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Preface

In recent decades, starter cultures have been developed to improve raw material processing and

produce a variety of fermented foods. Well-designed selected starters offer a convenient solution

for easy and safe fermentation, especially when the natural microbiota colonizing the production

environment and the raw material is insufficient or when natural starter cultures are difficult to obtain

and manage.

There are two main approaches for developing a starter culture:

a) Selecting a limited and well-defined number of species or strains based on their proven

aptitude to perform the biochemical processes required for each production technology, as well as

their ease of cultivation under laboratory conditions.

b) Replicating autochthonous biodiverse natural cultures, where a wide variety of species and

strains, both starter and non-starter, coexist in equilibrium and contribute equally to the fermentation

and maturation processes.

Both approaches have their advantages and disadvantages. Selected starters are easy to

reproduce at the laboratory scale, in high concentration, making them technologically effective and

ensuring consistent quality standardization. As a result, they are widely applied in industrial-scale

production. In contrast, natural starters are complex and biodiverse microbial communities with

a unique composition of strains that cannot be replicated outside their place of origin. These

cultures can enhance foods with distinctive sensory features tied to their territory of production

and help to preserve local microbial diversity. Autochthonous natural starter cultures are typically

found in the most traditional and high-quality agri-food products. However, their technological

performance is not standardized, and their use is not without risks. Along with useful autochthonous

microorganisms, pathogen or spoilage organisms can be inadvertently introduced into the product.

The goal of this Special Issue is to present innovative research or review articles addressing

the challenge of developing starter cultures that can be applied at artisanal, pilot, or industrial

scales, ensuring safety, consistency in quality, and technological performance while also preserving

biodiversity and the unique sensory characteristics associated with traditional products.

We thank all the authors of the 10 papers contributing to making this Special Issue successful.

Roberta Comunian and Luigi Chessa

Guest Editors
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Development and Application of Starter Cultures
Roberta Comunian * and Luigi Chessa *

Agris Sardegna, Agricultural Research Agency of Sardinia, Associated Member of the JRUMIRRI-IT,
Loc. Bonassai SS 291 km 18.600, 07100 Sassari, Italy
* Correspondence: rcomunian@agrisricerca.it (R.C.); lchessa@agrisricerca.it (L.C.)

Driven by the imperative of reconciling food safety with the preservation of traditional
sensory profiles, the landscape of starter culture research is evolving. This Special Issue
on “Development and Application of Starter Cultures” has brought to light cutting-edge
research that, across various fermented food and beverage applications, not only advances
our understanding of microbial fermentation but also challenges long-held paradigms in
the field.

The work of Chessa et al. [1] on undefined starter cultures for traditional dairy prod-
ucts, while emphasizing the importance of biodiversity in natural starters, serves as a
clarion call for a re-evaluation of our approach to microbial safety. Their findings raise
crucial questions about the coexistence of QPS (Qualified Presumption of Safety) and
non-QPS microorganisms in traditional artisanal production, pushing us to ask whether
current regulatory frameworks, safety protocols, and scientific risk assessments sufficiently
account for the complexity of natural microbial communities.

In their meticulous screening of acetic acid bacteria for Kombucha production,
Lee et al. [2] showcase the untapped potential residing in diverse microbial ecosystems.
Their research, alongside a comprehensive review by de Oliveira Hosken et al. [3] on lactic
acid bacteria (LAB) from Brazilian artisanal cheeses, opens a new frontier in starter culture
development. This study expands our understanding of the potential applications of acetic
acid bacteria beyond traditional vinegar production, challenging us to look beyond con-
ventional sources, and suggesting that revolutionary strains could be found in previously
unexplored niches.

Further advancing the field, Česnik et al. [4] provide a sophisticated analysis of the use
of Saccharomyces yeasts in cider production, underscoring the significance of strain-level
characterization and marking a significant leap towards what we might term “precision fer-
mentation”. Their work on aroma compound production, linked to amino acid metabolism,
illustrates the complex interplay between starter culture metabolism and final product
quality, paving the way for tailor-made starter cultures designed to achieve precise sen-
sory outcomes. The implications of this approach extend far beyond cider, potentially
revolutionizing how we craft fermented foods across the board.

Building on ancient fermentation practices, the research of Huang et al. [5] on optimiz-
ing Monascus purpureus fermentation bridges ancient fermentation practices and modern
biotechnology. The success of optimizing both pigment production and saccharification
through the precise manipulation of growth conditions demonstrates the potential for
technological advancements and nutritional enhancements in traditional fermented foods,
all without sacrificing authenticity. Other studies, including those by Cecchi et al. [6]
on Taggiasca olives, Tolu et al. [7] on sourdough, and a review by Rădoi-Encea et al. [8]
on Romanian wine yeasts, underscore the crucial role of indigenous microbiota in tra-
ditional fermented products. These works emphasize the potential of harnessing local
microbial biodiversity for product differentiation and quality improvement. There is im-
mense value in preserving and leveraging local microbial biodiversity, highlighting the

Fermentation 2024, 10, 512. https://doi.org/10.3390/fermentation10100512 https://www.mdpi.com/journal/fermentation1
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vast and largely untapped microbial resources associated with traditional fermented prod-
ucts around the world. The challenge lies in integrating these traditional resources with
cutting-edge biotechnology.

Iosca et al. [9], in their development of bioprotective cultures based on lactic acid
bacteria to combat bread rope spoilage, exemplify the trend towards “clean label” biop-
reservatives. This research demonstrates the dual functionality of starter cultures as both
fermentation agents and natural preservatives, addressing consumer demand for fewer
additives in food products.

Lastly, Neviani et al. [10] provide a critical review of natural whey starters, advocating
for a paradigm shift in how we view starter cultures: not as isolated strains, but as complex,
interacting microbial ecosystems. This “microbiome approach” to starter culture develop-
ment could lead to more robust, adaptable fermentation systems capable of navigating the
complexities of microbial interactions for improved food production.

Together, these studies point to an exciting future for starter culture research, one that
embraces both tradition and innovation to push the boundaries of fermentation science.

Charting the course forward, the contributions to this Special Issue represent not
just incremental progress, but a fundamental shift in how we approach starter culture
development and application. We are standing at the threshold of a new era in fermentation
technology, one that promises unprecedented control over fermentation outcomes while
honoring the rich microbial heritage of traditional foods. The future of starter culture
research hinges on our ability to balance standardization with biodiversity, safety with
complexity, and efficiency with authenticity.

Future research in food fermentation should focus on the following areas:

1. Metagenomics and strain-level characterization: leveraging advanced genomic and
metagenomic tools to characterize natural starter cultures at the strain level, allowing
for more precise applications of microorganisms.

2. Microbial interactions: more in-depth studies on the interactions between microorgan-
isms in mixed cultures are needed to develop more effective and stable multi-strain
starter cultures.

3. Functional metabolites: continuing to explore bioactive compounds and functional
metabolites produced by starter cultures could enhance the nutritional and health-
promoting properties of fermented foods.

4. Biopreservation: developing starter cultures with bioprotective properties could
provide more natural methods of food preservation.

5. Adapting to climate change: research on the resilience and adaptability of starter
cultures to changing environmental conditions will be crucial in the context of
climate change.

6. Biotechnological applications: exploring the potential of starter microorganisms be-
yond food fermentation, such as in bioremediation or the production of high-value
compounds.

7. Regulatory frameworks: updating regulatory approaches to ensure food safety by
considering both individual microbial species and strains and the natural microbial
communities used in traditional fermented products.

This Special Issue showcases the rich diversity and potential of starter cultures across
various fermented food applications. As we move forward, starter culture development
and applications offer exciting opportunities for innovation in food technology, preser-
vation, and the creation of products with enhanced quality, safety, and functionality. By
embracing interdisciplinary approaches and fostering collaboration among microbiologists,
food technologists, and sensory scientists, the full potential of microbial fermentation
can be unlocked.

As we close this Special Issue, it is evident that the field of starter culture research is
not merely evolving but undergoing a revolution. The challenges ahead are significant,
but so are the opportunities. By addressing these challenges and pursuing the research
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directions outlined here, we can ensure that starter cultures remain pivotal in shaping the
future of food production, meeting the evolving needs of both industry and consumers.

Conflicts of Interest: The authors declare no conflict of interest.
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Biodiversity and Safety: Cohabitation Experimentation in
Undefined Starter Cultures for Traditional Dairy Products
Luigi Chessa * , Elisabetta Daga , Ilaria Dupré, Antonio Paba, Maria C. Fozzi, Davide G. Dedola and
Roberta Comunian

Agris Sardegna, Servizio Ricerca Prodotti di Origine Animale, Associated Member of the JRUMIRRI-IT,
Loc. Bonassai SS 291 km 18.600, 07100 Sassari, Italy; edaga@agrisricerca.it (E.D.); idupre@agrisricerca.it (I.D.);
apaba@agrisricerca.it (A.P.); mfozzi@agrisricerca.it (M.C.F.); dgdedola@agrisricerca.it (D.G.D.);
rcomunian@agrisricerca.it (R.C.)
* Correspondence: lchessa@agrisricerca.it

Abstract: Natural starter cultures, characterised by undefined microbiota, can contribute to the
technological process, giving peculiar characteristics to artisanal fermented foods. Several species
have a long history of safe use and have obtained Qualified Presumption of Safety (QPS) status from
the European Food Safety Authority (EFSA), whereas others (non-QPS) could represent a potential
risk for consumers’ health and must undergo a safety assessment. In this work, the biodiversity,
at species and strain level, by pulsed-field gel electrophoresis (PFGE) and (GTG)5 rep-PCR, of an
undefined natural starter culture, in frozen and lyophilized form, obtained from ewe’s raw milk
avoiding thermal treatment or microbial selection, was investigated. The culture was constituted by
different biotypes of Enterococcus durans, Enterococcus faecium, Enterococcus faecalis, and Lacticaseibacillus
paracasei. Streptococcus oralis and Streptococcus salivarius were also found, over species belonging to
the Streptococcus bovis–Streptococcus equinus complex (SBSEC), like Streptococcus gallolyticus subsp.
macedonicus, Streptococcus lutetiensis, and Streptococcus equinus. Molecular investigation on virulence
and antibiotic resistance genes, as well as minimum inhibitory concentration (MIC) determination,
revealed that all the non-QPS strains can be considered safe in the perspective of using this culture for
cheesemaking. The obtainment of a natural culture directly from ewe’s raw milk bypassing thermal
treatment and selection of pro-technological bacteria can be advantageous in terms of biodiversity
preservation, but non-QPS microorganisms can be included in the natural starter and also in cheeses,
especially in traditional ones obtained from fermenting raw milk. Following EFSA guidelines,
artisanal factories should not be allowed to produce starter cultures by themselves from raw milk,
running the risk of including some non-QPS species in their culture, and only selected starters could
be used for cheesemaking. A revision of the criteria of QPS guidelines should be necessary.

Keywords: natural starters; cheesemaking; food safety; biodiversity; microbial fingerprint

1. Introduction

Starter cultures are used to aid raw material processing with the aim of easily and
safely carrying out fermentation and obtaining different types of fermented foods. In cheese-
making, commercial starters consisting of a few (one to three) selected species/strains, or
natural starter cultures, can be used [1,2]. Selected starters represent a suitable solution
to perform fermentation if the microbiota of raw material and production environment
is inadequate, or natural starter cultures are difficult to obtain and manage [3]. They
are widely added at high concentrations in industrial production processes, becoming
dominant in the food microbiota, causing a dramatic decrease in microbial diversity and
a loss of peculiar sensory characteristics of foods of particular geographic niches [4]. On
the contrary, natural cultures are complex microbial communities that, having a strain
composition mostly undefined [5], are not reproducible in any place other than their origin.

Fermentation 2024, 10, 29. https://doi.org/10.3390/fermentation10010029 https://www.mdpi.com/journal/fermentation4
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Their use in food production contributes to preserving microbial biodiversity, enriching
artisanal products with peculiar sensory features that link them to the territory of pro-
duction [6]. Indeed, autochthonous natural starter cultures usually characterise the most
typical and high-quality agri-food products. Natural cultures are usually reproduced daily
by cheesemakers, but after repetitive passages of reproduction, they are not able to properly
accomplish their technological role (i.e., acidification ability) any longer.

The use of these natural cultures could not be risk free since, together with useful
autochthonous microorganisms, even pathogenic or spoilage ones could be potentially
inoculated and can contaminate the product [2]. Several microorganisms can be used for
food production, such as lactic acid bacteria, whereas others could represent a potential
risk for the consumers’ health, e.g., enterococci, some streptococci, and staphylococci. In
recent decades, the European Food Safety Authority (EFSA) introduced the definition
of Qualified Presumption of Safety (QPS) for long-safe-history microorganisms that can
be used for food and feed production without prior safety assessments [7]. The QPS
list is published every three years, and the updates are based on a two-year assessment
carried out by the Biological Hazards (BIOHAZ) Panel [8]. The QPS status is the result of
a pre-assessment that covers safety concerns for humans, animals, and the environment.
During this process, experts assess the taxonomic identity of the microorganism and the
related body of knowledge. Microorganisms that are not well defined, and for which it is
not possible to conclude whether they pose a safety concern, are not considered suitable
for QPS status and must undergo a full safety assessment. However, also some non-QPS
microorganisms can be used after the ascertainment of safety, e.g., Enterococcus faecium [9,10].
A possible solution to overcome these problems (obtainment, management, safety, and
technological ability loss) could be the use of natural cultures in lyophilized form [2].

The aim of this work was to evaluate the biodiversity, at species and strain level, of
an undefined natural starter culture, obtained from raw ewe’s milk, avoiding any thermal
treatment or microbial selection, as well as to assess the safety of non-QPS strains in the
perspective of use of this culture, in frozen or lyophilised form, for cheesemaking.

2. Materials and Methods
2.1. Experimental Plan

A natural starter culture for cheesemaking, in frozen (NSC) and lyophilized (LNSC)
form, was characterised for its microbial diversity, at the strain level, and safety. NSC was
obtained directly from raw ewe milk in a study described by Chessa et al. [11], where the
composition in microbial groups (i.e., mesophilic cocci and bacilli, thermophilic cocci and
bacilli, and enterococci) and the technological performances in acidification were assessed.
Moreover, NSC was lyophilized by Veneto Agricoltura (Thiene, Italy) as external service.
In this study, both the frozen (NSC) and lyophilized (LNSC) forms of the natural starter
culture were characterised for their microbial diversity. Moreover, the evaluation of safety
for non-QPS bacteria isolated from NSC and LNSC was also performed. Operatively,
microbial counts in NSC, after thawing, and LNSC, after lyophilisation, were performed,
and a total of 157 microbial colonies were picked up from the different elective media used
for the enumeration of microbial groups. The microbial isolates were identified, first, by
species-specific PCR and then molecularly typed by (GTG)5 rep-PCR or pulsed-field gel
electrophoresis (PFGE). Molecular and phenotypic tests for the detection of antibiotic resis-
tance and virulence genes, and for the determination of minimum inhibitory concentration
(MIC), were also performed.

2.2. Microbial Counts and Isolation

Microbial counts on both NSC and LNSC for the enumeration of thermophilic cocci
and lactobacilli, mesophilic cocci and lactobacilli, enterococci, citrate-fermenting bacteria,
staphylococci, and coliforms were performed by spreading 0.1 mL of each serial 10-fold
dilution on agar plates, as described by Chessa et al. [11]. From each media used for micro-
bial counts, 10 colonies were picked up from the lowest countable dilution (Table S1), and
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each colony was purified by 3 repetitive passages on the agar media of origin. Morphology
of isolates was also checked using Axio-Phot optic microscope (Carl Zeiss, Oberkochen,
Germany) equipped with Objective EC Plan-Neofluar 1009/1.30 OilPol M27.

2.3. Microbial Identification and Biodiversity Evaluation
2.3.1. Species Identification

The identification of 157 bacterial isolates was performed by genus/species-specific
PCR and DNA sequencing analysis. Genomic DNA was extracted from purified cocci and
bacilli, isolated from NSC and LNSC, using PrepMan Ultra Sample Preparation reagent
(Applied Biosystems—Thermo Fisher Scientific, Rodano, Italy), according to the manu-
facturer’s instructions. The extracted DNA was diluted 1:50 in sterile Milli-Q water and
used as template for genus/species determination with the primers listed in Table 1. PCR
products were separated on agarose gel, supplemented with 1× SYBR SAFE (Invitrogen—
Thermo Fisher Scientific) in Tris-acetate buffer, and gel images were acquired by the UV
transilluminator FireReader V4 (UVITec, Warwickshire, UK). The microbial isolates for
which it was not possible to identify by genus/species-specific PCR were investigated via
DNA sequencing analysis targeting 16S rRNA and sodA genes using the universal primers
p27f and p765r [12], and d1 and d2 [13] targeting 16S rRNA (about 750 bp) and sodA, respec-
tively (Table 1). Sequences were edited and aligned with BioEdit (v. 7.2) using the ClustalW
algorithm. Consensus sequences were built for each sample and, for species determination,
were compared to those deposited in the nucleotide database of the National Center for
Biotechnology Information by means of NCBI BLAST. Identification was deemed reliable if
values for sequence similarities were >99%.

Table 1. Molecular primers used for microbial identification.

Genus/Species Primer Gene Target Primer Sequence (5′–3′) Annealing (◦C) Size (bp) Reference

Lactococcus lactis
LcLspp-F

16S rRNA
GTTGTATTAGCTAGTTGGTGAGGTAAA

55 387 [14]
Lc-R GTTGAGCCACTGCCTTTTAC

Lactobacillus
delbrueckii lactis

Lac-LACTIS-F733
dppE

TGCCAAGCTCTACTCCGTTT
58 217 [15]

Lac-LACTIS-R949 GTCAAGCGGCATAGTGTCAA

Lactobacillus
delbrueckii
bulgaricus

Lac-BULG-F391
lacZ

GGAAGACTCCGTTTTGGTCA
58 395 [15]

Lac-BULG-R785 AGTTCAAGTCTGCCCCATTG

Lactobacillus
helveticus

Lac-HELV-F73
prtH

GGCGGGGAAAGAGGTAACTA
58 509 [15]

Lac-HELV-R581 TGACGCAAACTTAATGAACCA

Limosilactisbacillus
fermentum

Lac-FER-F753
ArcD

CCAGATCAGCCAACTTCACA
58 310 [15]

Lac-FER-R1062 GGCAAACTTCAAGAGGACCA

Limosilactobacillus
reuteri

REUT1
16S rRNA

TGAATTGACGATGGATCACCAGTG
65 1000 [16]

LOWLAC CGACGACCATGAACCACCTGT

Lacticaseibacillus
paracasei

Y2
16S rRNA

CCCACTGCTGCCTCCCGTAGGAGT
55 290 [17]

PARA CACCGAGATTCAACATGG

Lactiplantibacillus
plantarum

planF
recA

CCGTTTATGCGGAACACCTA
56 318 [18]

pREV TCGGGATTACCAAACATCAC

Streptococcus
thermophilus

Str-THER-F2116
lacZ

GCTTGTGTTCTGAGGGAAGC
58 577 [15]

Str-THER-R2693 CTTTCTTCTGCACCGTATCCA

Enterococcus
ENT1

Tuf
TACTGACAAACCATTCATGATG

59 112 [19]
ENT2 AACTTCGTCACCAACGCGAAC

Enterococcus
faecium

FM1
sodA

GAAAAAACAATAGAAGAATTAT
55 215 [20]

FM2 TGCTTTTTTGAATTCTTCTTTA
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Table 1. Cont.

Genus/Species Primer Gene Target Primer Sequence (5′–3′) Annealing (◦C) Size (bp) Reference

Enterococcus
faecalis

FL1
sodA

ACTTATGTGACTAACTTAACC
55 360 [20]

FL2 TAATGGTGAATCTTGGTTTGG

Universal
p27f

16S rRNA
GAGAGTTTGATCCTGGCTCAG

58 ≈750 [12]
p765r CTGTTTGCTCCCCACGCTTTC

Degenerate
d1

sodA
CCITAYICITAYGAYGCIYTIGARCC

37 ≈480 [13]
d2 ARRTARTAIGCARRTARTAIGCRTGYTCCCAIACRTC

N = A, C, G, and T; R = A and G; W = A and T; Y = C and T.

2.3.2. Molecular Biotyping

The intraspecific identification of all the bacteria isolated from NSC and LNSC (Ente-
rococcus durans, Enterococcus faecium, Enterococcus faecalis, Streptococcus gallolyticus subsp.
macedonicus, Streptococcus equinus, Streptococcus lutetiensis, Streptococcus oralis, Streptococcus
salivarius, and Lacticaseibacillus paracasei) was performed by (GTG)5 rep-PCR microbial
fingerprint, as described by Chessa et al. [21], using an FTA® Disc for DNA analysis (GE
Healthcare, Chicago, IL, USA) as template. PCR products were separated on agarose gel
(1.8% w/v) with 1× SYBR Safe (Invitrogen—Thermo Fisher Scientific), at 100 V (222 V/h) in
Tris-acetate buffer.

Only the isolates identified as S. equinus and S. lutetiensis were genotyped by pulsed-
field gel electrophoresis (PFGE). Genomic DNA extraction was prepared according to
the protocol described by Graves and Swaminathan [22], then digested with 25 U of
SmaI (BioLabs, Heidelberg, Germany) for 4 h at 25 ◦C. Electrophoresis was carried out
in a contour-clamped homogeneous electric field (CHEF)-Mapper apparatus (Bio-Rad
Laboratories, Hercules, CA, USA) at 14 ◦C in 0.5× TBE buffer. DNA fragments were
separated at 6 V/cm gradient with 120◦ angle for 16 h. The running time was divided into
3 blocks: block 1 of 5 h, initial switch time 1 s final switch time 20 s; block 2 of 5 h, initial
switch time 1 s final switch time 5 s; block 3 for 6 h, initial switch time 10 s final switch time
40 s. Gels were stained with 1× SYBR Safe.

Gel images of both (GTG)5 rep-PCR and PFGE gels were acquired with the UV tran-
silluminator FireReader V4 (UVITec) and elaborated by BioNumerics (v. 6.6.11; Applied
Maths, Sint-Martens-Latem, Belgium). Cluster analysis was performed by unweighted
pair group method with arithmetic averages (UPMGA); then, Pearson and Dice similarity
correlation indexes for (GTG)5 rep-PCR and PFGE profiles, respectively, were used. The
isolates sharing ≥93% similarity among the (GTG)5 rep-PCR profiles and 100% similarity
among the PFGE profiles analysed according to Tenover et al. [23] were considered the
same biotype.

2.4. Safety Assessment
2.4.1. Antibiotic Resistance and Virulence Gene Detection

For safety assessment, PCR reactions were carried out using primers and annealing
temperatures listed in Table S2. Total-community DNA from NSC and LNSC, extracted
following the protocol described by Paba et al. [24], and DNA from isolates, previously
extracted for microbial identification, were used as template. PCR products were separated
on 1.5% (w/v) agarose gel with 1× SYBR Safe in Tris-acetate buffer.

For the assessment of safety of E. faecium isolated from the cultures, the detection of the
pathogenic-related genes hylEfm, esp, and IS16 was carried out, according to the European
Food and Safety Authority (EFSA) guidelines [10]. Same protocol was applied for the
E. durans and E. faecalis isolates. E. faecalis was also tested for the presence of tetracycline
resistance genes tetM, tetK, tetL, tetS.

The Streptococcus isolates were checked for antibiotic resistance genes for macrolides
(ermA, ermB, ermC, and mefA), lincosamides (lnuC), tetracyclines (tetM, tetK, tetL, tetS, and
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the putative conjugative Tn916-like transposon), and for the presence of potential virulence
genes: scpB, hylB, bca, bac, emm, smeZ, speA, speG, and ssa.

The natural starter cultures NSC and LNSC in toto were tested for all the genes
listed above.

2.4.2. Antibiotic Susceptibility

The isolates belonging to Enterococcus and Streptococcus genera, not currently included
in the QPS list of EFSA [9], were phenotypically tested, by broth micro-dilution method,
for their susceptibility to several antibiotics. Ampicillin (Sigma Aldrich, Milan, Italy)
minimum inhibitory concentration (MIC) determination for E. faecium was performed
using homemade trays prepared according to the ISO 20776-1:2019 [25], and the MIC
breakpoint ≤ 2 mg/L indicated by EFSA for safety evaluation was applied [10]. For each
tray, 7 E. faecium strains were tested. For each strain, positive (strain DSM 2570, equivalent
to ATCC 29212) and negative (not inoculated) control wells were also included. Plates were
inoculated with 100 µL of Mueller-Hinton Broth (Thermo Fisher Scientific, Rodano, Italy)
at 1 × 105 CFU/mL final concentration, then incubated at 37 ◦C overnight before visual
examination of microbial growth.

The E. durans (from LNSC) and E. faecalis (1 from NSC and 2 from LNSC) isolates were
tested for antimicrobial susceptibility by the Sensititre™ EU Surveillance Enterococcus
EUVENC AST Plate (Thermo Fisher Scientific).

For Streptococcus isolates, Sensititre™ STP6F (Thermo Fisher Scientific) plates for
MIC determination were used. Operatively, 100 µL of reconstitution volume in Cation-
Adjusted Mueller-Hinton Broth with Lysed Horse Blood (Thermo Fisher Scientific) at
1 × 105 CFU/mL final concentration of the well was used, and although the plate was
intended for 50 µL, the resulting dilutions were twice the lower dilution. The antibiotics
used in this study for MIC determination are listed in Table 3.

The interpretation of MIC breakpoints was based, for Enterococcus, on the Clinical
and Laboratory Standards Institute (CLSI) [26], and for Streptococcus, on The European
Committee on Antimicrobial Susceptibility Testing [27] (EUCAST), applied for most of the
antibiotics tested, except for tetracycline, erythromycin, and chloramphenicol, for which
the breakpoints indicated in Clinical and Laboratory Standards Institute (CLSI) [26] were
considered (Table S3).

2.5. Statistical Analysis

Differences in microbial counts about the concentrations of the microbial groups in-
vestigated between NSC and LNSC were compared using the Student t test using the
software SPSS Statistics (v. 21.0; IBM Corp., Armonk, NY, USA). Molecular fingerprints
performed by (GTG)5 rep-PCR and PFGE were elaborated by BioNumerics (v. 5.0; Applied
Maths, Sint-Martens-Latem, Belgium). Cluster analysis for PFGE and (GTG)5-rep finger-
prints was performed using deep significance clustering (DICE) and Pearson’s correlation
index through the unweighted pair group method using arithmetic averages (UPGMA),
respectively.

The Simpson’s diversity index (DI) was calculated for each microbial species found
in NSC and LNSC, where the number of biotypes was ≥2, according to Hunter and
Gaston [28], using Equation (1), where N is the total number of isolates, S the total number
of biotypes identified, and nj the number of isolates belonging to each biotype.

DI = 1− 1
N(N− 1) ∑S

j=1 nj(nj− 1) (1)

3. Results
3.1. Microbial Counts of the Natural Starter Cultures

Microbial counts performed on the starter culture object of this study (NSC) and its
lyophilized form (LNSC) revealed that the concentration of viable cells in LNSC was always
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1.2–2.2 Log CFU/g higher than in NSC (Figure 1). Indeed, mesophilic and thermophilic
cocci, mesophilic and thermophilic bacilli, as well as enterococci, were always significantly
(p < 0.05) higher in LNSC. Staphylococci and coliforms were not detected in NSC nor
in LNSC.
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Figure 1. Microbial counts of presumptive thermophilic cocci and lactobacilli, mesophilic cocci and
lactobacilli, enterococci, staphylococci, and coliforms in the frozen natural starter culture (NSC) and
the lyophilized NSC (LNSC). Microbial counts were expressed as Log CFU/g ± standard deviation.
*, significant difference (p < 0.05) in the Log CFU/g between NSC and LNSC, according to the Student
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3.2. Biodiversity Evaluation
3.2.1. Biodiversity at Species Level

A total of 157 isolates from the natural starter cultures NSC and LNSC (53 and 104,
respectively) were molecularly identified at the species level. In particular, 135 isolates
were identified by genus/species-specific PCR (36 from NSC and 99 from LNSC) and the
remaining 22 isolates by 16S rRNA sequencing analysis (17 from NSC and 5 from LNSC).

The characterisation by genus/species-specific PCR revealed the presence of different
microbial species in the two starter cultures (Figure 2). In particular, 25 E. durans isolates,
only in the lyophilized culture (LNSC) in M17 (incubated at 22 and 45 ◦C) and MRS media,
at dilution -6 were found. E. faecium was found in both cultures. In NSC, 10 isolates,
all coming from the KAA medium at dilution -4, were found, whereas in LNSC, the
E. faecium isolates characterised were 45: 23 from KAA at dilution -5, 17 from MRS at
dilution -6, and 5 from M17 incubated at 22 and 45 ◦C, at dilution -6. Three E. faecalis
were isolated, one from NSC (in KAA medium at dilution -4) and two from LNSC (in
M17 incubated at 30 ◦C, at dilution -6). Furthermore, 35 colonies of L. paracasei were
isolated from the FH medium, 12 from NSC, at dilution -3, and 23 from LNSC, at dilution
-5. S. gallolyticus subsp. macedonicus was isolated more frequently from NSC than LNSC
(13 versus 4 isolates, respectively), from the M17 medium at dilutions -5 and -6. Among
streptococci, another four species were isolated and identified: 3 S. oralis (1 from NSC
and 2 from LNSC) isolated from M17 at 45 ◦C, 1 S. salivarius isolated only from NSC in
KAA at dilution -4, and 18 isolates belonging to the S. bovis/equinus complex (SBSEC),
15 from NSC and 3 from LNSC. For this latter microbial group, the sodA gene, encoding
for the manganese-dependent superoxide dismutase, one of the most reliable biomarkers
for SBSEC [29,30], was used for the identification at the species level. All 18 isolates were
confirmed to belong to SBSEC; 13 of them were S. equinus (isolated from NSC in M17 30 ◦C
and 45 ◦C, and MRS) and 5 were S. lutetiensis (2 from NSC and 3 from LNSC) (Figure 2).
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Figure 2. Bacterial species isolated from the natural cultures NSC (a) and LNSC (b). From each
medium (M17 incubated at 22 ◦C, M17 incubated at 45 ◦C, MRS, FH, and KAA) and serial 10-fold
dilution (in brackets), the numbers of isolates are indicated.

3.2.2. Biodiversity at Strain Level

The microbial isolates picked up from NSC and LNSC were also characterised at the
strain level by (GTG)5-rep and PFGE fingerprinting to calculate the number of microbial
biotypes in the two forms of the natural starter culture investigated and to assess the
biodiversity level. The calculation of the Simpson’s diversity index (DI) revealed that
E. durans (25 isolates), found only in LNSC (Table 2), was represented by eight rep-PCR
profiles, with a DI of 0.85. The other Enterococcus species, faecium and faecalis, were instead
found in both NSC and LNSC. In particular, six E. faecium biotypes were found in NSC (from
10 total isolates) and nine in LNSC (from 45 isolates), with one biotype in common between
the two forms of the natural culture. Moreover, a DI decrease after the freeze-drying process,
from 0.87 in NSC to 0.62 in LNSC, was observed. Two E. faecalis biotypes were calculated
using the Pearson’s correlation of (GTG)5-rep fingerprints, one in NSC and one in LNSC,
and the biotype found was in common between the cultures. However, DI calculation
for E. faecalis was not possible since a single biotype was found both in NSC and LNSC.
In addition, L. paracasei was also found both in NSC (12 isolates) and LNSC (23 isolates),
with one and five biotypes detected, respectively. The DI for L. paracasei in LNSC was 0.78,
whereas the diversity calculation was not possible in NSC. S. gallolyticus subsp. macedonicus,
found both in NSC and LNSC, was represented by one and two biotypes, respectively, and
the DI accountable, only for LNSC, was 0.50. Two S. oralis biotypes were found, one in
NSC and one in LNSC, and none were in common, whereas only one S. salivarius from
NSC was found. For the species belonging to the SBSEC complex, one molecular biotype
of L. lutetiensis from NSC was found, and the same biotype was found in LNSC, whereas
S. equinus was isolated only from NSC, and only one biotype (from 13 isolates) was found.
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3.3. Safety Assessment

All of the 55 E. faecium isolates, 10 from NSC and 45 from LNSC, showing ampicillin
MIC ≤ 2 mg/L (Table 2) and absence of the virulence-associated genes hylEfm, esp, and
IS16, were considered safe to be used as food additives since they met the standards of
compliance with the safety requirements indicated by the EFSA [31].

