust cluster with those of
L. nagelii AGA58, TMW 1.1827, TMW11823 and Kef-21.

The presence of the gene encoding for a dextransucrase in VUCC-
RO01 was further validated phenotypically, as white/mucoid colonies
(indicating exopolysaccharide production) were observed in presence of
sucrose (Supplementary File S9). Conversely, the colonies of L. nagelii
DSM 23675 did not display the EPS production in the same conditions,
confirming the prediction of the genomic data.
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3.6. p-phenyllactic acid (PLA) production

All the genes related to the core pathway for PLA production were
detected in the whole dataset (displayed in sugar-paper blue);
conversely, the de novo biosynthesis pathway was retrieved in 21 out of
36 Liquorilactobacillus genomes (60%) except for prephenate dehy-
dratase (PheA) which was not detected in any genomes (Fig. 6). At
intraspecific level, all L. hordei, L. satsumensis and L. uvarum strains
displayed the same pattern of genes, with L. uvarum and L. satsumensis
characterized by a complete genetic background, while L. hordei strains
missed five genes of the de novo biosynthesis pathway coding for 3-
deoxy-7-phosphoheptulonate synthase, 3-dehydroquinate synthase, 3-
dehydroquinate dehydratase, shikimate dehydrogenase and pre-
phenate dehydratase (E.C. 2.5.1.54, E.C. 4.2.3.4, E.C. 4.2.1.10, E.C.
1.1.1.25 and E.C. 4.2.1.51). L. nagelii strains (including VUCC-R001;
Supplementary file S10) displayed the PLA pathway apart from pre-
phenate dehydratase (both core and de novo biosynthesis) except for
AGA58 (missing E.C. 2.5.1.54, E.C. 4.2.3.4, E.C. 1.1.1.25 and E.C.

4.2.1.51) and UW_MP_LIQLAC2_1 (missing E.C. 2.5.1.54, EC 4.2.1.10, E.
C. 1.1.1.25, and E.C. 4.2.1.51). As for L. mali, DSM 20444 and LM596
did not display E.C. 2.5.1.54, E.C. 4.2.3.4 and E.C. 4.2.1.51, while the
rest of the strains also missed E.C. 4.2.1.10 and E.C. 1.1.1.25. Interest-
ingly, in L. vini DSM 20605" genome, the gene coding for 3-phosphoshi-
kimate 1-carboxyvinyltransferase (E.C. 2.5.1.19, belonging to the de
novo biosynthesis pathway) was not detected while L. oeni DSM 199727
was the only genome that displayed only the genes coding for the core
pathway.

Given the presence of the complete PLA production pathways (both
core and the de novo biosynthesis) except for prephenate dehydratase in
L. nagelli VUCC-R001 and L. nagelii DSM 13675", HPLC analysis was
conducted to assess the capability of these strains to produce PLA
phenotypically. As reported in Supplementary Fig. S11, L. nagelii VUCC-
RO01 showed a PLA production up to 52.78 + 0.42 mg/L after 24 h of
growth in MRS medium, which was higher than those produced by
L. nagelii DSM 136757 (32.15 =+ 2.09 mg/L) and by Lacticaseibacillus
casei NRRL B-1922T, used as reference (5.75 =+ 0.64 mg/L)
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(Cortes-Zavaleta et al., 2014). 4. Discussion

In this study, we sequenced and assembled the genome of L. nagelii
VUCC-R001, previously isolated from kombucha tea (Ferremi Leali
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et al.,, 2022), and explored its biotechnological potential, mainly in
terms of p-phenyllactic acid and dextran production, through a
comparative genomic approach with 35 other genomes of Lig-
uorilactobacillus species (already available in NCBI) and related pheno-
typic validation. Furthermore, a thorough safety assessment was
conducted as a prerequisite for its eventual deliberate use.

The sequencing of the L. nagelii VUCC-R001 genome provided high
quality data both in terms of completeness and quality of the assembly:
the amount of contigs obtained (37, Supplementary File S3) was less
than 500, and the assembly size (~2.4 Mb, Supplementary File S1) was
within +/— 20% of the expected genome size for the species (between
2.0 and 2.6 Mb) as recommended by EFSA (2021).

Besides confirming VUCC-R001 as allotted to L. nagelii species,
genome comparison showed that the 36 Liquorilactobacillus strains
formed a compact group with ANI values ranging from 70% to 78%
(Zheng et al., 2020). The phylogenomic analysis based on 130 core
genes highlighted the presence of the same clades reported in Liu and
colleagues (clades I, II, III, IV) (Liu et al., 2023) based on 122 core genes
and 24 genomes, thus proving the evolutionary relatedness within the
Liquorilactobacilllus species.