Results about the safety of the other microbial species isolated are reported below.

3.3.1. Antibiotic Resistance and Virulence Genes Investigation

The cultures NSC and LNSC, in toto, and the microbial isolates belonging to the
genus Streptococcus, were analysed for the detection of resistance genes for macrolides
(ermA, ermB, ermC, and mef A), lincosamides (lnuC), tetracyclines (the putative conjugative
Tn916-like transposon), and for the presence of potential virulence genes. mef A, encoding
for an efflux pump, the activity of which, driven by proton motive force, involves only
macrolides that determine the M phenotype [32] was detected in S. oralis and S. salivarius,
both phenotypically resistant to azithromycin and erythromycin. The cultures NSC and
LNSC, in toto, were positive for the Tn916-like transposon, whereas they, and the isolates,
were negative for the antibiotic resistance genes listed above. LNSC cultures were negative
for pathogenic-related genes hylEfm, esp, and IS16, while NSC was positive for esp due to
the presence of E. faecalis.

3.3.2. Minimum Inhibitory Concentration Determination

The MIC of the antibiotics included in Table 3 was determined for all the isolates except
those belonging to E. faecium. All of the 25 E. durans isolates (from LNSC) were susceptible to
chloramphenicol, tetracycline, erythromycin, ampicillin, linezolid, tigecycline, vancomycin,
teicoplanin, and ciprofloxacin (Table 3), using the cut off established by EUCAST or CLSI,
as indicated in Table 3.

Table 3. Antibiotic susceptibility of Enterococcus isolates from the natural cultures.

Bacteria
Tested Culture Antibiotics Tested

Penicillins Macrolides Amphenicols Oxazolidinones Tetracyclines Glycycyclines Glycopeptides Fluoroquinolones
AMP ERY CHL LZD TET TGC VAN TEI CIP

E. faecium NSC S 1 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.
LNSC S 1 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.

E. faecalis NSC S 1 I 2 S 2 S 1 R 2 S 1 S 1 S 1 S 1

LNSC S 1 I 2 S 2 S 1 R 2 S 1 S 1 S 1 S 1

E. durans NSC abs. abs. abs. abs. abs. abs. abs. abs. abs.
LNSC S 1 S 2 S 2 S 1 S 2 S 1 S 1 S 1 S 1

NSC, natural starter culture; LNSC, Lyophilized natural starter culture (LNSC). AMP, Ampicillin; PEN, Penicillin;
AZI, Azithromycin; ERY, Erythromycin; FEP, Cefepime; FOT, Cefotaxime; AXO, Ceftriaxone; CHL, Chlorampheni-
col; CLI, Clindamycin; ETP, Ertapenem; MERO, Meropenem; LEVO, Levofloxacin; LZD, Linezolid; TET, Tetracy-
cline; TGC, Tigecycline; VAN, Vancomycin; TEI, Teicoplanin; SYN, Quinupristin/Dalfopristin; CIP, Ciprofloxacin;
S, sensitive; R, resistant; I, intermediate; n.t., not tested; abs., the species was absent in the culture. 1 Breakpoint by
EUCAST 2023. 2 Breakpoint by CLSI 2020.

Among the enterococci investigated, the E. faecalis isolates, one from NSC and two
from LNSC, were resistant to tetracycline and intermediate to erythromycin (CLSI cut
off) [26] but susceptible to ampicillin, chloramphenicol, linezolid, tigecycline, vancomycin,
teicoplanin, and ciprofloxacin (Table 3).

The 13 S. gallolyticus subsp. macedonicus isolated from NSC, and the 4 isolates from
LNSC, were susceptible to penicillin, azithromycin, erythromycin, cefepime, cefotaxime,
ceftriaxone, chloramphenicol, clindamycin, ertapenem, meropenem, levofloxacin, linezolid,
tetracycline, and vancomycin. The same results were found for all the S. lutetiensis isolates
(2 from NSC and 3 from LNSC) and the 13 S. equinus isolated only from NSC. S. oralis (one
isolate from NSC and two from LNSC) was resistant to azithromycin and erythromycin.
The only S. salivarius isolated from NSC was resistant to azithromycin and erythromycin,
and it showed an intermediate profile for penicillin susceptibility (Table 4).
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4. Discussion

In this study, a natural starter culture, in frozen and lyophilized form, obtained from
raw ewe’s milk was investigated for its biodiversity and safety, at the strain level, with
the perspective of use as a food additive in cheesemaking. The novelty of this work fol-
lows the new approach of Chessa et al. [11], where a new method for the obtainment of
a natural starter culture directly from raw ewe milk without applying any thermal treat-
ment or selection of pro-technological starter strains, to recover as much of the microbial
raw milk biodiversity, was described. The evaluation of the microbial biodiversity was
performed both on the frozen natural starter culture (NSC) and on its lyophilized form
(LNSC). The latter is easier to handle in cheesemaking at both artisanal- and industrial-
scale dairy plants. The bacterial isolates were picked up from the Petri dishes used for
plate counts performed in the previous work and revealed the presence of eight species
belonging to three genera, with different biotypes for each species. L. paracasei was the
sole representative of the Lacticaseibacillus genus, with one biotype found in NSC and
five in LNSC. The genus Enterococcus was represented by three species: E. durans, with
eight strains found only in LNSC; E. faecalis, with one biotype detected both in the frozen
NSC and in the lyophilized LNSC; and E. faecium, of which several biotypes were found
(six in NSC and nine in LSNSC), with one of them shared between the cultures’ forms.
Enterococci are not currently included in the QPS list provided by EFSA every three years
and updated every six months, and, therefore, their use as a food additive is not yet recom-
mended [9] since they can be involved in nosocomial infections and antibiotic resistance
spread [33]. That being said, their presence in cheese is desirable, due to their well-known
contribution to aroma development [34]. Although infections caused by enterococci in
humans, outside the nosocomial environment, are not common, the frequency of E. faecium
isolated from hospitalised patients (i.e., belonging to the clade A) and responsible for
infections has increased in the last decades [31]. To exclude the origin of the E. faecium
strains from clade A, and, therefore, the possibility that they might have an advantage
in the gastrointestinal tract given by ampicillin, amoxicillin, or vancomycin resistance,
the evaluation of ampicillin susceptibility must be carried out. The EFSA suggested that
E. faecium isolates having ampicillin MIC ≤ 2 mg/L and negative for the presence of the
genes IS16 (a marker associated with nosocomial strains), esp (pathogenicity marker), and
hylEfm (able to facilitate intestinal colonisation) can be considered safe and used as feed
additives, assuming the microbial isolate tested is of environmental origin [31]. All the E.
faecium biotypes investigated in this study complied with the requirements set by EFSA and
can be safely used for cheesemaking. Although the assessment of safety for E. faecium is
well described by the EFSA, this evaluation for other species is still not clear. Recently, the
EFSA received notifications of re-assessment for the inclusion of several microorganisms
in the QPS list. Among these, nine notifications for E. faecium were not evaluated, and
this species is still outside the QPS list [8]. Moreover, other taxonomic units found in the
starter culture investigated in this study have been evaluated for possible QPS status by
the EFSA, concluding that S. salivarius, one isolate found only in NSC, is not recommended
for the QPS list due to its ability to cause bacteraemia and systemic infection that results in
a variety of morbidities [35], even though it is a commensal bacterium in the oral cavity
and seems to contribute to human health, preventing biofilm formation [36]. Similarly,
S. oralis, found both in NSC and LNSC, is a commensal species and opportunistic pathogen,
showing low pathogenicity and virulence in immunocompromised patients [37]. Although
its virulence mechanism is unclear, it is still not recommended for QPS status due to safety
concerns [8]. Both S. salivarius and S. oralis were found in the starter cultures at dilution
-4 for S. salivarius and at -5 and -6 for S. oralis; therefore, their presence in inoculated milk
for cheesemaking is not that likely. Indeed, if the starter culture (1010 Log CFU/mL) is
inoculated at a final concentration of 105 Log CFU/mL, up to 1 to 10 CFU/mL might be
present in the inoculated milk. Presumably, their presence in ripened cheese and survival
in the gastrointestinal tract after ingestion should not be a cause of concern. To gain a
more detailed picture of these strains, for which the safety ascription is still of debate,
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an antibiotic resistance evaluation was performed in this study. S. salivarius and S. oralis
were sensitive to all the antibiotics tested except for macrolides, revealing resistance at low
concentrations (2–4 mg/L) of erythromycin and azithromycin (M-phenotype, 14–15 mem-
bered ring macrolides) [32]. At the molecular level, they were positive to the mef A gene,
coding for an efflux pump, that is correlated to the M-phenotype. High rates (76%) of
erythromycin resistance were found in commensal isolates belonging to different sequence
types by multilocus sequence typing [36]. Macrolide resistance in the viridans group of
streptococci from healthy people’s oropharynx is reported in the literature [38]. Moreover,
the other genes tested for macrolide (ermB) and lincosamide (lnuC) resistance were absent.

The other Streptococcus found in the culture were S. gallolyticus subsp. macedonicus,
S. equinus, and S. lutetiensis, which are included in the S. bovis-S. equinux complex (SBSEC),
the non-enterococcal group D streptococci, and, from a safety point of view, could deserve
attention [39]. S. gallolyticus subsp. macedonicus, commonly found in several European
cheeses, was isolated for the first time from naturally fermented Greek Kasseri cheese, and
it can also be found in Italian cheeses [40]. It is moderately acidifying and proteolytic,
potentially contributing to cheese ripening, and can be considered a multifunctional can-
didate as a nonstarter lactic acid bacterium and adjunct culture for dairy manufacturing
since it is non-pathogenic [41]. S. equinus and S. lutetiensis, inhabitants of the rumen and
gastrointestinal tracts of animals and humans, are associated with bovine mastitis [42].
Although considered potential human pathogens [43], they have been isolated from camel,
buffalo, and bovine milk, and also from traditional fermented milks from Gambia and
Ethiopia, obtained after natural fermentation of raw cow and camel milks [44,45], and from
the traditional cheeses Darfiyeh, a Lebanese product from raw goat milk [46], and Moz-
zarella di Bufala Campana, an Italian protected designation-of-origin (PDO) cheese [47].
Similar to the Enterococcus strains isolated from the natural culture, all the S. gallolyticus
subsp. macedonicus and S. lutetiensis were negative for antibiotic resistance at the molecular
and phenotypic level and, since these species are commonly found in raw milks [33,48], it
is believed that they can be used for cheesemaking, even if not included in the QPS list.

Potential pathogens can be introduced by food consumption, and their survival in the
human and animal GIT is affected by diet. Therefore, oral, pyogenic, and other streptococci,
like those causing mastitis, can be considered food-related microorganisms. The presence
of streptococci such as S. equinus are considered to be indicators of faecal pollution of
food because they have an advantage over coliforms as they are more resistant to most
environmental stresses [41]. Therefore, the results of this study show that some Streptococcus
and Enterococcus species were found in the natural starter culture investigated. Indeed, as
described by Chessa et al. [11], the culture was obtained from raw milk without applying
any thermal treatment but only a slightly acidic condition to remove potential pathogens,
and spoilage and hygiene indicators, such as coliforms and staphylococci. Indeed, resilient
microorganisms like streptococci or acidic-tolerant like enterococci, already present in the
raw milk, survived and were detected in both the natural starter culture NSC and also, after
lyophilisation, in LNSC. The potential pathogens found, E. faecium and the Streptococcus
species, were present in the raw ewe milk used in this study and consequently found
in the natural starter culture. Furthermore, some SBSEC members such as S. gallolyticus
subsp. macedonicus and S. lutetiensis are part of the daily diet, also producing bacteriocins
useful for food preservation [49], and can be considered safe, although some strains may
be potentially pathogenic [39].

The natural culture investigated, both in frozen and lyophilized form, revealed good
biodiversity, both at the species and strain level. Unlike commercial starters, built by
few selected species/strains, usually one to three, this was obtained directly from raw
ewe milk without any thermal treatment nor isolation to select pro-technological bacteria.
Nevertheless, some species found were potentially pathogens and marked for attention by
the EFSA as they are not yet included in the QPS list, thus requiring attention before being
used as food additives. Nonetheless, all the tests, both at molecular and phenotypic levels,
gave reassurances regarding their safety and suggest their suitability for cheesemaking.
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5. Conclusions

The obtainment of a natural culture directly from raw ewe milk bypassing the thermal
treatment and the selection of pro-technological bacteria may be advantageous in terms
of microbial diversity. Conversely to the commercial starters composed of a few species
and/or strains cultured separately then artificially mixed together, the natural culture is
characterised by a variety of species and strains in a delicate equilibrium that can contribute
to the uniqueness and typicity of artisanal products. The assessment of taxonomic identity
of microorganisms was the first step in the evaluation of the microbial composition, at
the strain level, but this work also aimed to focus attention in terms of food safety since
non-QPS microorganisms can be included in the natural starter and can be found in cheeses,
especially in traditional ones obtained from raw milk, where thermal treatment is not
commonly applied or even not allowed by strict production regulations, like those for the
PDOs. The current QPS list does not include some microbial species commonly present in
raw milk, inevitably found in traditional products and even in the natural starter culture
investigated. Nonetheless, it contained the most important characteristics in addition to
technological abilities, i.e., biodiversity and safety. Following the actual EFSA guidelines,
artisanal factories may not be able to provide the production of starter cultures from raw
milk by themselves, running the risk of including some non-QPS species in their culture,
and only commercial selected starters would be allowed for cheese production. Considering
the findings of this study, a revision of the criteria for accession to the QPS list should
be performed.
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//www.mdpi.com/article/10.3390/fermentation10010029/s1, Table S1: Origin of the NSC and LNSC
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primers used for antibiotic resistance genes and virulence genes detection; Table S3: Breakpoints used
for the safety evaluation of non-QPS microorganisms.
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Abstract: The objective of this study was to isolate and identify strains of Acetobacter suitable for
use in the development of a complex microbial culture for producing Kombucha and to examine
the fermentation characteristics for selection of suitable strains. A medium supplemented with
calcium carbonate was used for isolation of acetic acid bacteria from 22 various sources. Colonies
observed in the clear zone resulting from decomposition of calcium carbonate by acid produced
by microorganisms were collected. Identification of the collected strains was based on biological
and morphological characteristics, and the results of base sequence analysis. A total of 37 strains
were identified, including six species in the Acetobacter genus: Acetobacter pasteurianus, Acetobacter
orientalis, Acetobacter cibinongensis, Acetobacter pomorum, Acetobacter ascendens, and Acetobacter malorum,
as well as one species in the Gluconobacter genus, Gluconobacter oxydans. Among thirty-seven strains,
seven strains of acetic acid bacteria with exceptional acid and alcohol tolerance were selected, and an
evaluation of their fermentation characteristics according to fermentation temperature and period
was performed. The results showed a titratable acidity of 1.68% for the Acetobacter pasteurianus
SFT-18 strain, and an acetic acid bacteria count of 9.52 log CFU/mL at a fermentation temperature of
35 ◦C. The glucuronic acid and gluconate contents for the Gluconobacter oxydans SFT-27 strain were
10.32 mg/mL and 25.49 mg/mL, respectively.

Keywords: Kombucha; Acetobacter; Gluconobacter; glucuronic acid; fermentation characteristics

1. Introduction

The oxidative fermentation capacity of acetic acid bacteria (AAB) is known to involve
an incomplete oxidation process where the substrate is oxidized by dehydrogenase, lead-
ing to release of the resulting oxidized product [1]. Nineteen genera of AAB, including
Acetobacter, Gluconobacter, Gluconacetobacter, and others, have been recognized based on the
results of genetic analysis and their respective characteristics [2]. The presence of AAB has
been detected in a variety of foods; Acetobacter aceti (A. aceti), Acetobacter pasteurianus (A.
pasteurianus), Acetobacter malorum (A. malorum), and Acetobacter pomorum (A. pomorum) are
the most frequently isolated species in the process of vinegar fermentation [3,4].

Growth of Gluconobacter (Glu.), a Gram-negative, rod-shaped acetic acid bacterium,
can cause incomplete oxidization of a wide range of carbohydrates and alcohols, which
can occur in highly concentrated sugar solutions and at low pH. Gluconobacter is used
extensively in industrial processes in the production of gluconic acid from glucose and
sorbose from L-sorbitol [5]. A. aceti, A. pasteurianus, Glu. europaeus, Glu. hanseni, and
Glu. oxydans species have received approval from the Korean Ministry of Food and Drug
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Safety as generally recognized as safe (GRAS) food materials for use in the production of
vinegar [6,7].

Acetic acid bacteria and gluconic acid-producing bacteria, mainly Komagataeibacter
xylinus (K. xylinus), Bacterium. gluconicum, A. aceti, A. pasteurianus, A. musti, Glucobacter oxy-
gendans (G. oxygendans), and Glu. potus, are the dominant prokaryotes found in Kombucha
cultures [8]. Among them, an association of K. xylinus with the production of cellulose
biofilms floating on the surface of tea broth in Kombucha has been reported [9].

Kombucha, a fermented beverage, is produced by introducing a symbiotic culture of
bacteria and yeast (SCOBY) into a mixture created by combining sugar with water brewed
from green or black tea. This beverage was reportedly administered in Ancient China as
a remedy for various infirmities during the period of Emperor Qin Shi Huangdi, and it
is believed that it was first distributed from Russia to Eastern Europe, traveling by trade
routes, and gained popularity in Germany during the 19th century and then expanded to
European countries [10,11].

Metabolism of microorganisms by a SCOBY, a cellulose biofilm formed during fermen-
tation of Kombucha, occurs in the production of a variety of functional substances during
the process of Kombucha fermentation. In addition, use of SCOBY has been attempted
in various fields of active research, not only for medical applications that better support
high-water holding capacity and strength compared to the properties of plant cellulose, but
also in a range of commercial applications through the synthesis of bioactive compounds
containing bacterial cellulose with fine structures [12]. A SCOBY, composed of a mixture
of bacteria and yeast used in the preparation of foods and beverages, contains particular
genera of bacteria and yeasts, including Gluconobacter, Acetobacter, Zygosaccharomyces, Sac-
charomyces sp., and Schizosaccharomyces [13]. In the process of symbiotic fermentation, yeast
is responsible for converting sugar into alcohol, while acetic acid bacteria utilize alcohol
and sugar to produce acetic acid and gluconic acid [14,15].

The production of Kombucha involves fermentation through cooperation of specific
bacteria and yeast, using a SCOBY composed of various species of bacteria and yeast [16].
The flavor profile of Kombucha is significantly influenced by the resulting microbial com-
positions and fermentation conditions. In addition, this process of fermentation can yield
substances that include polyphenols, amino acids, organic acids (including acetic acid, glu-
conic acid, and glucuronic acid), minerals, vitamins, and D-saccharic acid 1,4-lactone (DSL),
which contribute to its proven health benefits, including antioxidant effects, promotion of
digestion, skin health, antimicrobial properties, and others [17,18].

Despite extensive research on the efficacy and marketability of Kombucha, focus on the
development of standardized manufacturing methods has been limited. This includes use
of fermentation techniques that can ensure consistent culture time, temperature, substrate,
and additive parameters. In particular, the preparation of Kombucha is currently reliant on
the use of imported Kombucha powder and SCOBY starter.

These are important considerations because various variables are dependent on micro-
bial composition. Particularly during fermentation, the challenge of producing exceptional
fermented products with consistent functionalities (including gluconic acid, glucuronic
acid content, and antioxidant activity, etc.) is more complex. Therefore, the objective of this
study was to identify isolated strains suitable for the composition of acetic acid bacteria
among complex microbial cultures, which are major bacterial components.

2. Materials and Methods
2.1. Materials

Vinegar starter, plum extract, and wine (Suncheon, Republic of Korea) were supplied
by the Food Fermentation Engineering Laboratory, Department of Food Engineering,
Sunchon National University. Nine types of fruits (Suncheon, Republic of Korea) were
obtained from Suncheon Agricultural Products Wholesale Market, and the collection of
bacteria from the surface of fruit was performed using a 3M Pipette Swab Plus+ (3M Korea
Ltd., Seoul, Republic of Korea). Eight types of commercial fruit vinegars (Jangseong and
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Namwon, Republic of Korea) and commercially available Kombucha (Masontops, North
York, ON, Canada) were purchased for use as samples in the isolation of acetic acid bacteria.

2.2. Reagents

Yeast extract (Life Technologies Co., Miami, FL, USA), D-(+)-Glucose (Sigma-Aldrich
Co., Louis, MO, USA), CaCO3 (Taekyung Bk Co., Seoul, Republic of Korea), mannitol
(Junsei Chemical Co., Chuo-ku, Tokyo), peptone (Duksan Pure Chemical Co., Ansan-si,
Republic of Korea), and ethyl alcohol anhydrous (Daejung, Siheung-si, Republic of Korea)
were purchased for use in preparation of medium. The medium used for isolation and
selection of acetic acid bacteria contained YGCE agar (1.0% Yeast extract, 5.0% Glucose,
2.5% CaCO3, 4.0% Ethanol, 2.0% Agar,) and MA agar (0.5% Yeast extract, 2.5% Mannitol,
0.3% Peptone, 1.0% CaCO3, 1.5% Agar). The medium used for screening the most suitable
strains according to fermentation characteristics contained YGE broth (1% Yeast extract, 5%
Glucose, 3% Ethanol).

2.3. Isolation, Screening, and Identification of the Most Suitable Strains of Acetic Acid Bacteria
2.3.1. Isolation of Acetic Acid Bacteria

The 22 collected samples diluted with 0.85% NaCl were spread on isolation plate
medium (YGCE agar and MA agar), 200 µL each, followed by incubation at 30 ◦C for
three days. Isolation of pure bacterial strains from subcultures was repeated three times.
This process was based on formation of clear zones around the colony, which could be
easily observed by the naked eye [19]. The isolated strains were transplanted onto slant
agar medium (1.0% Yeast extract, 5.0% Glucose, 4.0% Ethanol, 2.0% Agar) and used in
experiments for selection of the most suitable strain.

2.3.2. Screening and Identification of Acetic ACID Bacteria

Screening of acetic acid bacteria was based on morphological and biological character-
istics. Gram staining and simple staining were performed for microscopic examination to
determine the morphology [20]. For biological evaluation, one drop of Fecl3 solution was
added to 1 mL of strain culture solution for testing of gluconic acid based on change of color
from yellow to dark brown (Figure 1). For the catalase test, bacterial isolates were obtained
from the surface of a sterilized glass slide using a loop according to the Reiner [21] method,
followed by addition of one drop of 3% hydrogen peroxide for detection of bubbles (O2 +
water = bubbles).
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Colony PCR was performed according to the method reported by Wan et al. [22] using
785F (5′-GGA TTA GAT ACC CTG GTA-3′) and 907R (5′-CCG TCA ATT CMT TTR AGT
TT-3′) primers, and sequencing of 16S ribosomal RNA in the screened bacterial colony was
requested from Macrogen Inc. (Seoul, Republic of Korea) for confirmation of both forward
(5′) and reverse (3′) directions. The analyzed DNA sequences were inserted into the BLAST
(Basic Local Alignment Search Tool) program provided by the NCBI (National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/)(accessed on 17 January 2023)
for comparison with a search of the sequence database for identification of homologous
sequences and to determine the systematical genetic relationship [23].
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2.4. Selection of the Most Suitable Strains According to Fermentation Characteristics
2.4.1. Measurement of pH and Titratable Acidity (TTA)

The pH values for each strain were measured in 10 mL of culture media using a pH
meter (HM-40X, Dkk-toa Co., Shinjuku-ku, Tokyo, Japan). The total amount of acid was
shown as the percentage of acetic acid (%) after calculating the amount of solution used in
neutralizing 2 mL of supernatant obtained from the centrifuged sample using 0.1 N NaOH
until reaching a pH level of 8.3 after addition of 2–3 drops of 1% phenolphthalein [24].

2.4.2. Acid Resistance

YGE broth was used as the medium for determining the resistance level of the strains
at various concentrations of acid. 1 N HCl and 1 N NaOH was added to the YGE broth
for adjustment of the pH range to 4.0–8.0. pH-adjusted YGE broth was inoculated with 1%
of each target strain, followed by culture at 30 ◦C. Absorbance was measured at 660 nm
using a microplate reader (SPECTROstarNano, BMG Labtech, Ortenberg, Germany) for
determination of growth rates according to incubation periods, which were presented as a
percentage (%) compared to the controls.

2.4.3. Alcohol Tolerance

YG broth, consisting of 1% yeast extract and 5% glucose, was used as the medium
for evaluating the tolerance level of the strains at various concentrations of alcohol. Ethyl
alcohol anhydrous (Daejung, Siheung-si, Republic of Korea) was added for adjustment of
the alcohol concentration of the YG broth to 2.0–10%. YG broth with the adjusted concen-
tration of ethanol was inoculated with 1% of each target strain, followed by culture at 30 ◦C.
Absorbance was measured at 660 nm using a microplate reader (SPECTROstarNano, BMG
Labtech, Ortenberg, Germany) for determination of growth rates according to incubation
periods, which were presented as a percentage (%) compared to the controls.

2.5. Viable Cell Count of Acetic Acid Bacteria

A standard plate count (SPC) was used for counting the number of viable cells in
acetic acid bacteria according to fermentation temperature and period. Dilution of each
sample with sterile diluent (0.85% NaCl) was performed in a step-by-step manner using
the decimal dilution method, followed by plating of 1 mL of each diluted sample on YGE
agar medium and incubation at 30 ◦C for three days. The average number of colonies was
determined from the results of three independent experiments for calculation of the colony
count, which was expressed as log CFU (colony forming units)/mL [25,26].

2.6. Content of Gluconate and Glucuronic Acid

Measurement of the gluconate and glucuronic acid content was performed using
a modified version of the method reported by Ansari et al. [27]. The culture solution
was centrifuged at 1000 rpm for 3 min (HA-1000-3, Hanil Science Industrial Co., Ltd.,
Incheon, Republic of Korea), followed by filtering of the supernatant through a 0.45 µm
membrane filter (PVDF 25 mm, Chromdisc, Daegu, Republic of Korea), and analysis was
then performed using HPLC (Waters 1525 and 717, Waters Co., Milford, MA, USA). A
Supelcogel c-610h column (30 cm × 7.8 mm, Supelco, Bellefonte, PA, USA) was used with
an oven temperature of 30 ◦C. The mobile phase was composed of 0.1% phosphoric acid
with a flow rate of 0.5 mL/min. UV detection was measured at 210 nm using a Waters
996 detector (Waters Co., Milford, MA, USA). Sodium gluconate and D-glucuronic acid
(Sigma-Aldrich Co., Louis, MO, USA) were used as standard reference materials (SRMs)
and the content was presented using the external standard method.

2.7. Statistical Analysis

For statistical analyses, the experiments were repeated three times or more and analysis
of the data was performed using IBM SPSS Statistics version 27 (IBM Corp., Armonk, NY,
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USA). Calculations of Mean ± SD and testing for significant difference of mean values
were performed using Duncan’s multiple range test (p < 0.05).

3. Results and Discussion
3.1. Isolation, Screening, and Identification of the Most Suitable Strains for Production of Acetic
Acid and Gluconic Acid Bacteria for Kombucha Fermentation
3.1.1. Isolation and Selection of Acetic Acid Bacteria

For isolation of acetic acid bacteria, the 22 collected samples were spread on YGCE
and MA agar media and 42 pure strains were isolated according to the size of clear zones
formed around the colony (Figure 2). The morphological and biological characteristics
of the isolated pure strains are shown in Table 1. Morphologically, most of the isolated
strains were Gram-negative bacilli. FPA-4, FPP-1, FPP-3, FPP-4, and FPS-3 were identified
as Gram-positive streptococci. The color of colonies was brown in most strains, while a
white color was observed in colonies produced by FPA-4, FPP-1, FPP-3, FPP-4, and FPS-3.
Regarding biological characteristics, the negative decomposition ability of mannitol was
observed in FPP-1, FPP-3, FPP-4, and FPS-3 and a positive result was obtained from the
remaining strains. A negative result was obtained for biofilm formation and the catalase-
test in FPA-4, FPP-1, FPP-3, FPP-4, and FPS-3, and a positive result was obtained from the
remaining strains. Strains FPA-4, FPP-1, FPP-3, FPP-4, and FPS-3 were identified as lactic
acid bacteria based on the white colony color and negative results on the Gram-positive
and catalase test [28]. The remaining strains exhibited characteristics identical to those of
Acetobacter sp. (Figure 3) including Gram-negative, bacillus, obligate aerobe, and biofilm
formation [29].
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and MA agar media and 42 pure strains were isolated according to the size of clear zones 
formed around the colony (Figure 2). The morphological and biological characteristics of 
the isolated pure strains are shown in Table 1. Morphologically, most of the isolated 
strains were Gram-negative bacilli. FPA-4, FPP-1, FPP-3, FPP-4, and FPS-3 were identified 
as Gram-positive streptococci. The color of colonies was brown in most strains, while a 
white color was observed in colonies produced by FPA-4, FPP-1, FPP-3, FPP-4, and FPS-
3. Regarding biological characteristics, the negative decomposition ability of mannitol was 
observed in FPP-1, FPP-3, FPP-4, and FPS-3 and a positive result was obtained from the 
remaining strains. A negative result was obtained for biofilm formation and the catalase-
test in FPA-4, FPP-1, FPP-3, FPP-4, and FPS-3, and a positive result was obtained from the 
remaining strains. Strains FPA-4, FPP-1, FPP-3, FPP-4, and FPS-3 were identified as lactic 
acid bacteria based on the white colony color and negative results on the Gram-positive 
and catalase test [28]. The remaining strains exhibited characteristics identical to those of 
Acetobacter sp. (Figure 3) including Gram-negative, bacillus, obligate aerobe, and biofilm 
formation [29]. 

  
Figure 2. Isolated strains formed clear zones around the colony. (A) Clear zone of SMC-4 strain. (B) 
Clear zone of VVJ-2 strain. 

Figure 2. Isolated strains formed clear zones around the colony. (A) Clear zone of SMC-4 strain.
(B) Clear zone of VVJ-2 strain.

The production of 5-keto- and 2-ketogluconic acids by strains of Gluconobacter is known
to occur by partial oxidation of the carbon source (D-glucose) and alcohol. A dark yellow
color was observed for gluconic acid, with Fe3+ oxidation-reduction in iron (II) ions of
iron (III) chloride by the hydroxy group [30,31]. The result of the gluconic acid test was
positive only for VVJ-1 and VVJ-2, which were identified as Glucobobacter sp. based on
positive results on the catalase-test and the presence/absence of biofilm formation [32,33].
Following isolation and selection of acetic acid bacteria, 37 out of 42 species were confirmed
as strains of acetic acid bacteria and sequencing of their 16S rDNA gene was performed.
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Figure 3. Cell characteristics of strains isolated from domestic fermented foods and produce. (A) 
Microscopic examination of SMC-4 strain, (B) microscopic examination of VVJ-2 strain, (C) Gram-
negative reaction result of acetic acid bacteria. 

Table 1. Morphological, biological, and fermentation characteristics of 42 strains isolated from col-
lected samples. 

Isolate 
Morphological Biological D-Mannitol 

Assimilation Colony Morphology Gram Staining Gluconic Acid Test Biofilm Formation Catalase Test 
SVC-04 rod-shaped, light brown  - - + + + 
SVC-12 rod-shaped, light brown - - + + + 
SVC-14 rod-shaped, light brown - - + + + 
SVC-22 rod-shaped, light brown - - + + + 
SVC-38 rod-shaped, light brown - - + + + 
SVC-49 rod-shaped, light brown - - + + + 

SVC-410 rod-shaped, light brown - - + + + 
SVC-54 rod-shaped, light brown - - + + + 
SMC-1 rod-shaped, light brown - - + + + 
SMC-2 rod-shaped, light brown - - + + + 
SMC-3 rod-shaped, light brown - - + + + 
SMC-4 rod-shaped, light brown - - + + + 
SMC-5 rod-shaped, light brown - - + + + 
FPA-1 rod-shaped, reddish brown  - - + + + 
FPA-2 rod-shaped, reddish brown  - - + + + 
FPA-3 rod-shaped, reddish brown  - - + + + 
FPA-4 Coccus, white + - - - + 
JGV-1 rod-shaped, light brown - - + + + 
JGV-2 rod-shaped, light brown - - + + + 
FPP-1 Coccus, white + - - - - 
FPP-3 Coccus, white + - - - - 

Figure 3. Cell characteristics of strains isolated from domestic fermented foods and produce. (A) Mi-
croscopic examination of SMC-4 strain, (B) microscopic examination of VVJ-2 strain, (C) Gram-
negative reaction result of acetic acid bacteria.

Table 1. Morphological, biological, and fermentation characteristics of 42 strains isolated from
collected samples.

Isolate
Morphological Biological D-Mannitol

AssimilationColony Morphology Gram Staining Gluconic Acid Test Biofilm Formation Catalase Test

SVC-04 rod-shaped, light brown − − + + +
SVC-12 rod-shaped, light brown − − + + +
SVC-14 rod-shaped, light brown − − + + +
SVC-22 rod-shaped, light brown − − + + +
SVC-38 rod-shaped, light brown − − + + +
SVC-49 rod-shaped, light brown − − + + +
SVC-410 rod-shaped, light brown − − + + +
SVC-54 rod-shaped, light brown − − + + +
SMC-1 rod-shaped, light brown − − + + +
SMC-2 rod-shaped, light brown − − + + +
SMC-3 rod-shaped, light brown − − + + +
SMC-4 rod-shaped, light brown − − + + +
SMC-5 rod-shaped, light brown − − + + +
FPA-1 rod-shaped, reddish brown − − + + +
FPA-2 rod-shaped, reddish brown − − + + +
FPA-3 rod-shaped, reddish brown − − + + +
FPA-4 Coccus, white + − − − +
JGV-1 rod-shaped, light brown − − + + +
JGV-2 rod-shaped, light brown − − + + +
FPP-1 Coccus, white + − − − −
FPP-3 Coccus, white + − − − −
FPP-4 Coccus, white + − − − −
FPS-3 Coccus, white + − − − −
FPS-4 rod-shaped, light brown − − + + +
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Table 1. Cont.

Isolate
Morphological Biological D-Mannitol

AssimilationColony Morphology Gram Staining Gluconic Acid Test Biofilm Formation Catalase Test

ACJ-1 rod-shaped, light brown − − + + +
ACJ-2 rod-shaped, light brown − − + + +
MPV-1 rod-shaped, light brown − − + + +
PVJ-1 rod-shaped, light brown − − + + +
PVJ-4 rod-shaped, light brown − − + + +
PVJ-5 rod-shaped, light brown − − + + +
VVJ-1 rod-shaped, reddish brown − + + + +
VVJ-2 rod-shaped, reddish brown − + + + +
AVJ-3 rod-shaped, light brown − − + + +
PEV-1 rod-shaped, light brown − − + + +
PEV-4 rod-shaped, light brown − − + + +
URV-1 rod-shaped, light brown − − + + +
URV-2 rod-shaped, light brown − − + + +
KS-1 rod-shaped, light brown − − + + +
KS-2 rod-shaped, light brown − − + + +
KS-3 rod-shaped, light brown − − + + +
PS-1 rod-shaped, light brown − − + + +
WS-1 rod-shaped, light brown − − + + +

+: positive or activated, −: negative or inactive.

3.1.2. Identification of Isolated Strains

The results from the identification of 37 strains of acetic acid based on their 16S rDNA
gene sequences are shown in Table 2. Sixteen strains in the genus A. pasteurianus, three
strains in A. orientalis, one strain in A. cibinongensis, seven strains in A. pomorum, three
strains in A. ascendens, and five strains in A. malorum were identified. Two strains of Glu.
oxydans in the genus Gluconobacter were identified.

Table 2. Identification of acetic acid bacteria isolated from 22 samples.

Strains No. Species Identities (%) Strain
Distinction Source

SVC-04

Acetobacter pasteurianus 1

99.9 SFT-1

Vinegar, Sunchon University b3 115, Republic
of Korea

SVC-12 99.7 SFT-2
SVC-14 99.7 SFT-3
SVC-22 99.9 SFT-4
SVC-38 99.9 SFT-5
SVC-49 99.9 SFT-6

SVC-410 99.8 SFT-7
SVC-54 99.5 SFT-8

FPA-1
Acetobacter orientalis

99.8 SFT-9 Prunus armeniaca (surface), Suncheon-si,
Jeollanam-do, Republic of KoreaFPA-2 99.9 SFT-10

FPA-3 99.9 SFT-11

FPS-4 Acetobacter cibinongensis 99.6 SFT-12 Prunus salicina (surface), Suncheon-si,
Jeollanam-do, Republic of Korea

JGV-1
Acetobacter pasteurianus 1 99.8 SFT-13 Vinegar (persimmon), Jangseong-gun,

Jeollanam-do, Republic of KoreaJGV-2 99.6 SFT-14

SMC-1

Acetobacter pasteurianus 1

99.7 SFT-15

Maesil cheong, Sunchon University b3 115,
Republic of Korea

SMC-2 99.5 SFT-16
SMC-3 99.8 SFT-17
SMC-4 99.6 SFT-18
SMC-5 99.7 SFT-19

ACJ-1 Acetobacter pomorum 99.4 SFT-20 Vinegar (Ananas comosus), Jangseong-gun,
Jeollanam-do, Republic of KoreaACJ-2 99.7 SFT-21

MPV-1 Acetobacter pomorum 99.5 SFT-22 Vinegar (Malus pumila), Jangseong-gun,
Jeollanam-do, Republic of Korea
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Table 2. Cont.

Strains No. Species Identities (%) Strain
Distinction Source

PVJ-1 Acetobacter pomorum 99.7 SFT-23 Vinegar (persimmon), Jangseong-gun,
Jeollanam-do, Republic of KoreaPVJ-4 99.7 SFT-24

PVJ-5 Acetobacter pasteurianus 1 99.8 SFT-25

VVJ-1
Gluconobacter oxydans 1 99.7 SFT-26 Vinegar (Vitis vinifera L.), Jangseong-gun,

Jeollanam-do, Republic of KoreaVVJ-2 99.9 SFT-27

AVJ-3 Acetobacter pomorum 99.5 SFT-28 Vinegar (Aronia melanocarpa), Jangseong-gun,
Jeollanam-do, Republic of Korea

PEV-1
Acetobacter ascendens 1 99.9 SFT-29 Vinegar (Passiflora edulis), Jangseong-gun,

Jeollanam-do, Republic of KoreaPEV-4 99.9 SFT-30

URV-1 Acetobacter ascendens 1 99.9 SFT-31 Vinegar (Brown rice), Namwon-si,
Jeollabuk-do, Republic of KoreaURV-2 Acetobacter pomorum 99.7 SFT-32

KS-1
Acetobacter pomorum

99.8 SFT-33
Kombucha (Masontops), North York, ON,

Canada
KS-2 99.9 SFT-34
KS-3 99.9 SFT-35

PS-1 Acetobacter pomorum 99.8 SFT-36 Peach cheong, Sunchon University b3 115,
Republic of Korea

WS-1 Acetobacter pomorum 99.9 SFT-37 Wine, Sunchon University b3 115, Republic of
Korea

1 List of 21 microorganisms approved by the Ministry of Food and Drug Safety for use as food ingredients.

In Korea, the use of acetic acid bacteria is mainly limited to acetic acid fermenta-
tion [6,7]. Of the 37 isolated strains, 21 strains are included on the list of relevant acetic acid
bacteria. Therefore, the fermentation characteristics of 21 applicable strains and 10 strains
with limited capacity for fermentation of acetic acid were compared for selection of the
most suitable strains.

3.2. Fermentation Characteristics of Selected Strains
3.2.1. Titratable Acidity (TTA)

Changes in titratable acidity according to the incubation periods for acetic acid bacteria
are shown in Table 3. A titratable acidity of 0.11% first showed an increasing trend ranging
between 0.45 and 1.48%, with increasing incubation time on the third day. A titratable
acidity of more than 1% was detected in six strains of A. pasteurianus (SFT-1, 6, 7, 16), A.
orientalis SFT-10, and A. ascendens SFT-30).

The titratable acidity increased with increasing incubation time. However, variation
in the range of increase was observed according to the strain. In agreement with the results
of a previous study reported by Eom et al. [34], differences in changes in titratable acidity
according to fermentation time were observed in four species of A. pasteurianus, even in
the same species or genera of bacteria from the same source of isolation. The formation
of organic acids, the metabolic products of acetic acid bacteria, can be assessed using
the titratable acidity according to cultivation, which has been reported as an important
indicator in the selection of acetic acid bacteria [35]. In addition, the findings of this study
demonstrated the importance of acid resistance and ethanol tolerance as factors in the
selection of acetic acid bacteria most suitable for use in symbiotic fermentation in the
production of Kombucha.

Therefore, an experiment was conducted for the evaluation of the growth rate accord-
ing to pH and alcohol concentration for a selection of exceptional strains.
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Table 3. Comparative analysis of titratable acidity changes during the growth of select
bacterial strains.

Sample

Titratable Acidity (%)

Fermentation Time (Days)

0 1 2 3

Acetobacter pasteurianus (SFT-1)

0.11 ± 0.00 1,ns

0.27 ± 0.00 b 0.64 ± 0.03 d 1.18 ± 0.00 d

Acetobacter pasteurianus (SFT-2) 0.22 ± 0.00 ef 0.42 ± 0.02 hij 0.75 ± 0.00 hi

Acetobacter pasteurianus (SFT-3) 0.24 ± 0.00 c 0.49 ± 0.00 f 0.87 ± 0.01 f

Acetobacter pasteurianus (SFT-4) 0.19 ± 0.01 hi 0.36 ± 0.00 lmno 0.55 ± 0.00 no

Acetobacter pasteurianus (SFT-5) 0.25 ± 0.01 c 0.45 ± 0.05 gh 0.85 ± 0.03 f

Acetobacter pasteurianus (SFT-6) 0.21 ± 0.01 fg 0.60 ± 0.01 e 1.07 ± 0.05 e

Acetobacter pasteurianus (SFT-7) 0.25 ± 0.00 c 0.73 ± 0.01 b 1.39 ± 0.01 b

Acetobacter pasteurianus (SFT-8) 0.23 ± 0.01 de 0.48 ± 0.02 fg 0.82 ± 0.03 fg

Acetobacter orientalis (SFT-10) 0.28 ± 0.02 ab 0.84 ± 0.02 a 1.48 ± 0.05 a

Acetobacter cibinongensis (SFT-12) 0.21 ± 0.00 fg 0.34 ± 0.01 nop 0.60 ± 0.02 lmn

Acetobacter pasteurianus (SFT-13) 0.21 ± 0.01 fg 0.29 ± 0.00 opq 0.45 ± 0.03 q

Acetobacter pasteurianus (SFT-14) 0.21 ± 0.00 fg 0.28 ± 0.01 r 0.38 ± 0.01 r

Acetobacter pasteurianus (SFT-15) 0.13 ± 0.01 k 0.32 ± 0.01 pq 0.70 ± 0.03 ijk

Acetobacter pasteurianus (SFT-16) 0.29 ± 0.02 a 0.70 ± 0.02 bc 1.28 ± 0.02 c

Acetobacter pasteurianus (SFT-17) 0.24 ± 0.02 c 0.37 ± 0.02 lmn 0.59 ± 0.06 mno

Acetobacter pasteurianus (SFT-18) 0.14 ± 0.00 jk 0.27 ± 0.02 r 0.72 ± 0.06 ij

Acetobacter pasteurianus (SFT-19) 0.22 ± 0.00 ef 0.36 ± 0.01 lmno 0.57 ± 0.01 mno

Acetobacter pomorum (SFT-21) 0.18 ± 0.00 i 0.30 ± 0.00 qr 0.54 ± 0.01 op

Acetobacter pomorum (SFT-22) 0.21 ± 0.00 fg 0.34 ± 0.00 nop 0.54 ± 0.03 op

Acetobacter pomorum (SFT-24) 0.22 ± 0.00 ef 0.43 ± 0.02 hi 0.75 ± 0.06 hi

Acetobacter pasteurianus (SFT-25) 0.20 ± 0.00 gh 0.38 ± 0.01 klm 0.68 ± 0.03 jk

Gluconobacter oxydans (SFT-26) 0.15 ± 0.01 j 0.20 ± 0.02 s 0.45 ± 0.01 q

Gluconobacter oxydans (SFT-27) 0.14 ± 0.00 jk 0.21 ± 0.00 s 0.47 ± 0.02 q

Acetobacter pomorum (SFT-28) 0.22 ± 0.00 ef 0.39 ± 0.01 jkl 0.65 ± 0.01 kl

Acetobacter ascendens (SFT-29) 0.23 ± 0.01 de 0.41 ± 0.01 ijk 0.73 ± 0.01 hij

Acetobacter ascendens (SFT-30) 0.27 ± 0.01 b 0.69 ± 0.01 c 1.36 ± 0.01 b

Acetobacter ascendens (SFT-31) 0.13 ± 0.01 k 0.35 ± 0.02 mnop 0.62 ± 0.01 lm

Acetobacter pomorum (SFT-32) 0.14 ± 0.00 jk 0.37 ± 0.01 lmn 0.70 ± 0.01 ijk

Acetobacter malorum (SFT-33) 0.25 ± 0.01 c 0.43 ± 0.03 hi 0.69 ± 0.01 jk

Acetobacter malorum (SFT-36) 0.27 ± 0.00 b 0.51 ± 0.00 f 0.78 ± 0.04 gh

Acetobacter malorum (SFT-37) 0.24 ± 0.01 cde 0.33 ± 0.00 opq 0.49 ± 0.04 pq

1 All values are mean ± SD (n = 3).; ns, non-significance.; Means with different superscript letters in the same
column are significantly different at p < 0.05 by Duncan’s multiple range test. a > b > c > d > e > f > g > h > I > j >
k > l > m > n > o > p > q > r > s.

3.2.2. Acid Resistance

Microbial growth, including that of acetic acid bacteria, is inhibited in an acidic environ-
ment; thus, the selection of acid-resistant strains is a critical factor. The results regarding the
acid resistance of strains according to the pH concentrations of the culture solution are shown
in Table 4. Variation in the resistance confirmed by growth, according to acid concentration,
was observed for each strain. However, overall, low growth was observed at pH 8.0 and
high growth at pH 5.0 to 7.0. Bang et al. [36] suggested a pH range of 5.5–6.5 as an optimum
condition for the growth of acetic acid bacteria. Park et al. [37] reported favorable outcomes
for microbial growth at pH 4.0–6.0. These previously reported findings are comparable to the
results obtained in this study. Variation in growth rates in the same pH range was observed
even in the same genera and species of bacterial strains. The following strains showed a growth
rate of 100% or higher in the pH range 4.0–5.0: A. pasteurianus SFT-3, 4, 7, 13, 16, 18, and 19; A.
pomorum SFT-24, 28, and 32; A. ascendens SFT-31; and A. malorum SFT-36 and 37. Glu. oxydans
SFT-26 and 27 showed increased growth rates at higher pH, which rose to 144.16% and 251.50%
at an optimum growth pH of 6.0. Gupta et al. [32] recommended an optimum pH of 5.5–6.5 to
support growth in all strains of Gluconobacter, comparable to the outcome of this study.

27



Fe
rm

en
ta

tio
n

20
24

,1
0,

18

Ta
bl

e
4.

Ev
al

ua
ti

on
of

gr
ow

th
ra

te
of

ac
et

ic
ac

id
ba

ct
er

ia
ac

co
rd

in
g

to
pH

an
d

al
co

ho
lc

on
ce

nt
ra

ti
on

.

Sa
m

pl
e

Tr
ea

tm
en

t
A

ci
d

R
es

is
ta

nc
e

(%
)

Et
ha

no
lT

ol
er

an
ce

(%
)

pH
A

lc
oh

ol
C

on
te

nt
(%

)

4.
0

5.
0

6.
0

7.
0

8.
0

2.
0

4.
0

6.
0

8.
0

10
.0

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
)

90
.8

0
±

0.
08

1,
d

11
2.

89
±

0.
16

a
98

.3
3
±

0.
09

c
10

0.
13
±

0.
09

b
84

.2
6
±

0.
06

e
95

.6
4
±

0.
07

a
86

.9
2
±

0.
14

e
94

.4
5
±

0.
07

b
88

.4
5
±

0.
21

c
87

.9
7
±

0.
07

d

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-2
)

80
.7

3
±

0.
09

c
99

.6
0
±

0.
08

b
73

.5
7
±

0.
03

d
10

1.
99
±

0.
00

a
61

.4
6
±

0.
09

e
10

8.
78
±

0.
23

d
12

6.
33
±

0.
46

b
12

9.
33
±

0.
12

a
12

3.
21
±

0.
23

c
12

2.
75
±

0.
46

c

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-3
)

11
9.

84
±

0.
23

b
13

2.
10
±

0.
11

a
91

.1
9
±

0.
11

e
10

0.
66
±

0.
11

c
97

.1
0
±

0.
12

d
92

.7
6
±

0.
07

a
78

.2
7
±

0.
00

d
76

.5
6
±

0.
32

e
80

.6
1
±

0.
26

c
81

.3
7
±

0.
19

b

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-4
)

10
0.

63
±

0.
19

b
11

8.
18
±

0.
01

9
a

95
.4

3
±

0.
10

c
10

0.
34
±

0.
29

b
87

.1
3
±

0.
29

d
97

.0
9
±

0.
08

a
91

.2
6
±

0.
14

b
80

.3
1
±

0.
22

c
77

.1
1
±

0.
08

d
67

.5
2
±

0.
36

e

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-5
)

97
.5

4
±

0.
10

c
12

8.
84
±

0.
10

a
96

.4
6
±

0.
20

d
10

0.
27
±

0.
10

b
82

.1
2
±

0.
10

e
94

.2
2
±

0.
13

a
82

.6
6
±

0.
26

b
77

.0
4
±

0.
13

c
74

.9
9
±

0.
26

d
71

.1
6
±

0.
06

e

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-6
)

66
.0

5
±

0.
16

e
72

.0
1
±

0.
16

d
92

.9
7
±

0.
16

b
10

0.
51
±

0.
16

a
85

.3
5
±

0.
24

c
94

.0
1
±

0.
00

a
82

.0
2
±

0.
20

b
77

.9
8
±

0.
07

c
72

.2
6
±

0.
21

d
67

.6
1
±

0.
27

e

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-7
)

11
1.

67
±

0.
12

b
13

6.
56
±

0.
45

a
10

2.
82
±

0.
23

c
99

.7
9
±

0.
00

d
81

.5
1
±

0.
11

e
88

.0
7
±

0.
24

a
64

.2
2
±

0.
12

e
80

.1
6
±

0.
18

c
74

.1
7
±

0.
06

d
83

.0
7
±

0.
12

b

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-8
)

12
0.

77
±

0.
32

a
92

.8
0
±

0.
11

d
75

.9
6
±

0.
11

e
10

1.
81
±

0.
11

b
10

0.
75
±

0.
21

a
10

0.
05
±

0.
28

a
10

0.
14
±

0.
09

a
88

.9
9
±

0.
18

d
91

.0
7
±

0.
46

b
90

.3
5
±

0.
09

c

A
ce

to
ba

ct
er

or
ie

nt
al

is
(S

FT
-1

0)
11

1.
49
±

0.
14

b
96

.0
1
±

0.
14

d
89

.9
0
±

0.
41

e
10

0.
76
±

0.
27

c
11

4.
75
±

0.
68

a
97

.6
4
±

0.
12

b
92

.9
2
±

0.
37

c
79

.2
5
±

0.
25

e
85

.7
1
±

0.
63

d
16

9.
44
±

0.
10

a

A
ce

to
ba

ct
er

ci
bi

no
ng

en
si

s
(S

FT
-1

2)
56

.1
9
±

0.
25

d
32

.9
6
±

0.
25

e
97

.4
3
±

0.
00

b
10

0.
19
±

0.
33

a
78

.1
9
±

0.
08

c
11

9.
63
±

0.
33

c
15

8.
89
±

0.
11

a
15

8.
24
±

0.
33

a
13

2.
97
±

0.
65

b
11

4.
32
±

0.
22

d

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
3)

11
5.

76
±

0.
11

b
14

4.
67
±

0.
11

a
10

7.
28
±

0.
11

c
99

.4
5
±

0.
22

d
98

.8
0
±

0.
11

e
99

.3
7
±

0.
08

c
98

.1
1
±

0.
34

d
96

.9
4
±

0.
25

e
10

2.
89
±

0.
09

b
10

6.
33
±

0.
09

a

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
4)

90
.9

3
±

0.
09

c
10

3.
69
±

0.
34

a
10

3.
69
±

0.
17

a
99

.7
2
±

0.
09

b
78

.1
7
±

0.
17

d
10

0.
84
±

0.
09

d
10

2.
52
±

0.
28

c
10

6.
26
±

0.
19

b
11

8.
21
±

0.
10

a
10

2.
71
±

0.
47

c

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
5)

92
.0

4
±

0.
23

c
10

7.
68
±

0.
08

a
82

.9
5
±

0.
39

d
10

1.
28
±

0.
23

b
81

.4
1
±

0.
00

e
10

3.
47
±

0.
15

b
11

0.
41
±

0.
15

a
10

0.
27
±

0.
31

d
10

2.
10
±

0.
31

c
96

.3
0
±

0.
08

e

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
6)

10
8.

33
±

0.
10

b
11

7.
40
±

0.
30

a
10

1.
78
±

0.
10

c
99

.8
7
±

0.
10

d
80

.6
2
±

0.
10

e
86

.7
9
±

0.
05

a
60

.3
7
±

0.
11

b
60

.4
8
±

0.
22

b
59

.9
4
±

0.
06

c
55

.8
2
±

0.
22

d

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
7)

98
.7

9
±

0.
21

d
13

0.
46
±

0.
21

a
94

.2
8
±

0.
10

e
10

0.
43
±

0.
10

c
12

4.
21
±

0.
21

b
10

1.
76
±

0.
08

c
10

5.
27
±

0.
24

a
91

.3
7
±

0.
08

e
93

.5
3
±

0.
24

d
10

2.
56
±

0.
08

b

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
8)

11
4.

56
±

0.
11

b
12

0.
88
±

0.
11

a
97

.8
8
±

0.
21

d
10

0.
16
±

0.
00

c
86

.0
7
±

0.
11

e
94

.8
2
±

0.
07

a
84

.4
6
±

0.
27

c
79

.4
1
±

0.
07

d
92

.1
6
±

0.
14

b
55

.7
6
±

0.
07

e

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-1
9)

10
8.

94
±

0.
10

b
11

9.
27
±

0.
20

a
10

0.
18
±

0.
10

c
99

.9
9
±

0.
20

c
83

.8
5
±

0.
59

d
93

.6
6
±

0.
13

a
80

.9
8
±

0.
06

b
74

.1
4
±

0.
13

c
72

.0
0
±

0.
00

d
66

.6
0
±

0.
07

e

A
ce

to
ba

ct
er

po
m

or
um

(S
FT

-2
1)

10
0.

31
±

0.
26

a
99

.2
9
±

0.
09

b
93

.5
9
±

0.
09

c
10

0.
48
±

0.
09

a
89

.8
4
±

0.
09

d
92

.5
7
±

0.
17

a
77

.7
2
±

0.
25

b
76

.6
7
±

0.
09

c
71

.8
3
±

0.
32

d
68

.0
4
±

0.
08

e

A
ce

to
ba

ct
er

po
m

or
um

(S
FT

-2
2)

93
.0

1
±

0.
21

d
12

0.
86
±

0.
07

a
91

.6
6
±

0.
14

e
10

0.
63
±

0.
14

b
93

.6
8
±

0.
27

c
94

.9
6
±

0.
06

a
84

.8
7
±

0.
11

b
83

.0
1
±

0.
06

c
61

.2
6
±

0.
12

d
55

.2
8
±

0.
23

e

A
ce

to
ba

ct
er

po
m

or
um

(S
FT

-2
4)

10
2.

28
±

0.
07

c
11

4.
51
±

0.
07

b
12

3.
88
±

0.
50

a
98

.2
0
±

0.
22

d
80

.6
8
±

0.
22

e
95

.7
0
±

0.
13

a
87

.1
0
±

0.
13

c
87

.4
2
±

0.
07

b
57

.8
0
±

0.
07

e
65

.3
9
±

0.
00

d

A
ce

to
ba

ct
er

pa
st

eu
ri

an
us

(S
FT

-2
5)

84
.5

2
±

0.
07

e
94

.4
9
±

0.
15

b
90

.8
6
±

0.
43

c
10

0.
69
±

0.
07

a
89

.9
4
±

0.
08

d
97

.4
3
±

0.
46

a
92

.2
9
±

0.
08

d
86

.7
7
±

0.
08

e
96

.4
3
±

0.
54

b
93

.4
4
±

0.
23

c

G
lu

co
no

ba
ct

er
ox

yd
an

s
(S

FT
-2

6)
43

.8
2
±

0.
23

e
60

.1
8
±

0.
11

d
14

4.
16
±

0.
23

b
96

.6
8
±

0.
12

c
18

5.
12
±

0.
35

a
13

7.
11
±

0.
19

c
21

1.
32
±

0.
19

a
94

.8
1
±

0.
56

e
13

0.
98
±

0.
19

d
17

2.
73
±

0.
56

b

G
lu

co
no

ba
ct

er
ox

yd
an

s
(S

FT
-2

7)
72

.1
9
±

0.
13

e
86

.7
3
±

0.
25

d
25

1.
50
±

0.
37

a
88

.6
0
±

0.
25

c
17

1.
23
±

0.
25

b
96

.4
8
±

0.
12

d
89

.4
4
±

0.
24

e
14

3.
57
±

0.
00

c
15

8.
50
±

0.
25

a
14

8.
18
±

0.
36

b

A
ce

to
ba

ct
er

po
m

or
um

(S
FT

-2
8)

10
9.

16
±

0.
25

b
10

2.
64
±

0.
25

c
11

6.
01
±

0.
09

a
98

.7
9
±

0.
17

d
93

.1
9
±

0.
42

e
10

3.
35
±

0.
07

b
11

0.
05
±

0.
15

a
10

1.
33
±

0.
29

c
69

.7
2
±

0.
08

d
66

.3
3
±

0.
00

e

A
ce

to
ba

ct
er

as
ce

nd
en

s
(S

FT
-2

9)
92

.5
4
±

0.
41

e
99

.0
1
±

0.
08

c
94

.8
9
±

0.
08

d
10

0.
38
±

0.
09

b
10

5.
23
±

0.
09

a
94

.4
6
±

0.
15

a
83

.3
7
±

0.
07

b
77

.6
1
±

0.
15

d
78

.7
9
±

0.
08

c
69

.7
0
±

0.
22

e

A
ce

to
ba

ct
er

as
ce

nd
en

s
(S

FT
-3

0)
95

.0
6
±

0.
11

e
10

1.
59
±

0.
21

c
10

6.
45
±

0.
31

a
99

.5
1
±

0.
11

d
10

3.
97
±

0.
42

b
96

.0
4
±

0.
08

a
88

.1
2
±

0.
16

b
74

.2
1
±

0.
08

d
77

.3
3
±

0.
24

c
70

.3
7
±

0.
08

e

A
ce

to
ba

ct
er

as
ce

nd
en

s
(S

FT
-3

1)
12

1.
31
±

0.
25

c
15

4.
97
±

0.
12

a
12

5.
67
±

0.
12

b
98

.0
7
±

0.
24

d
90

.8
0
±

0.
49

e
87

.2
4
±

0.
09

c
61

.7
2
±

0.
19

e
89

.1
3
±

0.
28

b
10

7.
37
±

0.
10

a
78

.3
6
±

0.
10

d

A
ce

to
ba

ct
er

po
m

or
um

(S
FT

-3
2)

15
6.

12
±

0.
13

a
12

2.
40
±

0.
13

b
10

2.
64
±

0.
25

c
99

.8
0
±

0.
12

d
93

.7
5
±

0.
12

e
15

3.
29
±

1.
20

d
25

9.
88
±

0.
24

a
21

2.
69
±

1.
68

b
13

9.
64
±

0.
72

e
15

9.
28
±

0.
24

c

A
ce

to
ba

ct
er

m
al

or
um

(S
FT

-3
3)

11
7.

70
±

0.
08

a
89

.9
0
±

0.
29

d
75

.3
5
±

0.
07

e
10

1.
86
±

0.
22

c
11

7.
34
±

0.
15

b
72

.2
0
±

0.
16

a
16

.5
9
±

0.
07

e
23

.6
3
±

0.
00

d
43

.0
3
±

0.
07

b
29

.9
8
±

0.
04

c

A
ce

to
ba

ct
er

m
al

or
um

(S
FT

-3
6)

17
6.

67
±

0.
25

a
12

5.
85
±

0.
08

b
82

.6
7
±

0.
25

d
10

1.
30
±

0.
09

c
55

.6
6
±

0.
49

e
80

.0
9
±

0.
07

a
40

.2
8
±

0.
23

b
23

.6
6
±

0.
07

c
17

.4
7
±

0.
03

e
19

.6
6
±

0.
20

d

A
ce

to
ba

ct
er

m
al

or
um

(S
FT

-3
7)

10
0.

68
±

0.
07

c
11

8.
63
±

0.
07

a
10

5.
50
±

0.
08

b
99

.5
9
±

0.
44

d
64

.5
7
±

0.
15

e
78

.7
6
±

0.
04

a
36

.2
7
±

0.
08

b
19

.8
6
±

0.
12

d
30

.1
4
±

0.
08

c
36

.3
±

0.
12

b

1
A

ll
va

lu
es

ar
e

m
ea

n
±

SD
(n

=
3)

;M
ea

ns
w

it
h

di
ff

er
en

ts
up

er
sc

ri
pt

le
tt

er
s

in
th

e
sa

m
e

ro
w

ar
e

si
gn

ifi
ca

nt
ly

di
ff

er
en

ta
tp

<
0.

05
by

D
un

ca
n’

s
m

ul
ti

pl
e

ra
ng

e
te

st
.a

>
b

>
c

>
d

>
e.