The size of the pangenome (14,593 genes) pointed out a large het-
erogeneity among the species under analysis, which could be linked to
the presence of two different clades (A and B) which emerged from the
principal component analysis of the pangenome performed by (Liu et al.,
2023). It was observed that clade A (enclosing L. nagelii and the majority
of Liquorilactobacillus spp. except L. cacaonum, L. hordei and L. mali) had
much greater genetic diversity than the clade B, most probably due to
the number of genomes included in each clade (27 and 9, respectively)
but also due to differences in motor capacity (clade A groups motile
species while non-motile species fall into clade B) and clade-specific
genomic signatures, such as prophage infection (clade B) and insertion
sequences activity (clade A).

The phylogenomic analysis was used as a reference to better delin-
eate the distribution of safety-related traits and functional characteris-
tics, as discussed below.

In terms of safety, L. nagelii VUCC-R001 did not show any antibiotic
resistance either at genotypic or phenotypic level. All the genomes of
Liquorilactobacillus species showed the gene vanT of the cluster vanG
which make their cell wall poorly affinitive to vancomycin and confer-
ring an intrinsic resistance, as already observed for most lactobacilli
(Campedelli et al., 2019). This gene encodes for the membrane protein
serine racemase, which produces p-serine from i-serine. In turn, it is
linked via the VanC ligase to a p-alanine, thus obtaining p-alani-
ne-p-serine instead of p-alanine-p-alanine, reducing its affinity for van-
comycin (Courvalin, 2006). It has been reported that the ability of some
lactobacilli to have a different synthesis of peptidoglycan precursors
seems to lead to a selective advantage in niches containing producers of
glycopeptide antibiotic, especially for lactobacilli associated with plant
fermentations, such as Lactiplantibacillus plantarum, Levilactobacillus
brevis, Lacticaseibacillus casei and Limosilactobacillus fermentum (Kleer-
ebezem et al., 2010).

Other strains of the genus Liquorilactobacillus have been found to
possess the gene vanH, which encodes a dehydrogenase that reduces
pyruvate to p-lactate, providing the substrate for forming p-alanine-p-
lactate instead of p-alanine- p-alanine (Courvalin, 2006). This gene is
also related to vancomycin resistance, and it is one of the gene clusters of
vanA, which can be found associated with genetic mobile elements
(Williams and Hergenrother, 2008), unlike vanT which is usually pre-
sent at the chromosomal level and, therefore, is less likely to be
transferred.

The in-silico data were then confirmed by the determination of MICs
in L. nagelii VUCC-R001 and L. nagelii DSM 13675", which revealed only
phenotypic resistance towards vancomycin. Interestingly, data obtained
on L. nagelii DSM 13675" are different than those obtained by (Cam-
pedelli et al., 2019), where this strain was found to be resistant to
kanamycin, chloramphenicol, and ampicillin through the application of
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vetMIC plates.

In this investigation, two cut-offs of the EFSA guidance (2018) were
considered (for homofermentative species and facultative hetero-
fermentative species) since L. nagelii is regarded as a homofermentative
species according to the 2020 Lactobacillus reclassification (Zheng et al.,
2020), but phylogenetically related to Ligilactobacillus salivarius (for
which facultatively heterofermentative cut-offs are recommended). This
interesting case study shows that after the description of novel genera
from the former genus Lactobacillus, LAB metabolic groups in the EFSA
guidance are obsolete, as they do not refer to the current homo-
fermentative/heterofermentative distinction.

For the other safety aspects considered, such as the production of
biogenic amines and virulence factors, no critical issues were detected.

Regarding the biotechnological application, our first analysis was
aimed at the production of exopolysaccharides. VUCC-R001 was iso-
lated from samples of SCOBY (Symbiotic Culture of Bacteria and Yeasts),
a matrix composed by AAB, LAB and yeasts embedded in an extracel-
lular cellulosic structure used for the artisanal kombucha production, a
sucrose-rich environment (Ferremi Leali et al., 2022).