28



Fermentation 2024, 10, 18

3.2.3. Alcohol Tolerance

Sugars are converted into alcohol by yeast and ethanol is oxidized into acetic acid
by acetic acid bacteria during the process of symbiotic fermentation; thus, alcohol concen-
tration is an important factor in microbial growth and acid production [38]. However, a
high concentration of ethanol during the initial period can result in a delay of the induction
period, leading to deceleration of the growth of acetic acid bacteria along with a reduction
in acid productivity [39]. The growth rates of acetic acid bacteria according to ethanol
concentrations are shown in Table 4. Most isolated strains of acetic acid bacteria showed
reduced growth rates at a concentration of 10% ethanol. This result is consistent with
those of an earlier study, which reported lower growth of acetic acid bacteria at an ethanol
content of 9% [36]. An increase in growth rates to higher than 100% was observed at ethanol
concentrations of 8–10% in A. pasteurianus SFT-2, 13, 14, and 17; A. orientalis SFT-10; A.
cibinongensis SFT-12; A. pomorum SFT-32; and Glu. oxydans SFT-26 and 27, indicating high
alcohol tolerance.

An optimum alcohol concentration of 4% for acetic acid fermentation has been re-
ported [40]. According to an earlier study on capacity in the production of acetic acid, the
activity of acetic acid production was affected by the characteristics of bacterial strains [41].
Therefore, additional studies are warranted in order to further determine the capacity in the
production of acetic acid according to characteristics of the strain. In the selection of strains,
this study complied with regulations for food standards and specifications established by
the Korean Ministry of Food and Drug Safety for microorganisms approved for use as food
materials [5], and assessment of factors impeding the growth and formation of bacteria
used in Kombucha fermentation was performed [42–44].

The screening of acetic acid bacteria suitable for use in symbiotic fermentation, in-
cluding five strains of the genus Acetobacter (A. pasteurianus SFT-3, 13, 18, and A. ascendens
SFT-30, 31) and two strains of the genus Gluconobacter (Glu. oxydans SFT-26, 27) was based
on the evaluation of fermentation characteristics (pH and titratable acidity), acid resistance,
and alcohol tolerance. An impact evaluation according to fermentation temperature and
fermentation period was conducted using the seven selected strains.

3.3. Fermentation Characteristics According to Fermentation Temperature and Time
3.3.1. pH, Titratable Acidity, and Viable Cell Count

The results regarding the optimum temperature for the growth of acetic acid bacteria
and determining the incubation period are shown in Table 5. Changes in the overall pH
showed a severe decrease from the initial pH between day 0 and day 2, and the lowest
pH values were detected in A. pasteurianus SFT-18 (pH 3.85) and Glu. oxydans SFT-27 (pH
3.56) on the day 3. According to incubation temperature, a large-scale decrease in pH
was observed at a temperature range of 30–35 ◦C. The pH values were reduced by 2.46,
compared to the initial pH at an incubation temperature of 35 ◦C in A. pasteurianus SFT-18,
and by 2.90 at 30 ◦C in Glu. oxydans SFT-26.

Most strains showed a gradual decrease in titratable acidity. The highest titratable
acidity was detected in A. pasteurianus SFT-18 (1.68%) and Glu. oxydans SFT-27 (0.79%)
on the third day. According to incubation temperature, the titratable acidity showed a
substantial increase at 30–35 ◦C. The titratable acidity increased by 1.56 compared with the
initial titratable acidity observed at an incubation temperature of 35 ◦C in A. pasteurianus
SFT-18 and by 0.67 at 35 ◦C in Glu. oxydans SFT-27.
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Regarding changes in viable cell count according to fermentation temperature, all
strains showed high growth rates at a temperature of 35 ◦C or below. High numbers of vi-
able cells were detected according to temperature in A. pasteurianus SFT-3 (8.92 logCFU/mL),
A. pasteurianus SFT-13 (9.05 logCFU/mL), A. pasteurianus SFT-18 (9.52 logCFU/mL), and
Glu. oxydans SFT-27 (8.55 logCFU/mL) at 35 ◦C; A. ascendens SFT-30 (9.30 logCFU/mL) and
A. ascendens SFT-31 (8.95 logCFU/mL) at 30 ◦C; and Glu. oxydans SFT-26 (9.54 logCFU/mL)
at 25 ◦C. In particular, a wider range of incubation temperatures was observed for growth of
A. pasteurianus SFT-18 compared with other bacterial strains, with increases in the number
of viable cells to 3.49 logCFU/mL at 25 ◦C, 3.30 logCFU/mL at 30 ◦C, 3.63 logCFU/mL at
35 ◦C, and 3.00 logCFU/mL at 40 ◦C from the initial viable cell count.

Despite variation in acid productivity according to the isolated strain, a significant
change in pH and total acidity content was observed as the viable cell count increased in
the same strain. Despite an increase in the viable cell count to 1.67–2.25 logCFU/mL in
A. ascendens SFT-31 and Glu. oxydans SFT-26 and 27 at 40 ◦C compared to the day 0, the
change in titratable acidity and pH with the effect of metabolic products was insignificant.
According to previous studies reported by Gullo et al. [45] and Sharafi et al. [46], inactivation
of acetic acid bacteria may be a result of an irregularity in optimum growth temperature,
resulting in a reduction in metabolism caused by injury to membranes. It is believed that
these previous findings support the findings of the current study. Therefore, based on its
stable fermentation characteristics at a wide range of culture temperatures, A. pasteurianus
SFT-18 (Accession; CP015168.1, Description; A. pasteurianus, Length; 2810721, Start; 874219,
End; 875683, Coverage; 0, Bit; 2673, E-Value; 0.0, Match/Total; 1460/1466, Pct. (%); 99.6) can
be regarded as the most suitable strain for use in the symbiotic fermentation of Kombucha.
The phylogenetic tree is shown in Figure 4.
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3.3.2. Content of Gluconate and Glucuronic Acid

The production of functional substances by Gluconobacter sp. results from chemical
and biological oxidation of glucose into gluconic acid, glucuronic acid, and others. Elimina-
tion of many types of toxic substances by glucuronic acid, including exogenous chemicals
and excessive steroid hormones, from the human body via the urinary system has been
reported [47]. In addition, it can be converted into glucosamine, which is beneficial in the
treatment of osteoarthritis and is also known as a precursor of vitamin C biosynthesis [48].
The usefulness of sodium gluconate obtained by the conversion of gluconic acid via mi-
crobial fermentation for application in various industries including food and beverage,
pharmaceuticals, and others has been reported [49,50].
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A culture solution was used at a fermentation temperature of 30 ◦C based on fermen-
tation characteristics (pH, titratable acidity, and viable cell count) to determine the content
of gluconate and glucuronic acid in the isolated sample of Gluconobacter sp. The content of
gluconate was 25.31 and 25.49 mg/mL, and the content of glucuronic acid was 10.15 and
10.32 mg/mL in Glu. oxydans SFT-26 and 27, respectively. Jayabalan et al. [51] reported a
glucuronic acid content of 2.33 g/L, and the highest content was detected in Kombucha
made from black tea on the 12th day of fermentation. Chen and Liu [52] reported that a
glucuronic acid content of approximately 10.0 g/L was detected between the 10th and 20th
days and 39.0 g/L was detected on the 60th day after fermentation of Kombucha. A faster
rate of glucuronic acid production, as well as a higher overall production amount, was
obtained for the two strains (Glu. oxydans SFT-26, 27) identified in this study, compared to
reports in the existing literature [51,52], both in terms of fermentation time and production
rate. However, further verification is required to determine more clearly the impact of
Kombucha composition and complex fermentation on changes in content. Therefore, Glu.
oxydans SFT-27 (Accession; NR_026118.1, Description; Glu. oxydans, Length; 1476, Start;
18, End; 1465, Coverage; 98, Bit; 2663, E-Value; 0.0, Match/Total; 1447/1449, Pct. (%);
99.9) can be considered suitable in the production of Kombucha and for enhancing the
functionality due to its exceptional capacity for acid resistance and metabolite production.
The phylogenetic tree is shown in Figure 5.
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The dominant bacteria in the Kombucha culture belong to the genera Acetobacter and
Gluconobacter, known for producing acetic acid and gluconic acid, respectively [13]. In this
study, microbial strains suitable for the complex microbial culture used in the production
of Kombucha (SCOBY), including A. pasteurianus SFT-18 and Glu. oxydans SFT-27, both
confirmed for their capacity for producing acetic and gluconic acid, were selected. A.
xylinum, A. pasteurianus, A. acetic, B. gluconicum, and Glu. oxydans were predominantly
detected in the currently analyzed Kombucha cultures, and other studies reported similar
results [13]. Based on these findings, the two selected strains were frequently detected in
Kombucha, indicating their potential for use in the production of Kombucha.

A. pasteurianus, with its high potential in the production of acetic acid [53] and its
capacity for producing bacterial cellulose (due to the results of this study), may provide
an optimal environment for producing Kombucha [54]. In addition, Glu. oxydans [55] may
have an important function in conveying various functional and bioactive effects [56] due
to the presence of products such as gluconic acid and glucuronic acid (supporting the
results of this study).

The main organic acids found in Kombucha include gluconic acid and acetic acid [57],
which are known as major compounds contributing to development of the flavor and
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quality of Kombucha [58]. Gluconic acid is associated with the drink’s pleasant sour taste,
while acetic acid is responsible for an astringent and acidic off-flavor. Wang et al. [59]
reported the potential utilization of A. pasteurianus and the enhanced sensory properties of
major organic acids in mixed cultures (Acetobacter and Gluconobacter strain). In addition,
mass production of nutritious Kombucha with consistent quality also poses challenges.
Obvious differences in the production of major organic acids such as acetic acid and
gluconic acid can be observed depending on the type of acetic acid bacteria, and, depending
on the complex microbial culture conditions, it can be a major variable affecting the quality
of the Kombucha. Therefore, to ensure the manufacture of commercially usable Kombucha,
as well as reproducibility, which is the final objective of this study, we plan on building
infrastructure for complex microbial culture of the two selected types of acetic acid bacteria,
lactic acid bacteria, and yeast.

4. Conclusions

The mass production of nutritious Kombucha with consistent quality presents sev-
eral challenges. In addition, the type of AAB is known to influence organic acids such
as gluconic acid and acetic acid, which are critical factors in determining the quality of
Kombucha during the culturing of the microbial complex. Therefore, in this study, two
strains determined to be suitable in the production of Kombucha were selected from among
the isolated acetic acid bacteria. The results showed that an optimum temperature range
of 30–35 ◦C was suitable in the fermentation of acetic acid bacteria. Regarding the change
in pH and titratable acidity, the lowest pH and highest titratable acidity were detected
in Acetobacter pasteurianus SFT-18 (pH 3.85, 1.68%) and Gluconobacter oxydans SFT-27 (pH
3.56, 0.79%). Regarding the change in viable cell count according to fermentation temper-
ature, a high viable cell count was detected at different incubation temperatures in the
Acetobacter pasteurianus SFT-18 strain. The Gluconobacter oxydans SFT-27 strain contained
10.32 mg/mL of glucuronic acid and 25.49 mg/mL of gluconate. This study was conducted
to select acetic acid bacteria for use in the production of Kombucha. However, because the
production of Kombucha is achieved through a complex fermentation process involving
various microorganisms, it must contain all three types of microorganisms: yeast, lactic
acid bacteria, and acetic acid bacteria. Thus, a selection study based on the specific qual-
ity characteristics of each microorganism, including yeast and lactic acid bacteria, was
conducted. The results demonstrated that Saccharomyces cerevisiae SFT-71 (microorganism
deposit number: KFCC11969P, Korean Culture Center of Microorganisms) and Leuconostoc
mesenteroides SFT-45 (microorganism deposit number: KFCC11968P, Korean Culture Center
of Microorganisms) were the yeast and lactic acid bacteria, respectively, most suitable
for use in complex fermentation. Future research on the manufacturing of Kombucha,
including studies on the composition of a complex microbial culture matrix in carefully
selected strains, is anticipated.
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Abstract: Artisanal cheeses are prepared using traditional methods with territorial, regional and
cultural linkages. In Brazil, there is a great diversity of artisanal cheeses (BAC), which have historical,
socioeconomic and cultural importance. The diversity of the BAC between producing regions is due
to the different compositions of raw milk, the steps involved in the process and the maturation time.
The crucial step for cheese differentiation is the non-addition of starter cultures, i.e., spontaneous
fermentation, which relies on the indigenous microbiota present in the raw material or from the
environment. Therefore, each BAC-producing region has a characteristic endogenous microbiota,
composed mainly of lactic acid bacteria (LAB). These bacteria are responsible for the technological,
sensory and safety characteristics of the BAC. In this review, the biotechnological applications of the
LAB isolated from different BAC were evidenced, including proteolytic, lipolytic, antimicrobial and
probiotic activities. In addition, challenges and opportunities in this field are highlighted, because
there are knowledge gaps related to artisanal cheese-producing regions, as well as the biotechnological
potential. Thus, this review may provide new insights into the biotechnological applications of LAB
and guide further research for the cheese-making process.

Keywords: traditional foods; fermentation; bioprospecting; biotechnology

1. Introduction

Lactic acid bacteria (LAB) are a diverse group of Gram-positive bacteria that produce
lactic acid as the main fermentation product of the carbohydrate metabolism. The term
“LAB” is somewhat ambiguous and is often used to refer to bacteria applied in the produc-
tion of fermented foods [1]. These include bacteria with high G+C (Bifidobacterium) and
low G+C content (Firmicute such as Lactobacillus, Lactococcus and Streptococcus). They are
acid-tolerant, meso-aerophilic, not mobile or spore-forming and either rod-shaped (bacilli)
or spherical (cocci) [2]. The term LAB has a rather positive connotation, containing bacteria
generally considered safe for human consumption, although some strains of enterococci
raise concern due to the possible presence of virulence factors and the potential transfer of
antibiotic resistance.

LAB are widely spread in the environment and play an important role in fermentation
processes. They are employed in the production of pickles, sauerkraut, fermented meats,
breads and especially dairy products [3]. Cheese making involves a process of fermentation
by LAB. During this process, milk is coagulated by adding rennet or an acid. The acid may
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be produced by the fermentation of lactose by LAB. Artisanal cheeses are produced by
indigenous LAB present in the raw material or from the environment [4]. For all processes,
LAB are important for acidification and the ripening process. In addition, they produce
key metabolites with antimicrobial activity, including organic acids, ethanol, hydrogen
peroxide, diacetyl, CO2 and bacteriocins [5,6].

In recent years, Brazilian cheeses have been recognized for their quality in several
awards, both at national [7] and international [8] levels. In general, the production of
Brazilian artisanal cheeses (BAC) involves the use of raw milk and an endogenous ferment
consisting of the whey collected the day before, which can be named according to the region,
such as “pingo” for Artisanal Minas Cheeses (AMC), the most famous in the country, or
“repique” for Porungo cheese, produced in São Paulo state. BAC produced with raw milk
must be ripened in accordance with specific legislation in minimum periods in order to
guarantee its safety [9,10].

Several studies have demonstrated the diversity of LAB in BAC, with emphasis on
Lactobacillus, Lactococcus, Enterococcus, Weissella, Pediococcus and Leuconostoc genera [11–13].
Different biotechnological applications of LAB isolated from BAC were detected, including
probiotic potential [11]; diacetyl [14] and exopolysaccharides (EPS) production [14]; and
antimicrobial [5], proteolytic [15] and lipolytic activities [14]. However, there is a lack
of knowledge about the biotechnological potential of LAB isolated from BAC. In this
review, we present the main gaps detected, indicating the under-investigated artisanal
cheese-producing regions, the opportunities for biotechnological exploration, as well as the
need to organize a collection of LAB typical of BAC for the purpose of biotechnological
research and exploitation. With an ultimate goal, this review provides new insights into
the industrial applications of LAB isolated from BAC.

2. Brazilian Artisanal Cheeses (BAC)

In Brazil, there is a great diversity of artisanal cheeses with historical, socioeconomic
and cultural importance. In general, cheese production takes place on small farms and
includes raw milk and traditional methods, which has been transmitted over hundreds of
years by generations of cheesemakers [16,17]. BAC are produced in different geographic
regions (Figure 1), such as Marajó cheese in the north; Coalho and Manteiga cheeses in the
northeast; Caipira cheese in the central region; Colonial, Serrano, KochKäse and Käschmier
in the south; and in the southeast, Artisanal Minas Cheese (AMC), Cabacinha, Parmesan-
type cheeses (Alagoa, Vale do Suaçuí and Mantiqueira de Minas), Porungo and Requeijão
Moreno [4].

Minas Gerais state is responsible for half of all cheese produced in the country, whose
importance is reinforced by the existence of several producing regions. Among them, AMC
production is responsible for 50% of the national production [4]. It is produced in the
micro-regions of Araxá, Campo das Vertentes, Canastra, Cerrado, Serra do Salitre, Serro,
Triângulo Mineiro and, more recently, Serras do Ibitipoca and Entre Serras (Figure 1) [18,19].
The AMC production method has even been recognized as Brazilian intangible heritage.
Its production steps consist of milking, filtration, the addition of rennet and endogenous
ferment, coagulation, curd cutting, draining, molding, pressing, dry salting and ripen-
ing [20]. Its quality has been reinforced by several awards; in 2021, for example, Brazil
was one of the leading countries in the ranking of the most famous world cheese contest,
winning 57 medals; 4 of the 5 medals in the “super gold” modality were won by cheeses
produced in Minas Gerais state [21]. In addition to the socio-cultural relevance of AMC, it
has economic importance, representing the main source of income for thousands of rural
producer families [22].
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3. LAB and Food Industry

LAB produce lactic acid as the main fermentation product, generated from two fer-
mentative metabolic pathways: homofermentative and heterofermentative. In cheese
making, both LAB metabolisms are reported. Homofermentative LAB includes Enterococ-
cus, Lactococcus, Pediococcus, Weissella and Streptococcus which produce lactic acid as an end
metabolite by Pentose Phosphate or the Embden-Meyerhof-Parnas pathway. Heterofer-
mentative LAB includes Leuconosctoc and Oenococcus which produce several other products
in addition to lactic acid, such as ethanol, acetic acid and CO2, from the conversion of
lactose via the 6-P-gluconate/phosphoketolase pathway. Finally, Lactobacillus includes both
homofermentative and heterofermentative species [23–25].

Streptococcus thermophilus, Lactococcus lactis and many lactobacilli grow in the presence
of a maximum of 2% or eventually 4% of salt, in addition to tolerating environments
with a low pH. LAB can also produce several types of glycolytic, lipolytic and proteolytic
enzymes. These characteristics reinforce their importance for different applications in the
food industry [26,27]. In addition, LAB contribute to the sensory development of various
foods, especially flavor (as they produce volatile compounds) and texture (improved by
the production of exopolysaccharides). The safety history of LAB contributes to the GRAS
(Generally Recognized As Safe) or QPS (Qualified Assumption of Safety) status, enabling
its use in food, either as starter cultures or probiotic strains [28]. For fermented foods
produced from previously sanitized or pasteurized raw materials, the use of a LAB starter
culture is necessary [27]. In addition, there are also non-starter LAB (NSLAB) that are
especially important for cheese ripening, for example [26].

In recent years, several studies have explored the potential of LAB to be used as
live vectors for in situ synthesis, i.e., the production and delivery of biomolecules at their
site of use/application, without removing or transporting them to another site. This is
only possible due to the GRAS status of the LAB strains. Another path consists of the
direct application of compounds obtained by ex situ synthesis, which means applying
the compounds in a place or environment outside their place of use or application [29].
However, in situ synthesis is advantageous as it allows the use of LAB strains instead
of purified compounds, enabling the development of polyfunctional cultures, as well as
reducing the costs of downstream isolation and purification steps. This strategy may
also be better accepted by consumers, because purified compounds are considered food
additives [30].

Recent studies have evaluated the use of in situ LAB for the synthesis of gamma-
aminobutyric acid (GABA) from L-glutamate—an amino acid released during milk fer-
mentation. This non-essential amino acid plays an important role in the central nervous
system as an inhibitory neurotransmitter. Its properties include antidepressant, anxiolytic
and antihypertensive activity, as well as the ability to regulate hormone secretion [6]. The
production of GABA by LAB appears to be directly related to the acid stress response; thus,
LAB strains able to produce GABA could be employed for functional purposes, especially
in foods with reduced pH values [31]. Challenges related to the use of LAB in situ include
its ability to resist certain types of stress, especially the osmotic pressure resulting from the
use of salts by the food industry [32]. In this context, the isolation of LAB from artisanal
cheeses aiming at its in situ application is notoriously promising, given its survival in
ripened cheeses, which generally have high amounts of salt [11]. Thus, it may represent, in
the near future, a promising strategy for the food industry.

Finally, the biotechnological potential of LAB also includes the encapsulation of
metabolites produced ex situ by them for the controlled release or application in active
packaging. Microencapsulation technology allows food-grade ingredients or bioactive
components to be adequately protected and released in a controlled manner over long
periods, including at specific sites [33]. The microencapsulation of LAB with probiotic
properties for use in livestock, for example, has already been demonstrated [34]. As for
the active packaging, antibacterial bioplastic film incorporated with purified bacteriocin
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from Lactilactobacillus sakei was able to reduce the contamination of Coalho cheese by
coagulase-positive staphylococci and thermotolerant coliforms [35].

4. LAB Isolated from BAC

In general, BAC are produced from raw milk, which presents a pH close to neutrality,
high water activity and significant nutritional value. It also has rich microbiota, mainly
composed of LAB [36,37], essential for the fermentation process and, consequently, for the
cheese quality and safety [38,39]. The relevant sensory characteristics of artisanal cheeses
are provided by the activity of autochthonous LAB, especially related to the production of
organic acids, fatty acids and amino acids, as well as peptidases and lipases [40–44].

In BAC, the most frequently reported genera of LAB are Lactobacillus, Lactococcus,
Enterococcus, Pediococcus, Leuconostoc, Streptococcus and Weissella (Table 1). No data were
found regarding the LAB isolated from Cabacinha, Parmesan-type cheeses, Porungo and
KochKäse and Käschmier cheeses. It should also be noted that LAB also correspond to the
majority group in an endogenous ferment used in the production of various types of BAC,
in addition to the milking and production environment; therefore, the LAB diversity of BAC
is influenced by the geographic location, climatic conditions and processing steps [15,43,44].

Table 1. LAB isolated from BAC produced in several producing regions.

BAC LAB * References

Caipira Enterococcus sp., E. faecium, E. durans, E. faecalis, E. hermanniensis, Lactococcus, Lb.
plantarum subsp. plantarum, Lb. paracasei subsp. paracasei, Lb. casei. [12,39]

Coalho

Enterococcus sp., E. faecium, E. casseliflavus, E. durans, E. faecalis, E. gallinarum,
E. italicus, E. hermanniensis, Lactobacillus sp., Lb. acidophilus, Lb. curvatus, Lb.
fermentum, Lb. paracasei subsp. paracasei, Lb. plantarum subsp. plantarum, Lb.

rhamnosus , Lactococcus sp., Lc. lactis, Lc. lactis subsp. lactis, Lc. garvieae, Leuconostoc
sp., Lc. mesenteroides subsp. mesenteroides, Streptococcus sp., S. infantarius, subsp.
infantarius, S. lutetiensis, S. macedonicus, S. waiu, Weisella sp., W. paramesenteroides

[12,39,45–47]

Colonial
E. faecium, E. durans, E. faecalis„ E. hermanniensis, Lactococcus sp., Lc. lactis, Lc.
piscium, Lc. raffinolactis group, Lactobacillus sp., Lb. brevis, Lb. casei-paracasei,

Leuconostoc sp., S. equinus-lutetiensis, S. parauberis, S. porcorum/sanguinis
[12,39,48]

Manteiga E. faecium, E. durans, E. faecalis, E. hermanniensis, Lactobacillus sp., Lactococcus sp.,
Leuconostoc sp., Streptococcus sp [12,39]

Marajó E. durans, E. faecium, E. faecalis, E. gilvus, E. hermanniensis, Lactobacillus sp.,
Lactococcus sp., Leuconostoc sp., Streptococcus sp [12,39,49]

Artisanal Minas

Enterococcus spp., E. durans, E. faecalis, E. faecium, E. gilvus, E. hermanniensis, E.
raffinosus, E. rivorum, Lactobacillus sp., Lb. casei, Lb. paracasei subsp. paracasei, Lb.
plantarum subsp. plantarum, Lb. paraplantarum, Lb. rhamnosus, Lb. hilgardii, Lb.

brevis, Lb. buchneri subsp. buchneri, Lb. parabuchneri, Lb. acidipiscis, Lactococcus spp.,
Lc. lactis, Lc. garvieae, Leuconostoc sp., Ln. mesenteroides, Pediococcus sp., P. acidilactici,
Streptococcus sp., S. agalactiae, S. macedonicus, S. porcorum/sanguinis, S. thermophilus,

S. infantarius, W. paramesenteroides

[39,40,44,48,50–55]

Serrano

Enterococcus sp., E. faecium, E. durans, E. faecalis, E. hermanniensis. Lactobacillus sp.,
Lb. casei, Lb. plantarum subsp. plantarum, Lb. paracasei subsp. paracasei, Lb.

rhamnosus, Lb. acidophilus, Lb. curvatus, Lb. fermentum, Lactococcus sp., Lc. lactis, Lc.
piscium, Lc. raffinolactis, Leuconostoc sp., Ln. mesenteroides, Streptococcus sp., S.

equinus-lutetiensis-infantarius, S. parauberis, S. porcorum/sanguinis.

[39,56–58]

* Lactobacillus species updated according to the reclassification [59]. E. = Enterococcus, Lc. = Lactococcus, Lb. = Lacto-
bacillus, Ln = Leuconostoc, S. = Streptococcus, P. = Pediococcus, W. = Weissella.

The importance of LAB in cheese production is due to the presence of starter cultures
and NSLAB. Starter cultures, mainly Lc. lactis and S. thermophilus, are responsible for
converting lactose into lactic acid at a controlled rate. This process results in a gradual
decrease in pH, which has a significant impact on various aspects of cheese production
and ultimately determines the cheese’s composition and quality. During the early stages of
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cheese ripening, Lb. delbrueckii and Lb. helveticus play a critical role, breaking down proteins,
metabolizing lactose, producing aromatic compounds and providing substrates that can
be further consumed by other microbial groups, such as NSLAB [60]. NSLAB mainly
include the facultative heterofermentative Lactobacillus genus, followed by Pediococcus
pentosaceus [61]. They can impact the cheese flavor and texture due to the production of
compounds from the catabolism of amino acids, mainly methionine, aromatic amino acids
and branched-chain amino acids, in addition to the synthesis of EPS [39,61–63]. In addition,
bacteriocins, hydrogen peroxide, diacetyl and CO2 are also produced by NSLAB, acting as
biopreservatives and contributing to the cheese safety [5,11,64,65].

5. Biotechnological Potential of LAB Isolated from BAC

The self-sufficiency in inputs, the increasing demand for clean-label products and
food production in the bioeconomy context have stimulated the development of research
for bioprospecting microbial and bioactive compounds from different types of products,
especially fermented foods [66,67]. Among them, dairy products stand out due to their
recognized microbial diversity, especially LAB. In this context, artisanal cheeses have
proved to be an important source for the isolation of microorganisms with biotechnological
purposes [11].

Recent studies have demonstrated the potential for the industrial application of
LAB, such as the production of enzymes, diacetyl, EPS, antimicrobial compounds, pro-
biotic and prebiotic effects, among others, aimed mainly at improving food quality and
safety [32,68,69]. In Brazil, research has been carried out to discover novel LAB strains
isolated from BAC for industrial exploitation (Table 2). In the next sections, the main
biotechnological applications of LAB identified in BAC by different studies published in
recent years are discussed.

Table 2. Biotechnological potential of LAB isolated from BAC.

BAC Biotechnological Potential References

Marajó Antimicrobial activity against L. monocytogenes, St. aureus and Es. coli, lipolytic
activity, proteolytic activity, acidification capacity, diacetyl production [11,14,49,70,71]

Manteiga
Antimicrobial activity against L. monocytogenes and St. aureus, lipolytic activity,

proteolytic activity, acidification capacity, diacetyl production,
probiotic potential

[11,14,39,72]

Coalho
Antimicrobial activity against Listeria sp., B. cereus, B. subtilis, E. faecalis,

St. aureus, Es. coli, K. pneumoniae and P. aeruginosa, lipolytic activity, proteolytic
activity, acidification capacity, probiotic potential, β-galactosidase synthesis

[11,14,39,47,72–74]

Serrano
Antimicrobial activity against L. monocytogenes, St.aureus, Es. coli, S. enterica
and Penicillium, lipolytic activity, proteolytic activity, acidification capacity,

diacetyl production, probiotic potential
[11,14,39,72,75]

Caipira
Antimicrobial activity against L. monocytogenes and St.aureus, lipolytic activity,

proteolytic activity, acidification capacity, diacetyl production,
probiotic potential

[11,14,39,72]

AMC
Antimicrobial activity against Listeria sp., Enterococcus sp., St. aureus, S.
Typhimurium and S. Enteritidis, lipolytic activity, proteolytic activity,

acidification capacity, diacetyl production, probiotic potential, EPS production
[11,14,39,43,72,76–83]

Colonial
Antimicrobial activity against L. monocytogenes and St. aureus, lipolytic activity,

proteolytic activity, acidification capacity, diacetyl production,
probiotic potential

[11,14,39,72]

L. = Listeria, St. = Staphylococcus, Es. = Escherichia, K. = Klebsiella, P. = Pseudomonas, B. = Bacillus, S. = Salmonella.
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5.1. Bacteriocin Production

Bacteriocins are proteins or peptides ribosomally synthesized by Gram-positive and
-negative bacteria, with recognized antimicrobial activity (bacteriostatic, bactericidal or
bacteriolytic) against taxonomically related or unrelated microorganisms [84–86]. They can
be broad spectrum, inhibiting a wide variety of bacteria, or narrow spectrum, inhibiting
taxonomically close bacteria [86,87]. In general, they are cationic and exhibit amphipathic
properties, with the cell membrane being, in most cases, the target of their activity [88].
The first studies about the antimicrobial activity of LAB date back to the 1920s, with the
discovery of colicin V; the discovery of nisin, in 1969, intensified the search for bioactive
peptides synthesized by LAB, more specifically bacteriocins. Its use by the food and
medical industries represents an alternative to the use of chemical additives and antibiotics,
respectively, which has stimulated the interest in novel research in the area [31,89–91].

The industrial application of bacteriocins has several advantages, such as the activity
against pathogens and spoilage microorganisms in foods, relative stability in different pH
and temperature values, possibility of use as natural preservatives in foods and selective
toxicity and inactivation by digestive proteases, with little influence on gut microbiota. Fur-
thermore, a genetic determinant is usually encoded by plasmids, which allows facilitated
genetic manipulation [92,93]. In addition, bacteriocins produced by LAB are considered
GRAS, which favors their industrial application. However, the only bacteriocin approved
by the Food and Drug Administration (FDA) for use as a preservative in foods is nisin,
produced by Lactococcus lactis and commercially available as Nisaplin® [94]. Nisin can also
be applied in veterinary practice, for example, in the treatment of mastitis as an alternative
to conventional antibiotics [95,96]. However, the low stability and solubility of nisin at
neutral pH, the hydrophobic nature and the selection of resistant bacteria reinforce the
importance of studies focused on the discovery of new bacteriocins [97,98].

In this context, artisanal cheeses consist of an important source of bacteriocins [39].
A recent evaluation of the phylogenetic distribution of the LAB bacteriocin repertoire
associated with artisanal cheeses reported bacteriocins not yet characterized, for example,
two novel putative glycocins and one lasso peptide in the genome of some strains belonging
to the E. faecalis species, reinforcing their relevance as a potential source [84]. Pediocins
produced by four different strains of Pediococcus pentosaceus isolated from AMC were able
to inhibit the growth of Listeria monocytogenes, a relevant foodborne pathogen [98]. The
Pediococcus and Lactobacillus strains isolated from sheep cheese produced in southern Brazil
and artisanal cheese produced in Minas Gerais state have also been identified as producing
bacteriocins with anti-listeria activity [99,100]. In addition to this pathogen, Bacillus cereus,
one of the most important causes of food poisoning, and Pseudomonas fluorescens, common
spoilage bacteria, were inhibited by bacteriocins (not identified yet) produced by the LAB
isolated from Colonial cheese produced in southern Brazil [101].