The presence of a GH70, corresponding to a dextransucrase (or 1,6-
a-p-glucosyltransferase), in 75% of the genomes in the dataset,
confirmed that the potential dextran production from sucrose is a gen-
eral feature of Liquorilactobacillus spp. (Ganzle et al., 2023; Zheng et al.,
2020). The lack of GH70 in L. cacaonum, L. vini, L. ghanensis, L. sicerae
and L. oeni agreed with previously reported phenotypic data related to
the absence of dextran or to the production of other EPS (De Bruyne
et al., 2009; Manes-Lazaro et al., 2009; Nielsen et al., 2007; Puertas
et al., 2023; Rodas et al., 2006). Among L. nagelii, all strains, including
VUCC-R001, showed the presence of GH70, except L. nagelii DSM
13675". These predictions were further confirmed phenotypically since,
among the two strains, only VUCC-R001 produced dextran from sucrose.
Although the genotype-phenotype correlation for this trait in the two
strains is met in this study, the absence of dextran production in DSM
136757 is not consistent with the description of species L. nagelii by
(Edwards et al., 2000). Interestingly, the dextransucrase of VUCC-R001
is 94% similar (Supplementary File S8) to that of L. nagelii TMW 1.1827,
a strain isolated from water Kkefir, which harbors a C-terminal
glucan-binding domain and a N-terminal signal motif that likely protect
the enzyme from proteolytic digestion, leading to stable polysaccharide
formation (Bechtner et al., 2019). Data obtained on GH70 in
VUCC-RO01 constitute the starting point for further investigations,
mainly related to the characterization of the dextran produced and its
possible industrial applications; an in-depth analysis could also open the
prospects of the use of this polysaccharide as a prebiotic, as demon-
strated for the EPS released by L. satsumensis Kef-w1l (Tan et al., 2022).

The production of compounds with antimicrobial activity is
remarkable in characterizing food-related strains since their application
as natural preservatives can limit the use of antibiotics or other chemical
compounds in the food chain. Among natural preservatives, PLA is an
organic acid produced by LAB that shows a broad spectrum of inhibition
towards Gram-positive and Gram-negative bacteria and fungi (Wu et al.,
2023). LAB primarily synthesize PLA from phenylalanine via a 2-step
core pathway (transamination of phenylalanine to phenylpyruvic acid
and reduction to PLA); more rarely, PLA can also be synthesized de novo
from glucose (Wu et al., 2020). In this study, we reported for the first
time the investigation of both core and de novo pathways for PLA syn-
thesis in the genus Liquorilactobacillus, demonstrating that all strains
included in the dataset had the core pathway and 60% of them
(including L. nagelii strains) are also characterized by the genetic back-
ground for the de novo production of PLA except prephenate
dehydratase.

Given the presence of a complete core pathway, PLA production was
assessed phenotypically in both L. nagelii VUCC-R001 and DSM 136757,
which produced 52.8 mg/L and 32.2 mg/L, respectively. These values
were higher than those obtained by Lacticaseibacillus casei NRRL B-
19227 (5.8 mg/L), used as reference as reported by (Cortes-Zavaleta
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et al., 2014). Although these values were not among the highest pro-
duced by LAB (reviewed in (Wu et al., 2023)), they could contribute to
the antimicrobial action towards food spoilage molds (Cortes-Zavaleta
etal., 2014). To date, this is the first study reporting PLA production by a
strain isolated from kombucha tea and this feature, in combination with
the release of other organic acids, large proteins and catechins, could
further substantiate the antimicrobial activity already described for this
fermented beverage (Sreeramulu et al., 2000). Furthermore, the amount
of PLA produced by VUCC-R001 is comparable to that released by
Lactiplantibacillus plantarum IDCC 3501, which showed a significant
tyrosinase-inhibitory activity, opening the way for the potential appli-
cation of PLA as an anti-melanogenesis agent in food and medicine (Shin
et al., 2023).

5. Conclusions

The data obtained in this study confirmed the importance of genome
mining and metabolite analyses to evaluate the functional and safety
aspects of Liquorilactobacillus species, with a particular focus on
L. nagelii, which could have an application in food systems. The
genotype-phenotype correlation approach that we applied for the
characterization of L. nagelii VUCC-R001 from kombucha tea allowed us
to detect resistance to vancomycin, which can, however, be considered
intrinsic, given its distribution throughout the genus. Further, genome
analysis and related phenotypic investigation unravelled the production
of high-value bioactive compounds, such as dextran and p-phenyllactic
acid. Although further investigations are needed to understand better
the mode of production and features of these metabolites, the data ob-
tained are promising. They could be combined to form a robust body of
knowledge for the inclusion of L. nagelii in the EFSA QPS list, kicking off
its application in the fermented beverage industry.
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