5.2. Acidification Capacity

The acidification capacity is a widely studied aspect in LAB isolated from artisanal
cheeses and can vary significantly depending on the strain and substrate. LAB are mainly
responsible for the acidification of the raw milk, resulting in the pH decreasing and,
consequently, affecting the activity of the rennet. Acidification also contributes to the
solubilization of calcium phosphate, impacting the cheese texture, as well as the syneresis
process, with reflections on its centesimal composition. Finally, acidification plays an
important role in the microbial succession during cheese ripening, favoring the enzymatic
activity of NSLAB, with desirable effects on the cheese flavor and texture [62,102,103].

Furthermore, the decreasing pH resulting from the production of organic acids can
inhibit the growth of spoilage and pathogenic microorganisms. The release of short-chain
weak organic acids, especially lactic, acetic, sorbic and propionic, during the fermentation
process corresponds to one of the main mechanisms of biopreservation in fermented
foods [104]. The increase in the lipid solubility of organic acids under conditions of high
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acidity interferes with the cell membrane potential, impairing the metabolic functions of
undesirable microorganisms [105].

The acidification capacity of LAB isolated from BAC varied according to the microbial
species and producing region; Lacticaseibacillus paracasei and Levilactobacillus brevis were
more efficient in acidifying the substrate under the LAB isolated from AMC, Coalho and
Caipira cheeses and presented a high acidification capacity [11], which was attributed to
the type of herd feeding, differences in the cheese pressing stage, as well as the higher
proportion of carbohydrate in the cheese. A low acidification capacity was observed for
Weissella spp. isolated from BAC [71], reinforcing that acidification depends on the LAB
species. It is also worth mentioning that the acidification capacity may vary according
to the culture medium used for isolation; LAB isolated from M17 agar showed a greater
acidification capacity than those isolated from MRS agar, which makes it difficult to compare
the results of LAB isolated from different culture media [43].

5.3. Probiotic Potential

According to the Food and Agriculture Organization [106], probiotics are live microor-
ganisms that, when administered in adequate amounts, confer health benefits on the host.
The term prebiotic refers to substrates that, when metabolized by the host’s gut microbiota,
result in health benefits. However, prebiotics can also be found in other sources, such as
food, where they can stimulate the growth or activity of beneficial microorganisms [107].
The consumption of probiotics and/or prebiotics corresponds to one of the most efficient
ways to maintain the balance of the intestinal microbiota (eubiosis) [108].

A probiotic strain must present some requirements, such as the ability to resist the
acidic conditions, adhere to the gut environment, inhibit pathogens, modulate the immune
system and confer benefits on the host’s health; in addition, it does not present virulence
factors. Several LAB strains meet these requirements, which make them even more relevant
for application by the food industry [109]. Regarding probiotic food, it must comply with
legal rules, demonstrating that viable microorganisms confer health benefits and are in a
sufficient minimum number until the expiration date. If the food does not meet all these
requirements, it only contains probiotics but is not considered as a probiotic food. This is
mainly applied for artisanal fermented foods, in which the microbial species present, as
well as their quantities, are generally not known [110].

Several probiotic LAB strains are widely used by the food industry, especially in
the production of functional foods. Recent studies have demonstrated different types of
benefits of probiotic LAB and their respective functional applications [111–113]. Many of
these properties are related to the increasing values of proteins, minerals and vitamins in
foods. In addition, the releasing of products from microbial metabolism, such as peptides,
GABA, conjugated linoleic acids (CLA) and EPS, can contribute to health promotion [114].
Other benefits of probiotic LAB include the prevention of cardiovascular diseases, diarrhea,
allergies, certain types of cancer and immunomodulation, among others [115].

The probiotic potential of LAB isolated from BAC has been demonstrated by different
studies. Strains isolated from Colonial cheese showed high resistance to gastric acidity,
with significant potential for use as a probiotic [116]. In vitro and in vivo probiotic potential
was demonstrated for a Lb. plantarum strain isolated from AMC produced in the Canastra
region, Minas Gerais state [117]. Lb. plantarum and Lb. rhamnosus isolated from the same
type of cheese have already been evaluated as probiotic cultures in fermented milk [76].

Regarding the prebiotic property of compounds produced by LAB, it is generally
related to the production of EPS (as will be discussed further in the next section), because it
can favor the growth of probiotic strains. In cheeses, the supplementation with prebiotics
can increase the populations of viable probiotic microorganisms; for example, the use of
galactooligosaccharides (GOS), fructooligosaccharides (FOS) and inulin as nutraceuticals
has stimulated the growth, survival and activity of probiotic strains in cheeses [118]. In
artisanal cheeses, lactulose promoted the growth of lactobacilli and induced the production
of short-chain fatty acids (SCFA) in Portuguese Serpa cheese [29]. SCFA contribute to health
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benefits, such as the regulation of energy metabolism, protection against colorectal cancer
and inflammatory bowel disorders and obesity prevention [119]. At this moment, the
prebiotic potential of LAB isolated from artisanal cheeses still remains unexplored in Brazil.

5.4. Exopolysaccharide (EPS) Production

Exopolysaccharides are biopolymers produced by microorganisms, whose compo-
sition and production yield are strain-dependent, both impacted by fermentation condi-
tions [120,121]. Xanthomonas campestris and Acetobacter xylinum are recognized as excellent
EPS-producing species; however, for industrial use, it is preferable that the producing
microorganisms are GRAS, which reduces costs with purification processes. Furthermore,
the application of purified EPS results in different effects on food when compared to EPS
produced in situ, with better results [120].

The production of EPS by LAB has already been reported for Lactobacillus, Lactococcus,
Leuconostoc and Streptococcus genera [122–124]. Lb. rhamnosus and Lactobacillus kefiranofaciens
are even recognized as excellent EPS-producing species [109]. Leuconostoc mesenteroides and
Streptococcus salivarius subsp. thermophilus, for example, have already been identified as
producing species of dextran and fructan homopolysaccharides, respectively [120]. In this
sense, the EPS production by LAB is especially important for the food industry, mainly for
obtaining viscosity, stabilizing, emulsifying or gelling agents [109,125].

In cheeses, the production of EPS by NSLAB results in curd strengthening and the
reduction of syneresis as a result of its binding with water molecules in the casein net-
work [126]; thus, it contributes especially for the improvement in appearance and texture
attributes in cheeses. In addition, EPS can minimize the harmful effects of bacteriophages
during the fermentation process of dairy products, as they make the virus adsorption on
the surface of the microbial cell difficult [127]. In BAC, the potential for EPS production
by LAB has been little explored, with the first results indicating the AMC from Canastra,
Campo das Vertentes, Serro and Cerrado, as well as Serrano cheese, as a source of LAB
for this purpose [39]. These authors reinforce that obtaining EPS from the LAB of BAC
constitutes a cheap, natural and sustainable strategy, with lower exploration costs, aiming
at application in dairies.

In addition to the technological properties of EPS, its prebiotic effect stands out, rein-
forcing the relevance of the LAB (Table 2). The EPS produced by LAB favor the tolerance of
probiotic strains to gut stress conditions, resulting in increased viability [109,121]. Because
they can be metabolized in the gut, EPS constitute a substrate for the growth of probiotic
strains, favoring the health benefits already demonstrated for this microbial group. For
example, EPS produced by Lb. plantarum favored the growth of probiotic bacteria [128],
and it also showed a bifidogenic effect, reducing the damages related to putrefactive
bacteria [109].

5.5. Diacetyl Production

Diacetyl (2,3-butanedione) is a volatile compound produced by some LAB species
during the conversion of citrate to pyruvate in the fermentation process, although it is not
an exclusive feature of LAB [74,129,130]. The presence of diacetyl in certain foods is desir-
able, contributing to the buttery aroma and flavor [39,131]. It also presents antimicrobial
activity against food pathogens, for which the mechanism of action consists of blocking the
binding site of the microbial enzyme responsible for the use of arginine, affecting protein
synthesis [129,132].

The production of diacetyl by Lc. lactis subsp. lactis biovar diacetylactis isolated from
raw goat milk has already been reported [105]. In BAC, the LAB isolated from Marajó,
Manteiga and AMC cheeses were able to produce diacetyl (Table 2). The Leuconostoc and
Streptococcus strains isolated from Coalho cheese also showed this ability [74]. Finally, it was
found that strains of Weissella cibaria and Weissella paramesenteroides isolated from cheeses
produced in several regions of Brazil can produce diacetyl; W. paramesenteroides also stood
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out as an excellent producer of protease and had a high acidification capacity, desirable
characteristics for cultures used in the dairy industry [71].

Interestingly, the occurrence of diacetyl-producing LAB may vary in BAC depending
on the type of endogenous ferment used in the cheesemaking process. [78] evaluated the
diacetyl production capacity in LAB isolated from “pingo” (the endogenous ferment used
in the production of AMC) and from “rala”, a kind of alternative inoculant consisting of
portions of grated cheese; 66% of the “rala” isolates were able to produce diacetyl, much
higher compared to the “pingo” isolates (25%). This difference can be explained by the
predominance of NSLAB in the “rala” (a group that includes the main producers of diacetyl),
because it is obtained from cheeses ripened for 3 to 5 days, unlike the “pingo” which consists
of the whey collected from the still-fresh cheese produced on the previous day.

5.6. Proteolytic and Lipolytic Activities

Microbial cultures presenting proteolytic activity are widely used in the food industry,
such as in the production of several types of dairy products, including cheeses and fer-
mented milks; in the meat industry, to improve its texture, aroma and color; in the bakery
industry, to break down the gluten net, improving the bread texture; in the alcoholic and
non-alcoholic beverage industry, to reduce turbidity; and even in the production of animal
feed [133].

In cheeses, proteolytic LAB play important roles for their quality, especially in ripened
cheeses; therefore, the use of proteolytic cultures or purified enzymes is of great relevance
for the cheese industry [134,135]. Proteolytic LAB strains can be used as adjunct cultures,
acting on the peptide bonds of the matrix with the consequent release of amino acids and
improvement in the cheese aroma, flavor and texture [70]. In addition, they can be used
in the elaboration of dairy products with lower allergenic potential, reducing the risks for
consumers with greater sensitivity to milk proteins [32].

Pediococcus acidilactici and Weissella viridescens proteolytic strains were isolated from
ripened BAC [136], in addition to Enterococcus spp. isolates from AMC produced in the
Campo das Vertentes, Serro and Cerrado regions, and from Coalho, Colonial, Serrano and
Caipira cheeses [14]. The cheese-producing region can influence the microbial diversity
of the product and, consequently, the occurrence of LAB with proteolytic activity. The
LAB isolated from the AMC produced in the Campo das Vertentes region showed greater
proteolytic activity than the LAB from cheeses produced in the Canastra region [43].

The contribution of LAB to the lipolysis processes in BAC is secondary, being more
relevant for certain types of cheeses, such as blue cheeses (Gorgonzola and Roquefort)
and cheddar [62]. However, lipases play an important role in the releasing of free fatty
acids, precursors of volatile aromatic compounds that improve the sensory quality of the
product [32,130]. It has been shown that BAC are good sources for the isolation of LAB
with lipolytic activity, especially LAB isolated from AMC produced in the Araxá, Canastra
and Serro regions, as well as from Colonial and Serrano cheeses, in addition to Pediococcus
acidilactici isolated from Marajó cheese [11] and Enterococcus spp. isolated from AMC
produced in the Araxá, Campo das Vertentes and Cerrado regions [14].

5.7. β-Galactosidase Activity

β-galactosidases are widely used for the hydrolysis of lactose by the food industry,
with the aim of reducing its content in dairy products. This enzyme prevents crystalliza-
tion and increased sweetness, flavor and solubility in several types of dairy products. In
addition, the hydrolysis of lactose into D-glucose and D-galactose enables the development
of lactose-free products, suitable for intolerant consumers, who correspond to about 70% of
the world’s adult population [137]. β-galactosidases are also able to catalyze transgalacto-
sylation reactions, being successfully applied in the synthesis of lactose-based prebiotics,
such as GOS, lactulose and lactosaccharose [138].

Another application of β-galactosidases that has been evaluated in recent years is the
increase in safety due to the reduction in pH during the fermentation process. The glucose
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released from its activity can be consumed by the microbiota with the consequent produc-
tion of lactic acid, increasing acidification rates, and thus contributing to the inhibition
of pathogens [73]. Furthermore, β-galactosidases have also been used for the treatment
of whey. Its inadequate disposal has been shown to be a serious environmental problem,
especially regarding the eutrophication of rivers and water courses. In this context, the
application of β-galactosidases can help to mitigate the damage resulting from the disposal
of whey, in addition to allowing its reuse for the production of ingredients to be used in
confectionery and bakery products [139].

To the best of our knowledge, there are no reports of the isolation of β-galactosidase-
producing LAB from BAC. The production of β-galactosidase by strains of Lacticaseibacillus
casei and Limosilactobacillus fermentum isolated from buffalo mozzarella has been demon-
strated [140]; a strain of Leuconostoc mesenteroides subsp. mesenteroides with β–galactosidase
activity, also from buffalo mozzarella, has been reported [141]. In BAC, only one study
demonstrated the production of β-galactosidases in the strains of E. durans and E. faecium
isolated from Coalho cheese [73].

6. Underexplored Biopotential and Opportunities for LAB from BAC

Brazil is one of the largest economies in the world, but it still depends on the import
of inputs widely used in different industries, such as food, pharmaceuticals and biofuels,
among others [142]. It is a paradox, given that the country has the greatest biodiversity on
the planet and, therefore, a practically inexhaustible source for prospecting microorganisms
with biotechnological potential. In this context, Brazilian fermented foods represent a
relevant source of bacteria and fungi aimed at industrial exploitation; among these, BAC
has stood out in recent years [11,66].

For this review, studies about LAB with biotechnological potential isolated from
BAC were evaluated. Despite considerable progress in recent years, reinforced by the
promising results presented here, there is still a gap to be filled by further studies. Most
of the research carried out has focused mainly on the evaluation of antimicrobial activity,
acidification capacity and enzyme and diacetyl production by LAB (Table 2). A few studies
demonstrated the EPS production in different LAB isolated from BAC [39,71,78]. A similar
situation was observed for the β-galactosidase synthesis, more specifically by LAB strains
isolated from Coalho cheese [47,73]. As for prebiotics, there are no studies, so far, that have
demonstrated their potential for use in LAB isolated from BAC.

In addition, most of the studies have been carried out in traditional and nationally
recognized cheese-making regions, especially those involved in the production of AMC
(Figure 2). Therefore, some types of cheese still lack information about their microbial
diversity; for example, there are no studies of the isolation and identification of LAB isolated
from Cabacinha cheeses, Parmesan-type cheeses, Porungo and KochKäse and Käschmier
cheeses, produced in the south by German immigrants. It is, therefore, a niche opportunity
for exploring the biotechnological potential of LAB; new insights into the genetic heritage of
these traditional products can be provided from studies with cheesemakers in these regions.

Finally, it is worth to emphasize the urgent necessity to create and maintain a Brazilian
collection of LAB that includes researchers from different regions in the country. Consider-
ing the continental dimension of Brazil, it is a complex and onerous effort. However, the
articulation of researchers from universities and research institutions with public agents
is essential to obtain human and financial resources aiming at the establishment of a na-
tional collection of LAB with scientific legitimacy and that becomes a reliable source of
microorganisms for future research. We believe that this collection will have the potential
to become a world reference in the cataloguing of LAB strains isolated from cheeses, with
inestimable biotechnological value.
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7. Conclusions

This review demonstrated the challenges and opportunities little explored for the
application of LAB isolated from BAC. The discovery and characterization of new LAB
strains isolated from BAC allow to increase the knowledge of the variety of compounds
and enzymes produced by these bacteria and, consequently, expand the opportunities
of applications. The use of producer strains or even isolated substances can be used
for the elaboration of new functional foods, with improved sensorial and rheological
characteristics, and also with greater microbiological safety.
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urban.cesnik@ung.si (U.Č.); mitja.martelanc@ung.si (M.M.); tatjana.radovanovic@ung.si (T.R.V.);
branka.mozetic@ung.si (B.M.V.)

2 NIBIO, Norwegian Institute of Bioeconomy Research, P.O. Box 115, NO-1431 Ås, Norway;
ingunn.ovsthus@nibio.no

3 Center for Information Technologies and Applied Mathematics, University of Nova Gorica, Glavni trg 8,
5271-SI Vipava, Slovenia; ahmad.hosseini@ung.si

* Correspondence: lorena.butinar@ung.si; Tel.: +386-5-90-99-702

Abstract: Saccharomyces cerevisiae is commonly used for the production of alcoholic beverages, in-
cluding cider. In this study, we examined indigenous S. cerevisiae and S. uvarum strains, both species
commonly found in cider from Hardanger (Norway), for their strain-specific abilities to produce
volatile and non-volatile compounds. Small-scale fermentation of apple juice with 20 Saccharomyces
strains was performed to evaluate their aroma-producing potential as a function of amino acids (AAs)
and other physicochemical parameters under the same experimental conditions. After fermentation,
sugars, organic acids, AAs, and biogenic amines (BAs) were quantified using the HPLC–UV/RI
system. A new analytical method was developed for the simultaneous determination of nineteen AAs
and four BAs in a single run using HPLC–UV with prior sample derivatization. Volatile compounds
were determined using HS-SPME-GC-MS. Based on 54 parameters and after the removal of outliers,
the nineteen strains were classified into four groups. In addition, we used PLS regression to establish
a relationship between aroma compounds and predictor variables (AAs, BAs, organic acids, sugars,
hydrogen sulfide (H2S) production, CO2 release) of all 19 strains tested. The results of the VIP show
that the main predictor variables affecting the aroma compounds produced by the selected yeasts are
16, belonging mainly to AAs.

Keywords: Saccharomyces; Hardanger; characterization; fermentation; cider; non-volatile compounds;
volatile organic compounds; partial least squares (PLS) regression

1. Introduction

Norwegian cider is becoming more and more popular in Norway in recent years
among producers and consumers. Especially in the Southwest part of Norway, in the
Hardanger region, there is a long tradition of producing ciders. Available data show that
traditional cider from Hardanger is very different from French, English, or Spanish ciders
in terms of sensory characteristics, apple cultivars, and fermentation process. A recent
comparison of the aromatic component composition of different French and Norwegian
ciders, including ciders from Hardanger, has confirmed that Norwegian ciders contain more
aromas, which are behind fruity and fresh sensory sensations [1]. Cider from Hardanger is
mostly made from desert apples, which have different chemical compositions in comparison
to cider apples [2,3]. Ciders in Hardanger were traditionally produced by employing long
spontaneous fermentation, even over winter, at low temperatures, often with the addition
of sucrose and nothing else to increase the alcoholic strength [2]. Nowadays, spontaneous
fermentation is more and more replaced by inoculated commercial yeasts. In our previous
study of yeast ecology from ciders produced in the Hardanger area, we had seen that
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in ciders, apart from the presence of non-Saccharomyces species at the early stages of
fermentation, the most predominant species isolated during fermentation were S. cerevisiae
and S. uvarum [4].

S. uvarum is a cryotolerant yeast and belongs to the Saccharomyces sensu stricto clade,
being the furthest relative from S. cerevisiae, and is now recognized as a pure species, distinct
from S. bayanus, which is a hybrid of S. uvarum and S. eubayanus [5,6]. Due to its problematic
taxonomy and incorrect identification, it is difficult to trace it in the scientific literature
and obtain data about its origin, diversity, and potential usage in cider and winemaking.
S. uvarum is not only related to cider fermentations, but it is also known in white wine
production from colder grape-growing regions [7].

S. uvarum in grape juice, in comparison to S. cerevisiae, produces less acetic acid,
acetaldehyde, and ethanol but more glycerol, succinic acid, and malic acid [7]. It is also
capable of producing substantially more 2-phenyl ethanol (rose note), isoamyl alcohol
(whisky), iso-butanol (solvent, bitter), and ethyl acetate (pineapple) [8,9]. There are also
reports about the use of S. uvarum in cider production [10,11]. The phenotypic differences
between S. uvarum and S. cerevisiae, the primary yeast species used worldwide for wine
and cider making, are associated with pronounced proteomic differences [12].

S. cerevisiae gives ciders consistent aroma and taste and less risk of spoilage, however,
resulting in less complex ciders [13]. Thus, to modulate the profile of ciders by enhancing
microbial diversity seems a rational approach and was shown in recent studies [14,15]. To
better evaluate the potential of different natural Saccharomyces strains, we need to assess the
impact of nitrogen sources on fermentative behavior and possible undesirable production of
metabolites such as acetic acid, H2S, and BAs as well. In spontaneous fermentations, yeasts
generally use naturally present amino acids, which results in higher aromatic complexity
but also higher production of BAs.

The impact of Saccharomyces strains on the aroma profile related to different fermenta-
tion conditions is already well described in wine and beer production [7]; however, in recent
years, cider production has been supported by research mainly based on non-Saccharomyces
yeast strains [14–17], and not so much on potential alternative Saccharomyces species, such
as S. uvarum.

S. cerevisiae is known to be more controllable in its fermentation output and perfor-
mance in wine and beer production [7,18]. Therefore, it is very important to study them in
natural media for cider production, namely apple juice. Most of the yeast characterization
studies are still performed in synthetic must.

This study aimed to characterize traits of isolated S. cerevisiae and S. uvarum strains
from ciders produced in Hardanger [4], an important area for cider production. We aimed
to take a deeper look at their amino acid and sugar consumption in typical Hardanger
apple juice (Malus domestica cv. ‘Aroma’), the conversion of present sugars into ethanol, the
yeast production potential of characteristic volatile compounds, and possible production of
undesirable compounds, such as BAs, acetic acid and H2S. To sum up, a comprehensive
study of 20 yeast metabolite phenotypes has been used to classify the yeasts into groups
with similar properties with the help of statistical methods, and partial least squares (PLS)
regression has been used to reveal the correlation between amino acids and other primary
metabolites with a synthesis of five different chemical groups of volatile compounds in
apple ciders.

2. Materials and Methods
2.1. Yeast Strains, Media, and Culture Conditions

A list of the 20 strains from the Saccharomyces genus used in this study is provided
in Table S1 (in Supplementary Materials). The yeast strains were isolated during the
biodiversity study on cider yeasts in cider from Hardanger (in preparation for MDPI
Foods) [4] and kept as cryo-cultures at −80 ◦C in 15% glycerol in the in-house culture
collection at NIBIO Ullensvang (Lofthus, Norway) and the Wine Research Centre at the
University of Nova Gorica (Vipava, Slovenia).
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2.2. Screening for Sulfite Reductase Activity Using BiGGY Agar

Strains were tested for H2S production on Bismuth Sulfite Glucose Glycine Yeast
agar (BiGGY) [19]. BiGGY plates were spot-inoculated with a one-day-old liquid culture
pregrown in Yeast Extract-Peptone-Dextrose (YPD) medium (10 g/L yeast extract, 20 g/L
peptone, 20 g/L glucose) at 25 ◦C and 150 rpm. BiGGY plates were inoculated at 25 ◦C,
and colony color was assessed after 5 days. The assay was performed in triplicate.

2.3. Micro-Fermentations

Monoculture fermentations were performed with selected Saccharomyces strains listed
in Table S1. For the fermentation experiment, apples from the apple cultivar Aroma
(M. domestica cv. ‘Aroma’), grown in the Hardanger area, were milled and pressed with
a belt press; apple juice was immediately frozen at −20 ◦C till the experimental set-up.
Apples and the obtained juice were not pre-treated with enzymes or other enological
additives during processing.

Pre-cultures were prepared by inoculating single colonies of Wallerstein Laboratory
Nutrient Agar (WL) (VWR) plate cultures in 3 mL YPD medium in 15 mL tubes. After
incubation for 24 h at 25 ◦C and 150 rpm, the pre-cultures were centrifuged (2000 rpm,
10 min, room temperature (RT)) and washed with 0.85% NaCl solution. Finally, the yeast
pellets were resuspended in diluted sterile apple juice (1:1 with sterile water). The optical
density at 600 nm (OD 600 nm) of the yeast suspensions was adjusted to 1.0 and left at RT
for 30 min for adaptation.

The apple juice was unfrozen and sterile filtered using a vacuum filtration system
(500 mL Polyethersulfone (PES), 0.2 µm membrane filter (VWR)). Then, 20 mL of the apple
juice was placed in 40 mL glass vials and inoculated with the pre-culture to achieve a final
OD of 600 nm 0.1 AU. Fermentations were prepared in triplicates and conducted at 15 ◦C
for 26 days.

During fermentation, mass loss was monitored and H2S was quantified using 120SF
gas detector tubes (Komyo Kitagawa, Kawasaki-City, Japan), as described by Ugliano
and Henschke [20]. The detector tubes were inserted into the vials through a hole in the
PTFE/silicone partition of the lids.

At the end of fermentation, samples were centrifuged (20 min, 6000 rpm) and stored
at −20 ◦C before chemical analysis.

2.4. Determination of Sugars, Acids, and Ethanol
Reagents, Materials, and Standards for HPLC–UV/RI Analyses

Chemicals: we used glucose (99%) (Acros Organics, Fair Lawn, NJ, USA), fructose
(99%) (Acros Organics, Fair Lawn, NJ, USA), sucrose (99.9%) (Acros Organics, NJ, USA), tar-
taric acid (Alfa Aesar, Karlsruhe, Germany), lactic acid (30%) (Sigma, Steinheim, Germany),
D-L malic acid (99%) (Aldrich, Steinheim, Germany), and citric acid (99.9%) (Sigma,
Steinheim, Germany). Concentrated sulfuric acid (VI) was purchased from VWR Chemicals
(Leuven, Belgium).

Three in-house developed HPLC–UV/RI methods were used for the determination of
sugars, organic acids, and ethanol in cider samples, respectively. An Agilent 1100 series
HPLC system (Agilent Technologies©, Palo Alto, CA, USA) was equipped with Agilent
OpenLab CDS ChemStation 2.3.54 software, a UV detector (G1314A VWD) for the analysis
of organic acids (detection at 210 nm), and a refractive index detector (model G7162A)
for the analysis of sugars (fructose and glucose) and ethanol. Samples were filtered using
Polytetrafluoroethylene (PTFE) 0.45 µm syringe filters (VWR® International, Radnor, PA,
USA). For the determination of glucose and fructose, 4 µL of each sample was injected
onto a Phenomenex Luna® Omega Sugar HPLC column (150 mm long and ø of 4.6 mm,
particle size of 3 µm) with a precolumn (5 mm long and ø of 4.6 mm, particle size of 3 µm)
using a mobile phase of acetonitrile/water = 75:25 (v/v) at a flow rate of 0.9 mL/min and
a run time of 15 min [21]. Separation of the organic acids was performed on two HPLC
columns, which were coupled sequentially: Phenomenex C18 Kinetex F5 (dimensions
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150 × 4.6 mm with a particle size of 2.6 µm) with a precolumn (5 mm long and ø of 4.6 mm,
particle size of 3 µm) and a Phenomenex C18 Kinetex EVO (dimensions 250 × 4.6 mm
with a particle size of 5 µm) kept at 30 ◦C during analyses. The injection volume was 4 µL,
the mobile phase consisted of 5 mM H2SO4, the flow rate was 0.7 mL/min, and the run
time was 20 min [22]. Ethanol was evaluated on a multimodal ROA Organic Acid H+ (8%)
column (Phenomenex) with a size of 300 × 7.8 mm and a sample injection volume of 5 µL.
Isocratic elution was performed using 5 mM H2SO4 as the mobile phase with a flow rate of
0.9 mL/min and a run time of 25 min [23]. All HPLC columns were kept at 30 ◦C during
chromatographic analyses.

Method validation data are summarized in Table S2 (in Supplementary Materials).

2.5. HPLC–UV Determination of Amino Acids and Biogenic Amines
2.5.1. Reagents, Materials, and Standards for HPLC–UV Analyses

Amino acids: L-tyrosine disodium salt hydrate (98%) (Sigma, Steinheim, Germany), L-
aspartic acid (99,5%) (AppliChem, Darmstadt, Germany), L-serine (99%) (Sigma, Steinheim,
Germany), L-leucine (98%) (Sigma, Steinheim, Germany), L-cystein (99%) (Merck, Darm-
stadt, Germany), isoleucine (99.5%) (AppliChem, Darmstadt, Germany), L-phenylalanine
(99.5%) (Sigma, Steinheim, Germany), L-asparagine (98%) (Sigma, Steinheim, Germany),
L-lysine monohydrochloride (98%) (Sigma, Steinheim, Germany), L-glycine (99%) (Sigma,
Steinheim, Germany), L-glutamine (99%) (Sigma, Steinheim, Germany), L-thryptophan
(98%) (Sigma, Steinheim, Germany), L-arginine monohydrochloride (99.5%) (Sigma, Stein-
heim, Germany), L-alanine (99.5%) (AppliChem, Darmstadt, Germany), L-lysine monohy-
drochloride (99%) (Acros Organics, NJ, USA), L-proline (99.5%) (AppliChem, Darmstadt,
Germany), L-glutamic acid (99%) (Sigma, Steinheim, Germany), L-valine (98%) (Sigma,
St. Louis, MO, USA), L-methionine (99.5%) (Fisher Scientific, Geel, Belgium), threonine
(99%) (Fisher Scientific, Geel, Belgium), L-hystidine monohydrochloride monohydrate
(99%) (VWR Chemicals, Leuven, Belgium).

Biogenic amines: putrescine dihydrochloride (98%) (AppliChem, Darmstadt, Ger-
many), cadaverine dihydrochloride (98%) (Sigma, Steinheim, Germany), histamine dihy-
drochloride (98%) (Alfa Aesar, Karlsruhe, Germany), tyramine hydrochloride (98%) (Alfa
Aesar, Karlsruhe, Germany).

Other reagents and chemicals: hypochloric acid (Gram-Mol, Zagreb, Croatia), sodium
hydroxide, sodium hydrogen carbonate and ammonia were purchased from (Sigma, Stein-
heim, Germany), ethanol, acetonitrile (HPLC grade) (J.T. Baker, Gliwice, Poland), sodium
acetate (Carl Roth, Karlsruhe, Germany). Derivatization reagent dansyl chloride was
supplied from Sigma (Steinheim, Germany).

Chemicals were prepared with ultrapure water, which was prepared using a Milli-Q
water purification system Purelab Option-Q system (ELGA LabWater, High Wycombe, UK)
to a specific resistance of >18.0 MΩ cm−1 at 25 ◦C.

A mix stock standard solution of 19 amino acids and a mix stock solution of 4 biogenic
amines (1000 mg/L) were prepared in 0.1 M HCl. The solutions were stirred in an ultrasonic
bath for 5 min.

2.5.2. Derivatization Procedure for Determining Amino Acids and Biogenic Amines

Derivatization was performed according to the procedure described by Topić Božič
et al. [24] with modifications. 250 µL of the standard (amino acids or biogenic amines)
and cider samples were mixed with 70 µL of saturated NaHCO3, 75 µL of 0.1 M NaOH,
and then with 1.5 mL of dansyl chloride derivatization reagent (0.2% in acetonitrile). The
mixture was then shaken and incubated in an oven at 40 ◦C for 45 min. Then, 100 µL
of ammonia was added to the reaction mixture and the mixture was incubated at RT for
30 min. Samples were filtered using 0.45 µm PTFE syringe filters before HPLC analysis.
Calibration curves for amino acids and biogenic amines were generated in the range of
1–100 mg/L by diluting the standard stock solution (1000 mg/L).
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2.5.3. HPLC–UV Analysis of AAs and BAs

Separation and quantification of 19 amino acids and 4 biogenic amines was performed
on Agilent’s HPLC–UV system (described in Section 2.4) using Kinetex® 2.6 µm EVO C18
RP column (150 mm long and ø of 4.6 mm, Phenomenex) with a pre-column (Kinetex®

2.6 µm EVO C18 RP, 5 mm long and ø of 4.6 mm). The separation was done at 35 ◦C with
gradient elution at a flow rate of 0.8 mL/min. The total run time was 65 min.

The mobile phase was prepared from 20 mM sodium acetate. The pH of the mobile
phase was pH adjusted to 6.5 with 0.8 M acetic acid. An injection volume of 3 µL was used.
Derivatized amino acids and biogenic amines were detected at 246 nm. The gradient profile
is described in Table S3 (in Supplementary Materials).

2.5.4. Method Validation

Method validation was performed by testing linearity, repeatability, the limit of detec-
tion (LOD), the limit of quantification (LOQ) and recovery (presented in Supplementary
Materials in Table S4). The derivatization step was included in the validation procedure.

2.6. Determination of Volatile Compounds Using HS-SPME-GC-MS

Selected aroma compounds were determined in the ciders using an automated robotic
system for Solid Phase Micro-Extraction (SPME) in head space (HD) and injected on a gas
chromatograph coupled with a mass spectrometric detector (GC-MS). Esters, C6 alcohols,
and volatile phenols were analyzed using a method adapted from a previously published
protocol [25]. Samples were extracted by headspace Solid Phase Micro-Extraction (HS–
SPME) using an SPME fiber assembly (50/30 µm DVB/CAR/PDMS, Stableflex, 24 Ga,
Autosampler, Gray (Supelco, St. Louis, MO, USA)). To a 20 mL SPME vial, 3 mL of the
cider sample was added with 2 g NaCl and 3 mL deionized water, and 20 µL solution of
internal deuterated standards (ethyl butyrate-4,4,4 d3, ethyl d5 hexanoate, ethyl octanoate
d15, ethyl trans-cinnamate d5) was added. The solution was then homogenized using a
vortex mixer and the samples were loaded into a Gerstel MPS Robotic Autosampler. The
program consisted of introducing the fiber into the SPME Arrow Conditioning Module
for 2 min at 270 ◦C. The fiber was then introduced into the headspace of a sample vial for
30 min at 40 ◦C while simultaneously vortexing the sample with the agitator at 250 rpm.
The fiber was then transferred to the injector for desorption at 250 ◦C for 15 min. The time
for sample injection into the GC column was set to 30 s, followed by cleaning of the fibers
in the SPME Arrow Conditioning Module at 270 ◦C for 10 min.

2.7. Multivariate Data and Statistical Analysis

Data were presented as means ± standard deviation (SD) from three repetitions.
ANOVA and Tukey’s method were employed using IBM SPSS Statistics 27 to compare the
variances among the means of various groups. A significance level of α = 5% was chosen
to determine statistical significance.

Data analysis was performed by a multivariate approach. Principal components
analysis (PCA) and the partial least squares (PLS) regression analysis were carried out to
explore the differences among ciders produced from apple juice by different Saccharomyces
strains. To deal with non-detectable values, the data matrix was pre-processed, and non-
detectable values were replaced with LLOQ/2.

All computational efforts and multivariate data analysis were implemented in IBM
SPSS Statistics 27, Minitab 21, GraphPad Prism 9.5.1, and XLSTAT 2023 on a Lenovo PC
with Intel(R) Core (TM) i7-6600U CPU @ 2.60 GHz and 16 GB of RAM, Microsoft Windows
10 OS. Boxplots for AAs utilization were prepared by R v. 4.1.2 for macOS.

3. Results and Discussion
3.1. H2S Production

According to the results obtained on BiGGY plates, seven strains were classified as
non-H2S producers (white colony color), two as moderate (white, light brown edge), and
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the rest as strong H2S producers (brown color) (Table 1). Using detector tubes inserted
into a hole in the septum of the vial cap, we quantitatively assessed H2S formation by the
strains tested under fermentative conditions. The H2S formation potential determined by
color staining on BiGGY agar did not agree with the results obtained with detector tubes.
Five S. uvarum strains produced H2S; in strain 2176, we detected an average of 58.3 ppm
H2S, followed by strains 2402 and 2128 with 48.3 and 36.7 ppm, respectively (Table 1). The
lowest H2S production was detected in S. uvarum 2401 (average 13.3 ppm) (Table 1).

Table 1. Results of color staining on BiGGY agar and measured H2S production during fermentation
for 20 Saccharomyces strains tested.

Yeast Species and
Strain Code

Colony Color on
BiGGy Agar 1

H2S Detector Tubes 2

(ppm)

S. uvarum 2046 white 0 ± 0.00 E
S. uvarum 2071 white 35 ± 8.7 BC
S. uvarum 2120 brown 0 ± 0.00 E
S. uvarum 2186 brown 0 ± 0.00 E
S. uvarum 2401 white 13.3 ± 5.8 DE
S. cerevisiae 2003 brown 10 ± 0.00 DE
S. cerevisiae 2095 brown 0 ± 0.00 E
S. cerevisiae 2265 white, light brown edge 0 ± 0.00 E
S. cerevisiae 2273 white 0 ± 0.00 E
S. cerevisiae 2303 brown 0 ± 0.00 E
S. cerevisiae 2349 brown 0 ± 0.00 E
S. uvarum 2128 brown 36.7 ± 10.4 BC
S. uvarum 2204 brown 0 ± 0.00 E
S. uvarum 2216 white 23.3 ± 2.9 CD
S. uvarum 2376 white 0 ± 0.00 E
S. uvarum 2083 white, light brown edge 0 ± 0.00 E
S. uvarum 2104 brown 0 ± 0.00 E
S. uvarum 2176 white 58.3 ± 18.9 A
S. uvarum 2402 brown 48.3 ± 2.9 AB
S. uvarum 2061 brown 0 ± 0.00 E

1 White colony color = no H2S production; White colony color with light brown edge = moderate H2S production;
Brown colony color = strong H2S production. 2 H2S was measured with gas detector tubes (120SF; Komyo
Kitagawa, Kawasaki-City, Japan). Values are reported as mean ± SD of three replicates. Values not connected by
the same letter are significantly different (ANOVA, Tukey’s method).

3.2. HPLC–UV Determination of Amino Acids and Biogenic Amines

Determination of AAs and BAs is challenging when using the HPLC–UV system
since both AAs and BAs lack chromophores for detection. Therefore, if HPLC coupled
with mass spectrometric detection (MS) is not used, a sample derivatization step requiring
HPLC coupled with a fluorescence detector (FLD) is necessary before analysis, especially
if quantitation below 1 mg/L is required [26]. The HPLC–FLD system has more than
a 10-fold higher sensitivity for such analyses compared to HPLC–UV [27]. All in all,
only two methods for simultaneous determination of AAs and BAs have been published
to the best of our knowledge, one based on the HPLC–MS system [28] and the second
based on ultra-performance liquid chromatography (UPLC) coupled with a diode array
detector (DAD) [29]. Here, we present a newly developed method for the simultaneous
determination of nineteen AAs and four BAs based on the HPLC–UV system using dansyl
chloride as a derivatizing agent for AAs and BAs. The method was validated and applied
for the analysis of fermented beverages based on apple juice (cider) and can also be used
for wine samples or, as in our study, for the in-depth characterization of AA utilization
and BA production of a larger number of yeasts. The separation system is based on the
C18 reverse phase (RP) system with 3 µm particles, which allows better resolution as well
as higher sensitivity for the analyzed compounds (Figure 1). Together with the previous
derivatization with dansyl chloride, we were able to obtain adequate LODs and LOQs for
the determination of AAs and BAs in the analyzed samples. These LODs and LOQs are
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comparable to the published method [29], although the UPLC system with 1.8 µm particles
was used. The linearity range of the method for each compound is between 0.5 mg/L and
200 mg/L, which corresponds to the actual range of occurrence of the analyzed compounds
in juices and fermented beverages (the detection limits are between 0.03 and 0.3 mg/L). All
validated parameters indicate that the method presented here can be a relevant and useful
tool for the quality control of cider by monitoring fermentation, especially due to the fact
that the HPLC–UV system is an easily accessible tool in analytical/research laboratories.
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Figure 1. HPLC–UV chromatogram of simultaneously separated 19 AAs and 4 BAs (each at 25 mg/L
con-centration level) with prior derivatization using dansyl chloride agent.

3.3. Behavior of Saccharomyces Strains under Fermentative Conditions

The total AA content in apple juice from the cultivar Aroma averaged 303.97 mg/L. The
evaluation of the AA content revealed that asparagine (42.2%) was the most important AA
in juice, followed by tyrosine (13.1%), aspartic acid (8.2%), arginine (6.7%), and glutamine
(5.8%) (Table S5 in Supplementary Materials).

The AA utilization profile of both species showed a similar utilization pattern of
AAs present in apple juice, and the pattern of AAs utilized also reflected the strain effect
(Figure 2, Table S6 in Supplementary Materials). The major AA source for all strains tested
was asparagine, which provided an average of 57.7% of the total AAs utilized. Note that
the initial asparagine concentration in apple juice was 3–65 times higher than that of the
other AAs (Table S5). Aspartic acid, arginine, and glutamine were the next most utilized
AAs, followed by glutamic acid, serine, proline, and then valine and tyrosine (Figure 2,
Table S6). The remaining AAs were present in very low concentrations in apple juice and
were mostly utilized during fermentation. For methionine, histidine, and alanine, some
residual amounts were still detected at the end of fermentation (Figure 2, Table S6).

The good utilization of asparagine and glutamine by the Saccharomyces strains tested
in this study is consistent with what has been reported in the literature, as these two
AAs, along with ammonium, have often been reported as preferred nitrogen sources for
S. cerevisiae [26,27]. Aspartic acid, arginine, glutamic acid, and serine were also included
among the preferred nitrogen sources [26,27], which we also observed in our study.

Although tyrosine was the second most abundant AA in apple juice, less than a quarter
of it was utilized by the strains, which is consistent with the literature where tyrosine is
considered a non-preferred nitrogen source [26,27].
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Figure 2. Boxplots showing the utilization pattern for AAs of 6 S. cerevisiae (cerevisiae, green
box) and 14 S. uvarum strains (uvarum, blue box), compared to the initial concentration in apple
juice (AJ, red box). On the left side, a pattern for all amino acids is shown, while on the right
side, an enlarged plot for lower concentrations is presented. Asp-aspartic acid, Glu-glutamic acid,
Asn-asparagine, Gln-glutamine, Ser-serine, Arg-arginine, Gly-glycine, Ala-Alanine, Pro-proline, Val-
valine, Met-methionine, Trp-tryptophane, Phe-phenylalanine, Cys-cysteine, His-histidine, Lys-lysine,
Tyr-tyrosine.

Cysteine, lysine, and especially tryptophan were found in higher concentrations at
the end of fermentation compared to what was present in the apple juice. This could be ex-
plained by the release of these AAs into the medium during fermentation (Tables S5 and S6).
Tryptophane and methionine were also previously classified as non-preferred nitrogen
sources [26,27]. However, the data in the literature on the classification of nitrogen sources
were mostly based on their ability to support yeast growth of laboratory strains under
non-fermentative conditions.

The HPLC–UV method enabled us to determine AAs and BAs simultaneously. Thus,
we were able to detect strains with BA-producing ability using this method (Table S6). At
the end of fermentation, strains of both species formed two BAs, putrescine and tyramine.
Putrescine was detected at relatively low concentrations in all strains tested, whereas the
highest concentrations for tyramine averaged 3.9 mg/L in the high-producing strains 2104,
2186, and 2402 (Table S6). The BA production capability is another characteristic that is
important for the selection of starter yeasts for cider production, especially when substrates
for the production of BA are present in apple juice, such as tyrosine, which can be further
decarboxylated to tyramine.

The initial sugar content of apple juice was 101.6 g/L, and the main sugar was fruc-
tose (52.9%), followed by sucrose (35.2%) and glucose (11.9%), as shown in Table S7 (in
Supplementary Materials). At the end of fermentation, most of the sugar was consumed
(98.6% on average), and the residual sugar consisted mainly of remaining glucose, which
varied in very low concentrations from 1.3 to 1.6 g/L (Table S7). Hence, studies showed
that Saccharomyces yeasts display a clear preference for glucose over fructose [29–31]. If
we assume that hydrolysis of sucrose was a limiting step during our fermentation, the
glucophilic nature of Saccharomyces yeasts would still leave more fructose at the end. How-
ever, there are few systematic studies on the preference for glucose and fructose of cider
yeast strains, especially in mixed sugar media, such as apple juice [17]. Therefore, it would
be of immense importance to focus on the utilization of glucose, fructose, and sucrose
by cider yeasts under different fermentation conditions in the near future. Nevertheless,
such studies could provide tools for the evaluation and selection of yeast strains for cider
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production, especially yeasts with fructophilic character, since fructose is the main sugar
in apple juice and may pose a problem for stuck fermentation. In addition, sucrose is
usually added during fermentation in the production of cider from Hardanger to increase
the alcoholic strength. Moreover, from this point of view, it would be important to study
the consumption of fructose, glucose, and sucrose during the fermentation process.

Ethanol content averaged between 3.99 and 4.82% (v/v) and did not differ statistically
among the Saccharomyces strains tested (Table S7).

In terms of organic acids in apple juice, malic acid was the most abundant (97.0%
of total organic acids), which is consistent with previous studies [2,32]. Citric acid and
tartaric acid were also detected, and their contents were much lower than those of malic
acid. In cider, malic acid averaged between 5.2 g/L and 6.6 g/L, being least affected by the
degradation of S. uvarum 2046 and most affected by strain S. uvarum 2176 (Table S7). Acetic
acid was within acceptable levels [13], with the highest concentration determined in the
ferments of S. cerevisiae 2349; otherwise, the levels were less than 0.09 g/L in the other yeast
strains (Table S7). Citric acid and tartaric acid were also detected in very low concentrations
in the finished ciders, ranging from 0.46 to 1.31 g/L and from 0.04 to 0.06 g/L, respectively
(Table S7).

3.4. Volatile Compound Production Profiles of the Saccharomyces Ferments

The concentrations of the volatile compounds are listed in Table 2. We measured a
total of twenty-six aroma compounds, eighteen esters (seven ethyl esters of fatty acids, two
ethyl esters of branched acids, and nine acetate esters), three C6 alcohols, and five volatile
phenols in experimental ciders.

The main group of aroma compounds in our experiment were C6 alcohols, ethyl
esters of fatty acids, and volatile phenols. When we sum all aroma compounds, we see a
large variability between strains, ranging from 2503 µg/L (S. cerevisiae 2095) to 8654 µg/L
(S. uvarum 2376).

The major aroma compound in all ciders was hexanol, which varied from 1222 µg/L
(S. uvarum 2083) to 2539 µg/L (S. cerevisiae 2349). According to Waterhouse et al. [33], the
olfactory threshold value for 1-hexanol is 8000 µg/L, which means that its contribution
to the aroma profile is most likely negligible. In the study of Scandinavian and British
ciders, 1-hexanol was the major C6 alcohol [34], ranging from 32 to 6541 µg/L. In our recent
study, Norwegian ciders, on average, contained 5137 µg/L of 1-hexanol, and French ones
6555 µg/L [1].

Higher alcohols are known to be the most abundant group of aroma compounds in
cider and apple juice [35,36], but they are mainly important as precursors of esters, which
are known for their fruity and sweet aroma [37]. The concentration of higher alcohols
generally decreases or disappears during cider fermentation [16,34], but in some cases, it
also increases or remains unchanged [36].

Seven different ethyl esters of fatty acids were quantified, namely ethyl propanoate,
ethyl butyrate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, ethyl valerate, and ethyl
dodecanoate. The amounts varied greatly between strains, as shown in Table 2. Ethyl
esters are known to be an important component of the Norwegian cider flavor (Øvsthus
et al., 2023, in press [1]) and also for other ciders [34,38]. Although some esters may be
originally present in apple juice before fermentation, most esters in the ciders are formed by
the esterification of alcohols with carboxylic acids during fermentation and aging [36,39].

The yeast with the lowest total concentration of fatty acid ethyl esters (average
269.3 µg/L) (S. cerevisiae 2273) produced almost no ethyl decanoate and ethyl dodecanoate
(0 and 15.5 µg/L, respectively). Whereas in the cider with the highest total ethyl ester of
fatty acids contents among all yeast strains (S. uvarum 2376) (5123.67 µg/L), these two
esters were among the two most abundant ones (1905.93 and 1899.66 µg/L, respectively).
None of the Saccharomyces yeasts produced ethyl valerate in higher concentrations (on
average, less than 1% of all ethyl esters of fatty acids).
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When comparing the relative values in the ethyl fatty acid ester group, all yeasts
produced from 19–40% of ethyl octanoate. S. uvarum strains produced, in general, more
ethyl esters of decanoic and dodecanoic acids (18–36% of each), while ethyl esters of
propanoic, butanoic, and hexanoic acids were less abundant in this group of ciders (from
2–10% of all ethyl esters). The later esters were more abundant in S. cerevisiae strains and
less in the contribution of decanoate or dodecanoate ethyl esters to the total ethyl ester of
fatty acids fingerprint.

There was no or low significant difference in the concentration of the acetate esters
between the yeast strains. The group of acetate esters was represented by propyl acetate,
isobutyl acetate, butyl acetate, isoamyl acetate, Z-3-hexenyl acetate, E-2-hexenyl acetate,
ethyl phenyl acetate, hexyl acetate, and octyl acetate. The major acetate ester was butyl
acetate, which varied between 63.5–220.8 µg/L among yeasts but was generally quite
comparable among samples, followed by isoamyl acetate (12.0–118.73 µg/L) and hexyl
acetate (8–39 µg/L).

We determined five different volatile phenols in our ciders, namely 4-ethylphenol,
4-ethylguaiacol, 4-vinylguaiacol, 4-vinylphenol, and guaiacol. These five volatile phenols
together accounted, on average, for between 1% (S. cerevisiae 2303) and 40% (S. cerevisiae
2365) of the measured volatile fingerprint of the ciders.

The major volatile phenolics were 4-vinylguaiacol and 4-vinylphenol, the presence of
which varied among samples due to differences in yeast metabolic characteristics. Moreover,
4-vinylguaiacol varied from 36 to 2121 µg/L and 4-vinylphenol from 18 to 473 µg/L.

Ethyl phenols varied in low concentrations, below the odor threshold (OT). The OT
determined in water/10% ethanol solution at pH 3.2 for 4-ethylguaiacol and 4-ethylphenol
was 33 and 440 µg/L, respectively [40]. Their presence imparts equine, peasant, smoky,
and medicinal aromatic odors when present above their OTs concentrations.

3.5. Correlations of AAs and Physico-Chemical Parameters with Aroma Compound Formation
Data Analysis and Data Configuration

As described in previous sections, we determined 54 different compounds (Table 1
(measured H2S production), Table 2, Tables S6 and S7) in the resulting ciders. Strain
S. cerevisiae 2303 was identified as an outlier and omitted in further statistical analyses
(see Appendix A). All 54 continuous variables (summarized in Table 1 (measured H2S
production), Table 2, Tables S6 and S7) associated with 19 different yeast strains were
selected to draw a heat map (Figure 3). In Figure 3, the rows represent the measured
compounds (and the corresponding clusters), and the columns represent the different
yeast strains (and the resulting clusters) used for the single-strain fermentations in the
fermentation experiment.

Before generating the heat map, the data were standardized to a value between 0 and
100 using the following equation:

new score = (score − min(x))/(max(x) − min(x)) * 100, (1)

The dendrograms on the top and left side of the heatmap show how the variables
and the rows are clustered independently (they indicate the degree of similarity between
the variables or yeast strains). Color coding is used to show the values of each variable
in the dataset and also to show clusters of variables or samples that have similar expres-
sion patterns. The color scale indicates the range of values for each variable, with low
values represented by dark colors and high values represented by light colors. Variables
and/or samples (i.e., yeast strains) that are more similar to each other are grouped in
the same cluster/block. The height of the dendrogram branches represents the degree of
similarity between the variables or samples, with lower heights indicating a higher degree
of similarity.
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Figure 3. The heatmap and cluster analysis of a total of 54 continuous variables: 26 aroma compounds
(i.e., the response variables grouped into 5 chemical classes/groups in Y-block data used in PLS
regression) and 28 variables including amino acids, sugars, ethanol, organic acids, etc. (i.e., the
predictor variables which made the X-block data used in PLS regression) of 19 Saccharomyces strains
used in the fermentation trial.

Although all patterns in the heat map may indicate a relationship between rows
and columns, we look for rectangular areas that are approximately the same color. This
indicates a group of rows correlated with the corresponding group of columns. According
to the results of the heatmap analysis, the total of 54 variables associated with the 19 yeasts
used for fermentation can be divided into four main classes, shown on the left side of the
heatmap. In addition, the yeast strains are also divided into four main groups, shown in
the upper part of the heatmap (Figure 3).

The first class of variables (i.e., the first class on the upper left) consists mainly of
aromatic compounds (hexyl acetate, Z-3-hexenyl acetate, isoamyl acetate, butyl acetate,
octyl acetate, propyl acetate, E-2-hexenyl acetate, octyl acetate); in this class are the amino
acids glutamic acid and lysine and the biogenic amines putrescine and glucose. The second
class of variables (i.e., the second class on the upper left) includes malic acid, 4-ethyl
guaiacol, 4-ethyl valerate and ethyl butyrate. The third class of variables (i.e., the third class
at the top left) includes H2S, the amino acid valine, and the aromatic compounds ethyl
phenyl acetate and 4-ethyl phenol. The fourth class of variables (i.e., the fourth class at the
top left) consists of CO2 release, glutamine, methionine, and serine.
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It was found that the compounds of the first class of variables on the upper left in
cider fermented with S. uvarum strains 2046, 2071, and 2061 (i.e., the first group of yeast
strains on the upper left) had the lowest content. The highest levels of the same class of
variables/compounds were found in cider fermented with S. uvarum 2104, 2186, 2204, 2120,
and 2128 (i.e., the third group of yeasts above). In an analogous analysis, the compounds
of the second class of variables are found to have the second lowest content in fermented
strains S. uvarum 2046, 2071, and 2061 (i.e., the first group at the top left).

The second yeast group with 4 S. cerevisiae strains (2273, 2095, 2265, and 2003) and
one S. uvarum strain (2083) showed predominantly high levels of the fourth class of
variables/compounds: relatively high CO2 release, high levels of the remaining amino
acids glutamine, methionine, asparagine, phenylalanine, tyrosine, proline, alanine, ser-
ine, and tartaric and citric acids, and the highest levels of the aromatic compound ethyl
2-methylbutyrate.

Based on the observed color scales, it can also be said that the fourth yeast group (i.e.,
the fourth group at the top from the left), consisting of one S. cerevisiae strain (2349) and
five S. uvarum strains (2176, 2216, 2376, 2402, and 2401), has the highest content of the
second class of variables (relatively high contents of malic acid and the other amino acids
histidine and tryptophan, high contents of volatile phenols 4-vinylphenol, 4-vinylguaiacol
and 4-ethylguaiacol, relatively high contents of all three C6 alcohols and ethyl esters ethyl
valerate, ethyl propanoate, ethyl hexanoate, and ethyl butyrate).

3.6. Relationships between Aroma Compounds and Variables
3.6.1. Principal Component Analysis (PCA)

To perceive an initial configuration of our data/variables and to simplify the dataset by
identifying possible patterns and relationships between all variables, a principal component
analysis (PCA) was performed and validated using the correlation matrix in IBM SPSS
Statistics 27 and GraphPad Prism 9.5.1 (see Appendix A for additional description). In the
PCA analysis, ethyl esters of fatty acids, ethyl esters of branched acids, acetate esters, C6
alcohols, and volatile phenols were the five chemical classes/groups of aroma compounds,
and the other 28 features, including amino acids, sugars, ethanol, organic acids, etc., were
entered as other important variables.

From the eigenanalysis of the correlation matrix related to PCA, nine principal com-
ponents (represented by PC or F) were extracted, and 54.0% of the variance in the data
set was explained by the first three components (F1 = PC1 = 27.9%, F2 = PC2 = 13.8%,
and F3 = PC3 = 12.4%). When we refer to explained variance in terms of the PCs, we are
referring to the proportion of variance in the entire collection of response and predictor
variables that is explained by the PCs. In our results, the first nine principal components
have eigenvalues greater than 1 (see the scree plot in Figure 4). These nine components
explained approximately 89% of the variation in the data (Figure 4). However, since the
cumulative variance of 54.1% in the first three components does not report the adequate
amount of variation we expected, we performed another statistical analysis, the partial
least squares (PLS) regression analysis.

The Component Plot in Rotated Space (CPRS) shown in Figure 4 displays the scores
of the first three PCs, which capture most of the variance in our data set. This plot is a
graphical representation of the results of PCA with orthogonal rotation. Each point on
the plot represents a variable in our data set, and the position of the point in the new
rotated space is determined by the scores of the observation on the PCs. In other words,
the CPRS shows how the variables in our dataset are related based on the underlying
patterns identified by the PCA method. Variables that are close to each other on the graph
(e.g., lysine and putrescine) have similar principal component values, indicating that they
share similar underlying patterns. Observations that are far apart on the graph (e.g., lysine
and serine) have different values on the PCs, indicating that they have different underlying
patterns. The CPRS can be useful in identifying clusters or groups of variables in the data
set that have similar patterns. The problem of clustering yeast strains can also be explored
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in the PCA Bootstrap hulls (implemented in XLSTAT 2023) in Figure 5 and the partial
least squares (PLS) regression analysis (implemented in Minitab 21 and XLSTAT 2023) in
Figure 6.
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Figure 6. The 2D configuration, correlations, loading, clustering, and projection of observations (yeast
strains) and all attributes and aroma groups of compounds (p < 0.05) of all 19 different yeasts on the
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70



Fermentation 2023, 9, 824

Bootstrap hulls involve generating a series of bootstrap samples from the original
dataset and then computing the PCs for each bootstrap sample. We use them to assess the
significance of individual observations/yeasts in our dataset and to see the possible clusters
in our 19 fermented yeast strains (in the first two PCs). Yeast strains that consistently fall
within the convex hull of the scores for each bootstrap sample are considered statistically
significant, while yeast strains that consistently fall outside the convex hull are considered
statistically non-significant. By using bootstrap hulls in PCA, we identified influential
observations (i.e., the yeast strains) in the dataset that could affect the results of the analysis.
The results of the analysis can be interpreted based on the location of the observations
relative to the bootstrap hulls. Observations that consistently fall outside the convex hull
may be outliers or noise in the data. By identifying influential observations, it is possible to
determine if they are outliers that need to be removed from the analysis or if they represent
important patterns in the data that should be investigated further. However, as can be
seen in Figure 5, our observations consistently fall within the designated convex envelope.
Therefore, they should all be considered statistically important and reliable; this is because
we have already identified and removed the outliers from our data set.

3.6.2. Partial Least Squares (PLS) Regression Analysis

In this section, the ferments/ciders produced with 19 different yeast strains were
further analyzed. Since this is a high-dimensional data set, to further determine the
associations between the aroma groups of attributes (y variables, n = 5) and the other
physicochemical parameters (x variables, n = 28) in ciders from 19 tested strains, we
used partial least squares (PLS) regression—a multivariate statistical analysis used for
both regression and classification tasks. To prepare for the PLS regression, we first had
to distinguish between the response variables (y variables) and the predictor variables
(x variables). Therefore, the five chemical classes/groups of aroma compounds (ethyl esters
of fatty acids, ethyl esters of branched acids, acetate esters, C6 alcohols, and volatile phenols)
were considered as the response variables that formed the Y-block in the PLS regression.
The amino acids, sugars, ethanol, organic acids, etc., were entered and considered as
predictor variables used to develop the X-block.

Thus, the goal was to find out the relationship between two blocks, the Y-block and
the X-block (i.e., the set of response variables and the predictor variables of interest). PLS
regression was used to identify (1) the underlying factors responsible for the variation
in the data; (2) the contributions of 28 traits/predictors, including amino acids, sugars,
ethanol, acids, etc. (i.e., the variables forming the X-block) and to correlate and discover
the five groups of cider aroma attributes (i.e., the variables forming the five groups in the
Y-block) from 19 yeast strains used for fermentation (Table 3).

The method works by finding the linear combinations of the predictor variables X (also
called latent variables (LVs)) that are most strongly related to the response variables Y. This
is done by maximizing the covariance between the X-block and the Y-block while ensuring
that the predictor variables are orthogonal (i.e., uncorrelated) to each other. Subsequently,
the PLS regression analysis was used to determine which variables contributed most to the
Y-block and the X-block contributed most to the variation in the data. Finally, PLS regression
analysis indicated how the variables were correlated with each other and then lumped
the variables into a new latent variable (LV). Our results show that our X-block variables
mentioned above are strongly correlated with each of the groups of aroma compounds, for
which large correlations were always found in different numbers of LVs (Table 3).

The results of our PLS regression model show how the amino acids, sugars, ethanol,
acids, etc., contributed to the fermentations of the yeasts as well as to the chemical classes of
the aroma compounds, and they also lead to some important findings. Table 3 summarizes
the results of this analysis and shows that our PLS regression model (built with 10 LVs)
includes 89% of the variation in the X-block data and 93% in the Y-block data. Although the
optimal number of latent variables (LVs) was analytically set at ten by the PLS regression
method, even with eight LVs, our PLS model can well explain the variation in the X-block
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and Y-block data, that is, 82% of the variation in the X-block and 88% in the Y-block. PLS
regression analysis achieved a correlation coefficient of R2 ≥ 0.85 for all aroma classes of
compounds and captured R2X ≥ 85% of the variation in the X-block data (i.e., predictor
variables amino acids, sugars, ethanol, acids, etc.) and R2Y ≥ 85% of the variation in
the Y-block data (i.e., aroma classes of compounds), implying a robust linear relationship
between the measured aroma classes of compounds and the predictors in all 19 yeast strains
we tested in this study.

Table 3. Summary of results from the partial least squares (PLS) regression analysis.

PLS Regression: Model Selection and Validation for Different Families of Aroma Attributes.
Y-Block

(i.e., Aroma Groups of
Attributes)

(y Variables, n = 5)

Number of Latent
Variables (LVs)

R-Sq
(R2)

Captured Cumulative
X-Block Variance

(R2X cum)

Captured Cumulative
Y-Block Variance

(R2Y cum)

Ethyl esters from fatty acids 0.96
Ethyl esters of branched acids 0.92

Acetate esters 0.95
C6-alcohols 0.86

Volatile phenols

10 *

0.94

0.89 0.93

Ethyl esters from fatty acids

9

0.96

0.86 0.90
Ethyl esters of branched acids 0.91

Acetate esters 0.87
C6-alcohols 0.86

Volatile phenols 0.92
Ethyl esters from fatty acids

8

0.87

0.82 0.88
Ethyl esters of branched acids 0.91

Acetate esters 0.86
C6-alcohols 0.86

Volatile phenols 0.92
* The optimal number of latent variables (LVs) was systematically chosen to 10 by the PLS regression method.

Besides much useful information that Figure 6 can provide, it shows the correlation
coefficients between each predictor variable and the response variable, as well as the
loading weights that indicate the importance of each predictor variable in the model.

As can be seen in Figure 6, the aroma attributes of ethyl esters of fatty acids, ethyl
esters of branched acids, volatile phenols, and C6 alcohols can be used to distinguish the
aroma of ciders produced with yeast strains S. uvarum 2401, 2216, 2176, and others in the
same cluster. Similarly, the aroma properties of acetate esters can be used to discriminate
the aroma of ciders produced with yeast strains S. cerevisiae 2349, S. uvarum 2186, and others
in the same cluster. At the same time, yeast strain 2349 was well associated not only with
acetate esters but also with the amino acids glutamic acid and glycine, the biogenic amine
putrescine, and the sugars fructose and glucose.

The ciders of S. uvarum 2046 and S. cerevisiae 2265 showed a high correlation with
some attributes, such as the amino acids tyrosine, serine, and glutamine.

The analysis showed that the amino acids aspartic acid, tryptophan, and histidine
were highly correlated, with tryptophan having greater importance in the model because it
had greater (positive) loadings in the first component. It was also observed that for CO2
release, the amino acids asparagine and methionine were also strongly correlated, with
asparagine being of greater importance in the model as it had greater (negative) loadings
in the first component. In addition, glucose, tyramine, and malic acid were correlated, but
only malic acid was important in the model. On the first component, predictors such as
aspartic acid, malic acid, and serine had similar absolute loadings, suggesting that they
were equally important. On the second component, H2S production, glutamic acid, valine,
tartaric acid, and citric acid had similar absolute loadings, indicating that they were equally
important (see Figure A4).
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In addition, the values for the importance of the variables in the projection (VIP) were
also obtained in the PLS regression model and shown in Figure 6. These values are a
good measure of the importance of each predictor variable in our PLS regression model.
They are calculated by considering both the amount of variation in the response variable
(five chemical groups of aroma compounds) explained by each latent variable (LV) and
the importance (i.e., loading) of each predictor variable in this LV. The VIP values for
the 16 predictor variables were ≥1, including H2S production, phenylalanine, asparagine,
aspartic acid, tryptophan, histidine, valine, methionine, malic acid, serine, tartaric acid,
citric acid, glutamic acid, glutamine, CO2 release, and proline. These predictor variables
with high VIP scores are more important to us than those with low VIP scores. Moreover,
these VIP scores are also used for variable selection by selecting only the variables with the
highest VIP scores for inclusion in the model (namely, those with VIP ≥ 1).

Finally, we proceeded with error analysis of our PLS model using the x-residual matrix
plot. To this aim, we examined general patterns in the residuals and identified areas where
problems exist. We then examined the x-residuals displayed in the output to determine
which observations and predictors the model may be poorly describing. As can be seen
in Figure 7, the PLS residual X-plot shows that the residuals are close to zero, indicating
that our model does a good job of describing most of the variance in the predictors in our
experimental analysis with cider made with 19 Saccharomyces strains. There is no specific
line on the graph that deviates dramatically from the other lines; therefore, the model
describes all observations/yeast strains (represented by lines) very well. At both points 16
and 28, which correspond to the two predictors lysine and H2S, respectively, the lines are
far apart. At point 16, the lines are slightly apart at the same point on the x-axis. Therefore,
the model can still be considered a good statistical tool to describe the predictor at this
point (i.e., lysine). However, at point 28, most of the lines diverge at the same point on the
x-axis, and this means that the model can poorly describe the corresponding predictor at
this point (i.e., H2S). This could be related to the values obtained for H2S, a sparse vector
where 63% of the elements had a value of zero.
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4. Conclusions

A fermentation screening of six S. cerevisiae and fourteen S. uvarum strains isolated
from ciders produced in Hardanger [4] provided information on metabolic capabilities
with an emphasis on aroma production. This is a first selection small-scale fermentation
experiment with chemical characterization and is a stepping stone for the selection process
of indigenous yeasts from Hardanger with respect to their suitability for cider production.

Using the HPLC–UV/RI and HS–SPME/GC–MS methods for chemical characteriza-
tion of cider produced with different strains tested, we determined seventeen AAs, two
BAs, four organic acids, ethanol, glucose, fructose, and twenty-six volatile compounds,
including eighteen esters (seven ethyl esters of fatty acids, two ethyl esters of branched
acids, and nine acetate esters), three C6 alcohols, and five volatile phenols. In addition,
in the current study, we also successfully implemented a new analytical approach for the
simultaneous determination of AAs and BAs using the HPLC–UV system.

When statistical analyses were applied to the obtained chemical data, cluster analysis
allowed us to divide the Saccharomyces strains into four main groups. The yeast groups
differed in the production of aromatic components. Two groups produced few aromatic
compounds. The other two groups, primarily consisting of S. uvarum strains, were good
producers of aromatic components; one was characterized by the highest production of
acetate esters, while the other exhibited the highest production of ethyl esters, volatile
phenols, and C6 alcohols. Additionally, with PLS regression, we established a relationship
between aroma compounds and predictor variables (AAs, BAs, organic acids, sugars, H2S
production, and CO2 release), and the obtained VIP scores showed that the most important
predictor variables affecting aroma compounds were 16, most of which belong to the
following AAs: phenylalanine, asparagine, aspartic acid, tryptophan, histidine, valine,
methionine, serine, glutamic acid, glutamine, and proline.

Further detailed studies on the representatives of the four yeast groups identified
in our study during the fermentation process on larger scales, including sensory evalua-
tion, are needed to find an alternative Saccharomyces yeast for potential cider production
from Hardanger.
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Appendix A

To study the relationship between aroma attributes, amino acids, and other features
of interest and to display the pairwise Pearson correlation coefficients (with a significance
level alpha = 0.05) between all our 54 continuous variables (including the response and
predictor variables), we employ the correlation matrix which is visualized in Figure A1.
The values range from −1 to 1, with −1 (light red) indicating a strong negative correlation,
1 (light green) indicating a strong positive correlation, and 0 (dark red or green) indicating
no correlation. In this image, positive correlations (i.e., green color) indicate that variables
tend to increase or decrease together, while negative correlations (i.e., red color) indicate
that variables tend to move in opposite directions.

Knowing that outliers can have a strong influence on the correlation coefficients and
may distort the overall pattern of the data, we appropriately handled the outliers in our data
set using the Grubbs test in XLSTAT 2023 (with a significance level of alpha = 0.05) before
calculating the correlation (image) matrix. To interpret a correlation image matrix, we
look at the values/colors in the (image) matrix and use them to conclude the relationships
between variables. Cells in light green or light red indicate a strong relationship between
the two corresponding variables. Cells in dark green or dark red indicate a weak or no
relationship. As seen in Figure A1, there are not many cells that are colored light green or
red, and therefore, there should not exist many groups of variables that have high positive
or negative correlations. This indicates that there may not be any underlying patterns in
the data.

However, we remark that the Pearson correlation (image) matrix, although it provides
valuable insights into the relationships between variables in the data set, can only measure
and represent the possible linear relationships between the variables. Therefore, if the rela-
tionship between variables is not linear, the Pearson correlation matrix may not accurately
capture the true relationship. On the other hand, just because of a light green/red cell, we
cannot conclude that the two corresponding variables are highly correlated, and it does
not mean that one causes the other (i.e., correlation does not imply causation). Therefore,
it is important to consider other factors, interpret the results carefully, and consider the
broader context of the data and further statistical (multivariate) analysis, such as PCA and
PLS regression analysis.
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Figure A1. Image of the correlation matrix of a total of 54 continuous variables: 26 aroma compounds
(i.e., the variables which will make the 5 groups in Y-block in the PLS regression analysis) and
28 features/predictors including amino acids, sugars, ethanol, acids, etc. (i.e., the variables which
will make the X-block in the PLS regression analysis) of 19 yeast strains fermented. The correlations
are according to Pearson, and the significance level alpha is considered 0.05.

To display the pairwise Pearson coefficients of determination of our 54 continuous
variables (including the response and predictor variables), we use the matrix of R-squared
values that are visualized in Figure A2, implemented in XLSTAT 2023 (with a significance
level alpha = 0.05). The R-squared (R-Sq or R2) value is a statistical measure that can be
interpreted as the percentage of the variability in one variable that can be explained by
the other variable. The matrix of coefficients of determination is similar to the correlation
matrix, but instead of displaying the correlation coefficients between variables, it displays
the R-squared values. The R-Sq values range from 0 to 1. An R-Sq value of 0 indicates that
there is no relationship between the two variables, while an R-squared value of 1 indicates
that all of the variability in one variable can be explained by the other variable.

Like the correlation matrix, each row and column of the matrix represents a different
variable, and the values/color in the (image) matrix represent the R-Sq value between
the two corresponding variables. The diagonal of the matrix represents the R-Sq value
of each variable with itself, which is always equal to 1. Higher R-Sq values indicate a
stronger relationship between variables, while lower R-squared values indicate a weaker
relationship. However, it is important to note that the R-Sq value only measures the
proportion of variance in one variable that can be explained by the other variable and does
not provide information about the direction or causality of the relationship. As seen in
Figure A2, there are not many cells that are colored in black/dark blue or dark brown, and
hence, there do not seem to exist many groups of variables whose large proportion of their
variance can be explained by the other groups of variables. Most of the cells are in the
middle range (0.1, 0.3) and (−0.3, 0). This indicates that there may not be any underlying
discoverable patterns in the data. However, we highlight that we will employ R-Sq values
for model selection. More precisely, we exploit the R-Sq values to select the best model
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for our data set in the partial least squares (PLS) regression analysis. Models with higher
R-Sq values are generally considered to be better at explaining the variation in the data (see
Table 2).

Like the Pearson correlation (image) matrix, R-Sq values can be biased by outliers or
other factors that affect the relationship between the variables. Therefore, before calculating
the matrix of coefficients of determination, we aptly coped with the outliers in our data set
using the Grubbs test in XLSTAT 2023 (with a significance level of alpha = 0.05). We remark
that the (image) matrix of coefficients of determination, although it provides valuable
insights into the factors that are driving variation in the data set, does not indicate causality.
Like correlation coefficients, R-Sq values do not provide information about the direction or
causality of the relationship between the variables. Therefore, it is important to consider
other factors and conduct further (multivariate) analysis before making any conclusions.
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Figure A2. Image of the matrix of coefficients of determination of a total of 54 continuous variables:
26 aroma compounds (i.e., the variables which will make the 5 groups in Y-block in the PLS regression
analysis) and 28 features/predictors including amino acids, sugars, ethanol, acids, etc. (i.e., the variables

which will make the X-block in the PLS regression analysis) of 19 yeast strains fermented. The
correlations are according to Pearson, and the significance level alpha is considered 0.05.

The PCA loading plot depicted in Figure A3 displays the loadings/associations of the
variables on the PCs. Loadings represent the correlation between each variable and the
PCs and can be used to interpret the underlying patterns in the data set. The correlation
monoplot plots vectors pointing away from the origin to represent the original variables.
The angle between the vectors is an approximation of the correlation between the variables.
A small angle indicates that the variables are positively correlated, an angle of 90 degrees
indicates that the variables are not correlated, and an angle close to 180 degrees indicates
that the variables are negatively correlated. The length of the line and its closeness to the
circle indicate how well the plot represents the variable. It is, therefore, unwise to make
inferences about relationships involving variables with poor representation.

77



Fermentation 2023, 9, 824

Fermentation 2023, 9, x FOR PEER REVIEW 26 of 30 
 

Figure A2. Image of the matrix of coefficients of determination of a total of 54 continuous variables: 
26 aroma compounds (i.e., the variables which will make the 5 groups in Y-block in the PLS regres-
sion analysis) and 28 features/predictors including amino acids, sugars, ethanol, acids, etc. (i.e., the 
variables which will make the X-block in the PLS regression analysis) of 19 yeast strains fermented. 
The correlations are according to Pearson, and the significance level alpha is considered 0.05. 

The PCA loading plot depicted in Figure A3 displays the loadings/associations of the 
variables on the PCs. Loadings represent the correlation between each variable and the 
PCs and can be used to interpret the underlying patterns in the data set. The correlation 
monoplot plots vectors pointing away from the origin to represent the original variables. 
The angle between the vectors is an approximation of the correlation between the varia-
bles. A small angle indicates that the variables are positively correlated, an angle of 90 
degrees indicates that the variables are not correlated, and an angle close to 180 degrees 
indicates that the variables are negatively correlated. The length of the line and its close-
ness to the circle indicate how well the plot represents the variable. It is, therefore, unwise 
to make inferences about relationships involving variables with poor representation. 

 
Figure A3. The PCA loading plot: the graphical method for displaying the associations of the varia-
bles on the PCs. Legend: Ethyl esters from branched acids—EEBA; Ethyl esters from fatty acids—
EEFA; Acetate esters—AE; Volatile phenols—VP; C6-alcohols—C6-OH. 

Figure A3. The PCA loading plot: the graphical method for displaying the associations of the
variables on the PCs. Legend: Ethyl esters from branched acids—EEBA; Ethyl esters from fatty
acids—EEFA; Acetate esters—AE; Volatile phenols—VP; C6-alcohols—C6-OH.

Fermentation 2023, 9, x FOR PEER REVIEW 27 of 30 
 

 
Figure A4. The PLS loading plot: the graphical method for displaying the associations of the varia-
bles on the LVs. 

The PLS normal probability plot of the residuals (Figure A5) displays the standard-
ized residuals versus their expected values when the distribution is normal. We use the 
normal probability plot of the residuals to verify the assumption that the residuals are 
normally distributed. All our obtained points in the graph fall randomly on both sides of 
the normal line, with no recognizable patterns in the points. This is verified in our analysis 
and is demonstrated in the picture. 

  
(a) (b) 

Figure A4. The PLS loading plot: the graphical method for displaying the associations of the variables
on the LVs.

78



Fermentation 2023, 9, 824

The PLS normal probability plot of the residuals (Figure A5) displays the standardized
residuals versus their expected values when the distribution is normal. We use the normal
probability plot of the residuals to verify the assumption that the residuals are normally
distributed. All our obtained points in the graph fall randomly on both sides of the normal
line, with no recognizable patterns in the points. This is verified in our analysis and is
demonstrated in the picture.
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Abstract: Hong Qu (HQ), obtained through fermentation of various grains using Monascus spp., has
been widely utilized as the main and characteristic initial saccharification and traditional fermentation
starter in the food brewing industry. The quality, color, and flavor of HQ and HQ wine are closely
related to the saccharifying power (SP) and Monascus pigments (MPs) of Monascus spp. In this study,
to optimize the culture medium in submerged fermentation by M. purpureus G11 for improving SP
and MPs, the effects of carbon source, nitrogen source, inorganic salts, and vitamins on SP activity and
biosynthesis of MPs were explored through single-factor analysis and response surface Box–Behnken
experiments. The results showed that the optimal medium composition was 6.008% rice powder,
1.021% peptone, 0.0049% CuSO4, and 0.052% vitamin B1. Validation experiments performed under
the optimized fermentation conditions showed a significant increase in MPs and SP by 14.91% and
36.24%, with maximum MPs and SP reaching 112.61 and 365.12 u/mL, respectively. This study
provides a theoretical basis for enhancing MPs and SP in M. purpureus for HQ production, to improve
the production efficiency and shorten the production cycle of HQ-related fermentation products.

Keywords: Hong Qu; saccharification starter; Monascus pigments; response surface methodology;
culture medium optimization

1. Introduction

Hong Qu (HQ) is one of the four traditional fermentation starters used in China, and is
the main and characteristic initial saccharification and fermentation agent for fermented
foods, such as Hong Qu glutinous rice wine (HQ wine), vinegar, and soy sauce [1–3]. HQ
wine is the second most distinctive yellow rice wine in China. Unlike other types of yellow
rice wine, HQ wine does not require the addition of colorants because the Monascus strains
incorporated into the HQ wine during the brewing process can produce Monascus pigments
(MPs), which give the wine a unique natural red–orange color. Monascus is widely used in
the field of food fermentation, which can produce various important metabolites, including
MPs, monacolin-like substances, and γ-aminobutyric acid, as well as various enzymes,
such as amylase, glucoamylase, protease, pectinase, and esterification enzymes [4,5]. HQ
used in the brewing industry must possess high saccharifying power (SP) and esterifying
power [6,7]. The quality and safety of HQ play crucial roles in determining the flavor, color,
functional activity, and overall quality of HQ wine [8]. Hence, enhancement of HQ quality
is an important strategy for the development of the HQ wine industry. Although HQ has
been widely used in the wine-making industry, the availability of only a few varieties of
HQ starters and low fermentability significantly limit its applications [9].

Wine fermentation starters are the primary driving force for brewing yellow rice wine.
Studies on HQ wine brewing have mainly focused on the microbial communities of the
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starters, fermentation processes, active substances, and volatile flavor components [10–12].
In recent years, there has been a gradual increase in research on esterification enzymes and
saccharifying enzymes of Monascus spp., especially on the isolation and identification of
α-amylase (liquefying power) and its fermentation optimization, analysis of genes related
to esterification enzymes and their biosynthetic pathways, enhancement of production
efficiency, and shortening of the production cycle of HQ-related fermentation foods [13–17].
Although most of the studies on saccharifying enzymes of Monascus spp. have mainly
focused on its applications, only a few studies have investigated their fundamental charac-
teristics [18]. Saccharifying enzymes can fully convert starch into fermentable sugar and
provide necessary substrates for the fermentation process in the food brewing industry [19].
Although many researchers have attempted to use saccharifying fermentation agents di-
rectly in the saccharification stage of the wine-making process and obtained good outputs,
the agent can cause rapid hydrolysis of starch, resulting in microecological imbalance
during the fermentation process, which can decrease the wine quality and create a bitter
taste [20]. Thus, improving the SP of HQ has gained increasing attention in recent years [21].
Because Monascus plays an important role in the HQ brewing industry, it is particularly
critical to obtain Monascus strains that not only have high SP but also adequate quantities
of MPs. The use of such efficient Monascus strains in brewing HQ can improve the quality
of HQ, enhance the color and flavor of HQ wine, and reduce the amount of red HQ used in
brewing. Although a representative strain, Monascus purpureus G11, which can produce
high yield of MPs and strong SP, was isolated in our previous study, the fermentation
process was optimized.

It is well known that optimization of medium composition can increase the production
of beneficial metabolites, such as MPs and lovastatin, in Monascus spp., and reduce the
generation of harmful products, such as citrinin [22,23]. Many researchers have studied the
effects of changes in carbon and nitrogen sources as well as the addition of vitamins and
inorganic salts on the metabolism of Monascus spp. For instance, Yang Dongcheng et al.
found that Fe2+ ions can increase the production of MPs in Monascus spp. [24]. However, the
effects of medium optimization on SP and MPs in M. purpureus have not been extensively
investigated. Response surface methodology (RSM) has been used for optimization of
fermentation conditions based on the sophisticated interactions among multiple process
variables [25,26]. However, the use of RSM for the optimization of fermentation conditions
for improving SP is limited.

In the present study, RSM was employed for the optimization of fermentation condi-
tions for both SP activity and the production of MPs in M. purpureus. Submerged liquid
fermentation (SmF), with the advantages of short cultivation period, easy control of condi-
tions, and good reproducibility, was employed to investigate systematically the effects of
several categories of main nutrient sources on the brewing strain, M. purpureus G11. The
medium composition was optimized for improving SP and MPs of liquid seed produc-
tion and solid-state fermentation by identifying the preferred nutrients, including carbon
sources, nitrogen sources, inorganic salts, and vitamins (and precursor substances). A
mathematical model was established using the response surface Box–Behnken experimen-
tal design to optimize the culture medium and further improve SP and MPs. The main
indicators of HQ quality, namely, SP and color value, were used as the evaluation standard.
The results of this study provide systematic technical support for research on liquid seed
production and solid-state fermentation processes for brewing HQ.

2. Materials and Methods
2.1. Strain and Culture Conditions

M. purpureus G11, which can produce both a high yield of MPs and SP activity, was
isolated from HQ collected from HQ wine manufacturers and preserved in our laboratory
and at the China Center for Type Culture Collection (CCTCC, Wuhan, China; CCTCC No.
M 2023550). For the initial growth, M. purpureus G11 was inoculated onto MEA slant (6%
malt extract and 2% agar; pH 6–7; sterilized at 121 ◦C for 30 min) and incubated at 35 ◦C for
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10 d. The seed and liquid media consisted of 6% glucose, 3% soluble starch, 1% peptone,
0.15% KH2PO4, 0.2% K2HPO4, 0.2% MgSO4, and 0.1% NaNO3 without pH adjustment, and
were sterilized at 121 ◦C for 30 min. The seed culture was prepared as described previously,
and 6% of the seed was inoculated onto 50 mL of aseptic liquid fermentation medium and
incubated at 35 ◦C and 180 rpm for 96 h [27].

2.2. Metabolite Detection

Color value (yield of MPs, u/mL) was determined according to the Chinese National
Standard (GB1886.19-2015), with three biological replicates. The fermentation broth in
each flask (0.05 mL) was mixed well and then extracted with 25 mL of 70% ethanol at
60 ◦C for 1 h. After filtration and cooling to room temperature, the extracted liquid or
filtrate was serially diluted (A times), and the optical density (OD) was measured using an
ultraviolet–visible spectrophotometer (UV-240, Shimadzu, Japan) against a 70% ethanol
blank at 505 nm. The yield of MPs was calculated as follows: MPs = A × OD × V × 25,
where A is the number of dilutions, OD is the optical density, and V is the total volume of
the fermentation broth after fermentation (mL).

SP (u/mL) was determined according to the Chinese National Standard (QB/T 5188-
2017), with three biological replicates. One unit (U) of enzyme activity was defined as the
ability of 1.0 g of HQ to convert soluble starch into 1 mg of glucose in 1 h at 40 ◦C and
pH 4.6. First, the fermentation broth in each flask (3 mL) was mixed well and then extracted
with 22 mL of acetic acid–sodium acetate buffer solution at 35 ◦C for 2 h. After filtration
and cooling to room temperature, the extracted liquid was used as the sample. Second,
both 2% soluble starch solution (25 mL) and acetic acid–sodium acetate solution (5 mL)
were added to two 50 mL colorimetric tubes in bottles A and B at 40 ◦C for 10 min. The
extracted liquid sample (2 mL) was added to bottle A at 40 ◦C for 30 min, then 20% sodium
hydroxide (0.2 mL) was added and mixed well, and cooled at 1–3 ◦C for 2 min. In bottle B
(blank bottle), 20% sodium hydroxide (0.2 mL) was added and mixed well, cooled to room
temperature, then 2 mL of the extracted liquid sample was added. Third, the solutions
in bottles A and B (5 mL) were mixed well with iodine solution (10 mL) and 0.1 mol/L
of sodium hydroxide (15 mL) for dark reaction (15 min), then 2 mol/L of sulfuric acid
(2 mL) was added and the solution titrated with sodium thiosulfate solution until the blue
color disappeared.

SP was calculated as follows: SP = (V − V1)× C1×90.05 × 32.2
5 × 1

2 × N × 2, where
V (mL) is the volume of thiosulfate sodium solution in the blank in bottle B, V1 (mL) is
the volume of thiosulfate sodium solution in the sample in bottle A, C1 (mol/L) is the
concentration of thiosulfate sodium standard solution, 90.05 (mg) is the mass of glucose
equivalent to 1.00 mL of thiosulfate sodium, 32.2 (mL) is the total volume of the reaction
solution, 5 (mL) is the volume of the reaction solution used, 1/2 is the sample volume
conversion factor from 2 mL to 1 mL, N is the dilution factor (25 mL/3 mL), and 2 is the
reaction time conversion factor from 30 min to 1 h.

2.3. Effects of Carbon and Nitrogen Sources on MPs and SP by M. purpureus G11 in SmF

The medium composition was optimized for improving high MPs and SP in M. pur-
pureus G11 by identifying the preferred nutrients. Accordingly, the effects of different
carbon and nitrogen sources on M. purpureus G11 were determined using single-factor
analysis by incubating M. purpureus G11 in basal medium containing different carbon
sources (6%) (glucose, sucrose, corn starch, lactose, fructose, glycerin, maltose, rice powder,
and galactose) and nitrogen sources (1%) (soybean powder, sodium glutamate, beef extract,
fish meal, KNO3, peptone, yeast extract, soy powder, NH4NO3, (NH4)2SO4, and corn steep
liquor), respectively, with the other factors remaining constant.

2.4. Effect of Inorganic Salt Sources on MPs and SP by M. purpureus G11 in SmF

Inorganic salts, including CuSO4 (0.001% and 0.005%), FeSO4 (0.005% and 0.01%),
LaCl3 (0.04% and 0.08%), MnCl2 (0.005% and 0.01%), MgSO4 (0.1%), KH2PO4 (0.2%), CoCl2
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(0.005%), ZnSO4 (0.05% and 0.1%), and CaCl2 (1% and 1.5%), were added to the basal
medium to ascertain their effects on MPs and SP in M. purpureus G11 using single-factor
analysis. After determining the optimal inorganic salt source, the effect of inorganic salt
concentration (0.001%, 0.0025%, 0.005%, 0.0075%, and 0.01%) on MPs and SP in M. purpureus
G11 was investigated.

2.5. Effect of Vitamins on MPs and SP by M. purpureus G11 in SmF

Vitamins, including vitamin B1 (VB1; 0.03% and 0.08%), vitamin B3 (VB3; 0.03% and
0.08%), vitamin B5 (VB5; 0.03% and 0.08%), vitamin B6 (VB6; 0.03% and 0.08%), vitamin B9
(VB9; 0.07% and 0.1%), erythorbic acid (EVC; 0.03% and 0.05%), and vitamin H (H; 0.03%
and 0.08%), were individually added to the basal medium to investigate their effects on
MPs and SP in M. purpureus G11 using single-factor analysis. After determining the optimal
vitamin, the effect of vitamin concentration (0.01%, 0.03%, 0.05%, 0.07%, and 0.09%) on
MPs and SP in M. purpureus G11 was analyzed.

2.6. Optimization of Medium Composition Using RSM

Based on the abovementioned results, the four selected medium components (rice
powder, peptone, Cu2+, and VB1) were further optimized through RSM to achieve high
MPs and SP in M. purpureus G11 (Table 1).

Table 1. Factors and their code levels optimized using RSM experimental design.

Independent
Factors

Symbol
Range and Code Levels

−1 0 1

Rice powder (%) A 5 6 7
Peptone (%) B 0.5 1 1.5

Cu2+ (%) C 0.003 0.005 0.007
VB1 (%) D 0.03 0.05 0.07

2.7. Statistical Analysis

All data were analyzed using SPSS and ANOVA to determine significant differences.
All the experiments were performed in triplicate, and the average value was employed.
The data were plotted using Origin Pro 8.6.

3. Results and Discussion
3.1. Effects of Carbon Source on MPs and SP by M. purpureus G11

The carbon source is one of the most important components in the fermentation
medium, which mainly provides the carbon skeleton for the microbial cells and synthesized
products and supplies energy for metabolic activities [28,29]. The properties and utilization
limitations of carbon sources can directly affect M. purpureus metabolism, which in turn can
influence material synthesis and degradation, having a certain impact on the production
of MPs [30,31]. The results of the present study indicated that the type of carbon source
had a significant impact on MPs and SP by M. purpureus G11 (Figure 1). The presence of
fructose, maltose, and rice powder as carbon sources in M. purpureus G11 culture caused
higher production of MPs and faster mycelial growth, with the yield of MPs reaching
95.81, 96.2, and 104.15 u/mL, respectively. Furthermore, cultivation of M. purpureus G11 in
the presence of rice powder as carbon source caused higher SP (267.8 u/mL), which was
significantly higher than that noted in the presence of other carbon sources (p < 0.05).

Glycosylation capacity is one of the important indicators reflecting the enzymatic
ability of M. purpureus. The level of glycosylation capacity directly reflects the ability of
M. purpureus to produce fermentable sugars, which ultimately affects wine production.
M. purpureus exhibited the best saccharifying ability as well as higher production of MPs
(104.15 u/mL) when cultivated in the presence of rice powder as carbon source. This
obvious increase in MPs and SP in the presence of rice powder could possibly be owing to
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the ability of M. purpureus G11 to completely utilize the various nutrients in rice powder
during cultivation. Therefore, rice powder was selected as the suitable carbon source for
achieving high MPs and SP in M. purpureus G11.
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It is worth noting that when corn starch was used as the carbon source, both MPs
and SP were significantly low. We speculated that except for corn starch and rice flour, all
the other carbon sources are small molecules that can be quickly dissolved and absorbed
as nutrients. Only corn starch and rice powder are mixed nutrients, and rice powder
contains abundant fast nutrients, such as monosaccharides and disaccharides, which can
also provide the necessary nutrients for the growth and metabolism of M. purpureus G11.
However, corn starch is the only pure long-chain starch among the carbon sources without
fast nutrient components. The strain cannot grow rapidly, thus affecting the production
of MPs and SP activity. In addition, the addition of corn starch results in a semisolid and
viscous state of the culture medium, leading to low dissolved oxygen levels, which also
restricts the initial growth of the strain. Therefore, neither the composition of corn starch
nor the state of the culture medium can improve the growth of the strain and promote
production of MPs and SP activity.

3.2. Effects of Nitrogen Source on MPs and SP by M. purpureus G11

A nitrogen source is essential for microbial growth and synthesis of metabolites, and
plays a crucial role in the process of MPs and SP by M. purpureus during fermentation [32].
The optimal nitrogen source for M. purpureus can vary depending on the strain [33–35]. As
shown in Figure 2, the type of nitrogen source had a significant impact on the production
of MPs and the saccharifying ability of M. purpureus G11. Among them, peptone and corn
steep liquor had higher saccharification ability than other nitrogen sources, with SP of
263.55 and 258.55 u/mL, respectively, with no significant difference (p > 0.05). By contrast,
production of MPs by M. purpureus G11 in the presence of peptone and corn steep liquor
was 103.04 and 15.48 u/mL, respectively, with peptone causing significantly higher yield of
MPs than corn steep liquor (p < 0.05). Hence, peptone was selected as the suitable nitrogen
source for obtaining high MPs and SP in M. purpureus G11.
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3.3. Effects of Inorganic Salts on MPs and SP by M. purpureus G11

Inorganic salts are essential for microbial growth and reproduction, and metal ions
also play an important regulatory role in the secondary metabolism of microorganisms [36].
Different metal ions have different effects on the production of MPs and the saccharifying
activity in M. purpureus. Accordingly, in the present study, the optimal inorganic salt and
its appropriate concentration for achieving high MPs and SP in M. purpureus G11 was
screened among Cu2+, Fe2+, La3+, Mn2+, Mg2+, K+, Co2+, Zn2+, and Ca2+ as exogenous
metal ion additives [37]. Based on the results of preliminary experiments, CuSO4 (0.001%
and 0.005%), FeSO4 (0.005% and 0.01%), LaCl3 (0.04% and 0.08%), MnCl2 (0.005% and
0.01%), MgSO4 (0.1%), KH2PO4 (0.2%), CoCl2 (0.005%), ZnSO4 (0.05% and 0.1%), and
CaCl2 (1% and 1.5%) were added to the culture medium of M. purpureus G11 to explore
their effects on MPs and the saccharifying capacity of the strain.

As shown in Figure 3a, the type of inorganic salt had a significant effect on MPs
and the saccharifying ability of M. purpureus G11. Addition of 0.001% Cu2+ significantly
promoted the SP activity (309.62 u/mL) of M. purpureus G11 in comparison with other
inorganic salts (p < 0.05). Moreover, 0.001% Cu2+ addition achieved higher yield of MPs
(104.2 u/mL) in M. purpureus G11, which was only slightly lower than those noted with the
addition of 0.1% Mg2+ and 0.2% K+, but did not show any significant difference (p > 0.05).
Based on these results, Cu2+ was selected as the optimal exogenous metal ion additive for
achieving high MPs and SP in M. purpureus G11.

Subsequently, the optimal Cu2+ concentration for achieving high MPs and SP in
M. purpureus G11 was determined by adding different concentrations of Cu2+ (0.001%,
0.003%, 0.005%, 0.007%, and 0.009%) to the culture medium. The blank control comprised
M. purpureus G11 culture medium without Cu2+ addition. As shown in Figure 3b, the yield
of MPs decreased with the increase in Cu2+ concentration, and the highest yield of MPs
(105.86 u/mL) was achieved with the addition of 0.003% Cu2+. Similarly, the SP activity
decreased with the increase in Cu2+ concentration, and the highest SP activity (335.2 u/mL)
was observed in the presence of 0.005% Cu2+. Based on these results, 0.005% Cu2+ was
selected as the optimal Cu2+ concentration for subsequent experiments.
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3.4. Effects of Vitamins on MPs and SP by M. purpureus G11

Based on the results of preliminary experiments, VB1 (0.03% and 0.08%), VB3 (0.03%
and 0.08%), VB5 (0.03% and 0.08%), VB6 (0.03% and 0.08%), VB9 (0.07% and 0.1%), EVC
(0.03% and 0.05%), and H (0.03% and 0.08%) were selected as exogenous vitamin additives
and added to the culture medium to determine their effects on MPs and SP in M. purpureus
G11. As shown in Figure 4a, vitamins had a significant effect on the production of MPs
and SP activity in M. purpureus G11. In particular, 0.03% VB1 and 0.08% VB1 significantly
increased SP, reaching 316.5 and 320.21 u/mL, respectively, in comparison with other
vitamins (p < 0.05). Similarly, addition of 0.03% VB1 and 0.08% VB1 increased the yield of
MPs to 99.16 and 100.09 u/mL, respectively. Therefore, VB1 was selected as the optimal
vitamin for achieving high MPs and SP in M. purpureus G11.
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Subsequently, the optimal concentration of VB1 for obtaining high MPs and SP in
M. purpureus G11 was ascertained by adding different concentrations of VB1 (0.01%, 0.03%,
0.05%, 0.07%, and 0.09%) to the culture medium. The blank control comprised M. purpureus
G11 culture medium without VB1 addition. As shown in Figure 4b, the yield of MPs first
increased and then decreased with the increasing VB1 concentration. The yield of MPs
was the highest (108.7 u/mL) in the presence of 0.05% VB1. Similarly, the SP activity first
increased and then decreased with increasing VB1 concentration. The highest SP activity
of 341.75 u/mL was achieved with the addition of 0.05% VB1. Therefore, 0.05% VB1 was
chosen as the optimal concentration for subsequent experiments.

3.5. Analysis of RSM Results for MPs and SP by M. purpureus G11

Based on the abovementioned results, the four selected medium components (rice
powder, peptone, Cu2+, and VB1) were further optimized using response surface Box–
Behnken experiments by establishing regression equations between nutrient sources and
MPs and SP, with yield of MPs and SP activity employed as response variables. The design
and results of the response surface Box–Behnken experiments are presented in Table 2.
The quadratic polynomial regression equations for MPs (Y1) and SP (Y2) were fitted using
Design-Expert 13 software as follows:
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Table 2. Design and results of response surface Box–Behnken experiments.

No. Rice
Powder/% Peptone/% Cu2+/% VB1/% Observed MP

Yield/(u/mL)
Observed SP

Activity/(u/mL)

1 5 0.5 0.005 0.05 106.4 339.56
2 7 0.5 0.005 0.05 105.6 344.63
3 5 1.5 0.005 0.05 106.2 347.17
4 7 1.5 0.005 0.05 104.4 349.78
5 6 1 0.003 0.03 106.5 323.66
6 6 1 0.007 0.03 102.5 327.63
7 6 1 0.003 0.07 106.2 334.25
8 6 1 0.007 0.07 103.2 340.14
9 5 1 0.005 0.03 103.1 329.45

10 7 1 0.005 0.03 103.2 332.64
11 5 1 0.005 0.07 105.7 338.16
12 7 1 0.005 0.07 105.2 341.57
13 6 0.5 0.003 0.05 107.5 332.72
14 6 1.5 0.003 0.05 106.2 337.80
15 6 0.5 0.007 0.05 103.4 337.84
16 6 1.5 0.007 0.05 104.4 342.25
17 5 1 0.003 0.05 107.5 334.42
18 7 1 0.003 0.05 106.5 337.80
19 5 1 0.007 0.05 103.8 339.63
20 7 1 0.007 0.05 102.9 342.76
21 6 0.5 0.005 0.03 102.1 327.04
22 6 1.5 0.005 0.03 101.5 332.16
23 6 0.5 0.005 0.07 103.1 336.59
24 6 1.5 0.005 0.07 103.2 341.77
25 6 1 0.005 0.05 113.42 364.15
26 6 1 0.005 0.05 114.2 365.86
27 6 1 0.005 0.05 113.5 360.85
28 6 1 0.005 0.05 113.2 364.26
29 6 1 0.005 0.05 114.2 358.13

Y1 = −0.4083A − 0.1833B − 1.68C + 0.6417D − 0.25AB + 0.025AC − 0.15AD + 0.575BC
+ 0.175BD + 0.25CD − 3.89A2 − 4.7B2 − 3.87C2 − 5.76D2,

Y2 = 1.73A + 2.71B + 2.47C + 4.99D − 0.6140AB − 0.0633AC + 0.056AD − 0.1668BC +
0.0167BD + 0.481CD − 8.77A2 − 9.8B2 − 14.6C2 − 17.83D2.

Table 3 shows the variance analysis of the MPs’ regression model using Design-Expert
13 software. Factors C (Cu2+), A2, B2, C2, and D2 had highly significant effects on the
yield of MPs (p < 0.01), whereas factor D (VB1) had a significant effect on MPs (p < 0.05).
However, factors A (rice powder), B (peptone), AB, AC, AD, BC, BD, and CD had no
significant effects on the yield of MPs (p > 0.05). Based on the magnitude of the first-order
coefficients in the quadratic regression equation, the order of the factors in terms of their
effects on the yield of MPs was Cu2+ > VB1 > rice powder > peptone, with Cu2+ having the
most significant effect on the yield of MPs. With the yield of MPs as the response variable,
the model presented p < 0.01, indicating that the quadratic equation model was highly
significant. Meanwhile, the lack of fit of the model was not significant (p = 0.07 > 0.05),
suggesting that the experimental results and mathematical model fitted well, and that
the model selection was appropriate. Therefore, this model can be used to predict the
test results. The coefficient of determination, R2, of the regression equation was 0.9722,
implying that 97.22% of the variation in color value could be attributed to the selected
variables.
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Table 3. ANOVA results of the MPs’ regression model.

Source Sum Sq Df Mean Sq F Value p Value Significant

Model 405.76 14 28.98 34.93 <0.0001 **
A 2 1 2 2.41 0.1428
B 0.4033 1 0.4033 0.4861 0.4971
C 34 1 34 40.98 <0.0001 **
D 4.94 1 4.94 5.95 0.0286 *

AB 0.25 1 0.25 0.3013 0.5917
AC 0.0025 1 0.0025 0.003 0.957
AD 0.09 1 0.09 0.1085 0.7468
BC 1.32 1 1.32 1.59 0.2274
BD 0.1225 1 0.1225 0.1476 0.7066
CD 0.25 1 0.25 0.3013 0.5917
A2 97.92 1 97.92 118.02 <0.0001 **
B2 143.15 1 143.15 172.54 <0.0001 **
C2 97.29 1 97.29 117.26 <0.0001 **
D2 215.23 1 215.23 259.41 <0.0001 **

Residual 11.62 14 0.8297
Lack-of-fit 10.75 10 1.07 4.95 0.0685
Pure error 0.8683 4 0.2171
Cor. total 417.38 28

Note: **, highly significantly different (p < 0.01), * significantly different (p < 0.05). A: Rice powder; B: Peptone;
C: Cu2+; D: VB1.

The ANOVA results of the SP regression model obtained using Design-Expert 13
software are shown in Table 4. Factors B (peptone), C (Cu2+), D (VB1), A2, B2, C2, and
D2 had a highly significant effect on SP activity (p < 0.01), whereas factor A (rice powder)
had a significant effect on SP activity (p < 0.05). By contrast, factors AB, AC, AD, BC, BD,
and CD had no significant effect on SP activity (p > 0.05). Based on the magnitude of the
first-order coefficients of the quadratic regression equation, the order of the factors in terms
of their effects on SP activity was VB1 > peptone > Cu2+ > rice powder, with VB1 having
the greatest effect on SP activity. When the SP activity was used as the response variable,
the model presented p < 0.01, indicating that the quadratic equation model was highly
significant. At the same time, the lack of fit of the model was not significant (p = 0.97 > 0.05),
suggesting that the experimental results and mathematical model fitted well, and that the
model was suitable for predicting the test results. The coefficient of determination, R2,
of this regression equation was 0.9832, implying that 98.32% of the variation in enzyme
activity could be attributed to the selected variables.

3.6. Model Validation and Confirmation

The response surface graph clearly showed the interaction between the different
factors, with steeper slope indicating higher impact of the factors on the response value,
and shallower slope denoting lower impact of the factors on the response value [38].
Figure 5 illustrates the interactive effects of various factors on the yield of MPs, with steep
response surfaces indicating a significant influence of the interaction between factors on
the yield of MPs. Figure 6 reveals the interactive effects of various factors on SP activity.
The steep response surfaces (Figure 6b–e) implied that the SP activity increased and then
decreased with the increasing levels of rice powder and Cu2+, rice powder and VB1,
peptone and Cu2+, peptone and VB1, and VB1 and Cu2+, denoting a significant influence
of the interaction between factors on SP activity. By contrast, the relatively flat response
surface (Figure 6a) suggested that the interaction between peptone and rice powder had
little effect on SP activity.
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Table 4. ANOVA results of the SP regression model.

Source Sum Sq DF Mean Sq F Value p Value Significant

Model 3621.32 14 258.67 58.41 <0.0001 **
A 36.01 1 36.01 8.13 0.0128 *
B 88.23 1 88.23 19.92 0.0005 **
C 73.08 1 73.08 16.5 0.0012 **
D 298.98 1 298.98 67.51 <0.0001 **

AB 1.51 1 1.51 0.3405 0.5688
AC 0.016 1 0.016 0.0036 0.9529
AD 0.0125 1 0.0125 0.0028 0.9583
BC 0.1112 1 0.1112 0.0251 0.8763
BD 0.0011 1 0.0011 0.0002 0.9877
CD 0.9254 1 0.9254 0.209 0.6546
A2 498.87 1 498.87 112.65 <0.0001 **
B2 623.57 1 623.57 140.81 <0.0001 **
C2 1383.4 1 1383.4 312.39 <0.0001 **
D2 2063.08 1 2063.08 465.88 <0.0001 **

Residual 62 14 4.43
Lack-of-fit 23.23 10 2.32 0.2396 0.9696
Pure error 38.77 4 9.69
Cor. total 3683.32 28

Note: **, highly significantly different (p < 0.01), * significantly different (p < 0.05). A: Rice powder; B: Peptone;
C: Cu2+; D: VB1.
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VB1. Under these optimal conditions, the theoretical yields of MPs and SP were 113.77 
and 362.91 u/mL, respectively. However, considering the operability, the optimal condi-
tions were adjusted to 6% rice powder, 1% peptone, 0.005% Cu2+, and 0.05% VB1, and the 
adjusted parameters were validated through experiments. The MPs and SP under these 
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Through optimization using Design-Expert 13 data analysis software, the optimal
process parameters for obtaining a high yield of MPs and SP activity in M. purpureus G11
were determined to be 6.008% rice powder, 1.021% peptone, 0.0049% Cu2+, and 0.052% VB1.
Under these optimal conditions, the theoretical yields of MPs and SP were 113.77 and
362.91 u/mL, respectively. However, considering the operability, the optimal conditions
were adjusted to 6% rice powder, 1% peptone, 0.005% Cu2+, and 0.05% VB1, and the
adjusted parameters were validated through experiments. The MPs and SP under these
adjusted conditions were 112.61 and 365.12 u/mL, respectively, which were close to the
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theoretical predicted values, indicating that the equation obtained through RSM optimiza-
tion had practical significance and that the model can correctly predict the production of
MPs and SP activity in M. purpureus G11.
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4. Conclusions

SP activity is one of the most important indicators for assessing the quality and
brewing process of HQ. The SP directly determines the utilization rate of raw materials and
yield of HQ wine. Monascus is one of the key fungal genera that affects the saccharification
ability and color of HQ. The difference in the SP activity and production of MPs can lead to
variations in the characteristics of HQ, which in turn can affect its fermentation quality. In
this study, different medium compositions were examined using single-factor experiments
to select the optimal concentrations of medium components for liquid-state fermentation.
RSM revealed that the optimum medium components for achieving a high yield of MPs and
SP activity were 6.008% rice powder, 1.021% peptone, 0.0049% Cu2+, and 0.052% VB1, which
were verified by a liquid-state fermentation experiment. Under these optimal conditions,
the yield of MPs and SP activity of 112.61 and 365.12 u/mL, respectively, were achieved. The
results of this study provide systematic technical support for HQ production and further
research on solid-state fermentation technology. Moreover, exploration and development of
production technology for achieving high-quality standardized HQ can offer a theoretical
basis and technical guarantee for upgrading the products in HQ-related industries.
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Abstract: Table olives are considered high-quality food, and Italy has a wealth of varieties and typical
features that are truly unique in the world (about eighty cultivars of table olives or dual-purpose
olives, four of which are protected by the protected designation of origin—PDO), and it is the second
largest European consumer, behind Spain. The Taggiasca olive does not have a PDO, but it is very
appreciated not only in the region of production (Liguria), but also in all the Italian regions and abroad.
Autochthonous microbes (bacteria, yeasts, and filamentous fungi) are essential in the fermentative
processes for brine olive production. However, these microbial communities that colonised the olive
drupes are affected by the environmental conditions and the fermentation treatments. Hence the
importance of studying and comparing olive microbes from different farms and investigating the
relationships between bacteria, yeasts, and filamentous fungi to speed up the deamarisation process.
Our results showed that yeasts are dominant relative to lactobacteria in all three brines studied, and
Wickerhamomyces anomalus was the most performant fungus for the oleuropein degradation. The latter
represents the best candidate for the realisation of a microbial starter.

Keywords: Taggiasca olive; microbial characterisation; Wickerhamomyces anomalus; oleuropein degradation

1. Introduction

The Taggiasca black olive variety is typical of the Liguria region (Northern Italy),
where it is cultivated to produce both oil and table olives [1–3]. This variety is recognised
as high-quality and takes its name from Taggia, a small town in the province of Imperia; its
cultivation is limited to the provinces of Imperia and Savona [2,4]. To date, the production
of table olives includes three main methods: i. Spanish process for green olives, with a
lye chemical treatment of the drupes before fermentation in brine; ii. Californian process
that incorporates lye treatment and air oxidation; iii. Greek process that consists of the
natural fermentation of black olives in brine [1,5]. In terms of Taggiasca olives, they are
harvested and sorted when they become black. Every producer follows the same general
protocol to produce Taggiasca olives in brine, but some steps may be affected by the farm’s
climatic exposure and structure and by the autochthonous microbial colonisation of the
drupes. In general, olives are rinsed with water on site and then placed in barrels. These
are later filled with freshly prepared brine with a salt concentration of 8–12% (w/v) [6,7].
For safety reasons, the practice requires a reduction in pH by the addition of lactic or
citric acid [6,7]. Olives are marinated in the brine until they lose their bitter taste, and
after 6 or more months, they are placed in jars filled with fresh brine and pasteurised [6,7].
During the processing period, the barrels are stored at room temperature and can also be
stocked outdoors. In this method, the removal of bitter compounds, mainly represented
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by oleuropein and its aglycons, occurs due to the enzymatic activity (β-glucosidase and
esterase) of the fruits and the microorganisms (bacteria and yeasts), as well as the diffusion
of the phenolic compounds into the brine [8,9].

This procedure, however, is often affected by problems. For example, the processing
period is strongly affected by climatic conditions, and during cold winters, the fermentation
activity can slow down, increasing the time of storage of the olives in the barrels (sometimes
up to 8 months) [6,7]. Another problem is represented by the possible growth of undesirable
microbes (mainly yeasts and moulds), which can produce “gas pockets” or biofilm on
the top layer of the brine [9]. Hence the importance of studying the microbial (bacteria,
yeasts, and moulds) community of the drupes as well as the microbial composition of
the brine, which can change from farm to farm. In fact, the knowledge of autochthonous
microorganisms is essential to avoid and prevent “crazed brines” or taste defects, and
to allow the creation of microbial starters employable in fermentation processes for the
decreasing of the olives’ storage time in barrels [7]. Moreover, the investigation of the
Taggiasca drupes funga led to an understanding of the fungal role in the protection of the
olive tree against biotic adversities through the production of bioactive compounds and
the stimulation of the defence reaction, as well as the application of these microorganisms
as potential biopesticides and biofertilisers [10].

This work aims to: i. characterise the fungal community of Taggiasca olives harvested
in three different farms in Liguria in winter 2020 and 2021, ii. characterise the microbial
community of the brine of these farms, and iii. investigate the potentiality of autochthonous
strains as starters.

2. Materials and Methods
2.1. Olives Sampling

Sampling sites were selected by altitude, exposure, and location. The reference sites
for the investigation coincide with the olive-processing locations and their respective
agricultural farms. Samples were, therefore, collected in the olive groves in the towns of
Pompeiana (Imperia, Liguria, Italy—43.85331◦ N, 7.88898◦ E), Lucinasco (Imperia, Liguria,
Italy—43.96766◦ N, 7.96472◦ E), and Diano Arentino (Imperia, Liguria, Italy—43.94692◦ N,
8.04026◦ E) in three farms identified by the codes DB, CS, and RF, respectively. The collected
olives were characterised based on the indications provided by the producers themselves.

The sampling activities were carried out during November 2020 and 2021 and did
not only concern the drupes, but also the processing conditions of the olives in brine.
In fact, brine samples were taken to contextualise the presence and development of the
microorganisms responsible for the product’s fermentation process.

During the sampling operations, environmental parameters were recorded, and in-
formation was collected on the operational methods for the production of the brine used
by each company, in order to identify technical and technological differences between
different producers.

For each farm, two samples were prepared: the first of drupes washed in situ before
stocking, and the second of drupes harvested without washing.

After sampling, stocks were prepared for medium-term storage. The olives, as re-
ceived, were distributed into containers placed at a temperature of 4 ◦C in the laboratory of
Active Cells S.r.l. at the Center for Advanced Biotechnologies. Another part was stored, un-
der similar conditions, in the laboratories of MICAMO and Mycology at DISTAV—UNIGE.
A further fraction was placed at −20 ◦C for long-term storage.

2.2. Fungal Characterisation of Drupes and Brines

All the harvested olives were briefly washed in sterile water and then inoculated
in plates of 150 mm in diameter. The culture media employed were Agar Water (AW,
SigmaAldrich®, St. Louis, MO, USA) and Potato Dextrose Agar (PDA, SigmaAldrich®).
Olives were plated in duplicate for each farm and incubated in the dark at 24 ± 1 ◦C. The
plates were monitored weekly for 21 days.
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As for olives in brine, they were inoculated in AW and PDA plates (150 mm diameter)
enriched with 5% salt concentration. Moreover, 0.5 mL of brine from each farm was
inoculated on PDA plates (90 mm diameter) enriched with 10% salt concentration. All
the samples were plated in duplicate, incubated in the dark at 24 ± 1 ◦C, and monitored
weekly for 21 days.

After the fungal growth, colonies were isolated in axenic culture on PDA and Malt Extract
Agar (MEA, SigmaAldrich®) plates (60 mm diameter) and finally cryopreserved at −20 ◦C in
the culture collection of the Mycological Laboratory of the Department of Earth, Environment,
and Life Sciences of the University of Genoa (ColD-DISTAV-UNIGE JRU MIRRI-IT).

All fungal morphotypes were identified by a polyphasic approach (morphological and
molecular). Macro-micromorphological characteristics were studied by stereomicroscopy
(×10–50) and optical microscopy (×40–100).

Genomic DNA was extracted from 100 mg of fresh fungal culture using the
cetyltrimethylammonium bromide (CTAB) method modified by [11]. The PCR ampli-
fication of the ITS region was performed using universal primers ITS1F and ITS4 [12,13].
The PCR protocol was as follows: 1 cycle of 5 min at 95 ◦C; 40 s at 94 ◦C; 45 s at 55 ◦C;
35 1 min cycles at 72 ◦C; 1 10 min cycle at 72 ◦C. Later, PCR products were purified and
sequenced using Macrogen Inc. (Seoul, Republic of Korea). The sequence assembly and edit-
ing were performed using Sequencher® (Gene Codes Corporation, Centerville, MA, USA,
version 5.2). The taxonomic assignment of the sequenced samples was carried out using
the BLASTN algorithm to compare the sequences obtained against the GenBank database.
We took a conservative approach to a species-level assignment (identity ≥ 97%) and ver-
ified the accuracy of the results by also studying the macro- and micro-morphological
features of the colonies. The nomenclature of the species was checked by Index Fun-
gorum (http://www.indexfungorum.org, accessed on 27 February 2023) and Mycobank
(https://www.mycobank.org, accessed on 27 February 2023). The sequences obtained
were deposited in GenBank with accession numbers ranging from SUB12938672 006_D9
OQ589871 to SUB12938672 008_F1 OQ589911.

2.3. Bacteria Characterisation of the Brines

The microbiological analysis of the brines was carried out in non-selective conditions
both aero- and anaerobically.

A pre-enrichment test was used to isolate the bacteria present in the early stages. Since
the olive production procedure involves treatment in 10–12% brine, pre-enrichment is
used by means of brines at different concentrations to isolate the bacterial flora capable of
resisting and proliferating at high brine concentrations. For this purpose, all samples were
pre-enriched with 10% brine.

Furthermore, to simulate the natural evolution of the bacterial flora, two series of
containers were prepared with a greater quantity of olives from each farm, 120 g of olives
and 110 g of brine.

The first experimental series was placed in aerobic conditions. Subsequently, a second
experimental series was prepared in airtight jars with limited headspace. Samples were
taken from these jars during the first days of the debittering phase and cultivated on special
nutrient media. In particular, the deMan Rogosa Sharpe (MRS) culture medium (specific
for Lactobacillus spp.) and the Thioglycollate Fluid Medium were used.

Once grown on the different media for the isolation of the lactobacilli, we operated
according to the following scheme:

A total of 1 mL of the liquid sample, or 1 mL of the stock suspension if solid, and 1 mL
of the successive decimal dilutions were placed in Petri dishes, and 10–15 mL of medium
was added.

Depending on the type of lactobacilli, the following were incubated:

• Thermophilic lactobacilli: 42 ◦C for 48 h;
• Mesophilic lactobacilli: 35 ◦C for 48 h;
• Psychrophilic lactobacilli: 25 ◦C for 5 days;
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• Mesophiles and psychrophiles: 30 ◦C for 48 h + 22 ◦C for 24 h.

Microbial strains developed earlier in a sodium thioglycolate broth are potentially
anaerobic, as the medium limits oxygen concentration. Then, the positive cultures were
transferred to MRS medium and kept in a confined incubation in a CO2-enriched GasPack.
In parallel, the positive cultures were grown on a MRS medium in liquid form.

The GasPack anaerobic system was used to create a low-oxygen, low-CO2 environment
for the growth of anaerobic microorganisms.

The colonies grown on MRS agar or grown in MRS broth were subjected to biochemical
tests for the identification of lactobacilli according to the scheme suggested by Sharpe,
Fryer, and Smith [14].

2.4. Evaluation of the Autochthonous Microbial Strains’ Properties of Oleuropein Degradation

To select the microorganisms capable of debittering the olives (both bacteria and
yeasts), a method was developed to evaluate the effectiveness of the selected strains in
eliminating oleuropein. This method allowed us to highlight the enzymatic activity of
β-D-glucosidase, responsible for the hydrolysis of oleuropein. The detection principle is
based on the specific visualisation of β-D-glucosidase through a chromogenic reaction of
5-bromo-4-chloro-3-indolyl-β-D-glucopyranoside, which is diffused to the surface in the
isolation medium itself, MRS agar. The medium used in the method is under patent, and it
was developed thanks to the project. The nutritional aspect is guaranteed by the enzymatic
digestion of casein, glucose, meat, and yeast extract, while the growth stimulus consists of
polyoxyethylene sorbitan monooleate, magnesium, and manganese phosphate.

The method developed is under patent and is inspired by the test by Kneifel and
Pacher [15], who developed an agar medium, designated X-Glu agar, for the selective
counting of Lb. acidophilus in yogurt-related dairy products containing a mixed microflora
of lactobacilli, streptococci, and bifidobacteria.

The enzyme splits 5-bromo-4-chloro-3-indolyl-β-D-glucopyranoside, a chromogenic
substrate included in the formulation of the medium; therefore, the colonies showing the
active enzyme β-D-glucosidase are identified because they take on the colour blue.

To accurately evaluate the degradation activity of oleuropein implemented by the
isolated strains, high-performance liquid chromatography (HPLC) analyses were also
carried out in addition to the colourimetric test, as reported by Servili et al. [16].

The phenolic extract was obtained from the olive brines using liquid–liquid extraction
by ethyl acetate: 100 mL of fresh brines filtered through a 0.45-µm CA syringe filter
(Whatman, Clifton, NJ, USA) were mixed with 100 mL of ethyl acetate, and after the two
separation phases, the organic solvent was recovered, dehydrated through the passage of a
column filled with anhydrous sodium sulphate, then evaporated by rotavapor, and finally,
the phenolic extract was recovered with 5 mL of methanol and separated by HPLC.

The brines were first filtered through a 0.45-µm CA syringe filter (Whatman). The SPE
procedure was followed for both olive brine loading with 2 mL of sample and a 5 g/25 mL
Extraclean highload C18 cartridge (Alltech Italia S.r.l., Sedriano, Italy) using 200 mL of
methanol as eluting solvent. An Inertsil ODS-3 column (150 mm, 4.6 mm i.d.) (Alltech) was
employed for HPLC analysis.

The HPLC system was composed of a Varian 9010 solvent delivery system (Varian
Associates, Inc., Walnut Creek, CA, USA) with a 150 × 4.6 mm i.d. Inertsil ODS-3 column
(Alltech Italia Srl) coupled with a Varian Polychrom 9065 ultraviolet (UV) diode array
detector operating in the UV region. The samples were dissolved in methanol, and a
sample loop of 20 µL capacity was used. The mobile phase was a mixture of solution A
(0.2% acetic acid, pH 3.1) and methanol (B), and the flow rate was 1.5 mL/m. The total run
time was 55 min, and the gradient changed as follows: 95% A/5% B for 2 min; 75% A/25%
B for 8 min; 60% A/40% B for 10 min; 50% A/50% B for 10 min; 0% A/100% B for 10 min;
the mixture was maintained for 5 min, and then returned to 95% A/5% B for 10 min.
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3. Results
3.1. Fungal Characterisation

The list of fungal species isolated both from drupes and brines is reported in Table 1.

Table 1. List of fungal species isolated from the olives’ surface (washed in situ and not washed) and
from the brine of the three farms studied during November 2020 and 2021.

Species Year
2020

Year
2021 Farm 1 (DB) Farm 2 (CS) Farm 3 (RF)

Wash Not
Wash Brine Wash Not

Wash Brine Wash Not
Wash Brine

Acrodontium crateriforme (J.F.H.
Beyma) de Hoog X X

Alternaria alternata (Fr.) Keissl. X X X X X X
Alternaria infectoria E.G.

Simmons X X

Alternaria longipes (Ellis and
Everh.) E.W. Mason X X X

Apiospora sacchari (Speg.) Pintos
and P. Alvarado X X X X

Ascochyta rabiei (Pass.) Labr. X X
Aspergillus heyangensis Z.T. Qi,

Z.M. Sun and Yu X. Wang X X

Aspergillus niger Tiegh. X X X X
Aspergillus pseudoustus Frisvad,

Varga and Samson X X

Aureobasidium microstictum
(Bubák) W.B. Cooke X X X X

Aureobasidium pullulans (de
Bary) G. Arnaud X X X X X

Chaetomium sp. X X
Cladosporium cladosporioides

(Fresen.) G.A. de Vries X X X

Cladosporium perangustum
Bensch, Crous and U. Braun X X X

Cladosporium sp. X X X X X
Didymella pinodella (L.K. Jones)

Qian Chen and L. Cai X X

Epicoccum nigrum Link X X X X
Fusarium acuminatum Ellis and

Everh. X X

Fusarium brachygibbosum
Padwick X X

Fusarium oxysporum Schltdl. X X X
Fusarium sp. X X X X X X

Mucor racemosus Bull. X X X X
Neocucurbitaria juglandicola

Jaklitsch and Voglmayr X X

Nigrospora sp. X X
Penicillium brevicompactum

Dierckx X X

Penicillium carneum (Frisvad)
Frisvad X X X

Penicillium sp. X X X X
Pyrenophora avenicola Y. Marín

and Crous X X

Rhodotorula sp. X X
Trichoderma gamsii Samuels and

Druzhin. X X

Trichoderma sp. X X X X X
Wickerhamomyces anomalus (E.C.

Hansen) Kurtzman, Robnett
and Basehoar-Powers

X X X X X

A total of 19 species were isolated from the 2020 samples, while 21 species were
isolated from the 2021 samples.
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Nine species were isolated in both years: Alternaria alternata, Aspergillus niger, Cladospo-
rium sp., Epicoccum nigrum, Fusarium oxysporum, Fusarium sp., Mucor racemosus, Penicillium
sp., and Trichoderma sp.

Concerning the farms, DB showed a total of 12 species on the drupes not washed,
6 species were isolated from the washed drupes, and only 1 yeast species (Wickerhamomyces
anomalus) was isolated from the brine samples. Regarding the CS farm, 13 species were
isolated from the not washed samples, while 6 were from the washed drupes, and from
the brine samples, 2 species were isolated: a yeast (Wickerhamomyces anomalus) and a
filamentous fungus (Penicillium carneum).

As far as the RF farm, 13 species were isolated from the not-washed drupes, 5 from
the washed ones, and from the brine samples, the same 2 species were found isolated from
the brine samples of the CS farm.

In general, seven species were isolated from both washed and not washed samples,
such as Alternaria alternata, Aureobasidium pullulans, and A. microstictum, and species be-
longing to the genera Cladosporium and Trichoderma. A total of 17 species were only isolated
from not-washed olives (Acrodontium crateriforme, Alternaria infectoria, Apiospora sacchari, As-
cochyta rabiei, Aspergillus species, Chaetomium sp., Didymella pinodella, Fusarium acuminatum,
Mucor racemosus, Neocucurbitaria juglandicola, Penicillium brevicompactum, and Trichoderma
gamsii), while 5 species were isolated only from washed drupes (Fusarium brachygibbosum,
F. oxysporum, Nigrospora sp., Pyrenophora avenicola, and Rhodotorula sp.).

3.2. Bacteria

Aero- and anaerobic microbiological analyses highlighted a heterogeneous load with
a high concentration of fungi, moulds, and yeasts, which mask the bacterial component,
while the pre-enrichment treatment showed a remarkable superficial growth of fungi,
which, in our case, limited the possibility of isolating bacterial strains. Tables 2 and 3
summarise the results of the cultures.

Table 2. Samples cultured on MRS medium jars.

Jar-DB22-Wash Jar-DB2-Not Wash Jar-CS05-Wash Jar-CS02-Not
Wash Jar-RF05-Wash Jar-RF02-Not

Wash

Presence of
fermentation and

microbial film

Presence of few
bubbles and little

microbial film

Few bubbles and
microbial film

bubbles and
microbial film on

the surface

Presence of
filaments on the
surface: moulds

Presence of
filaments on the
surface: moulds

Growth in
abundant culture

after 7 days in
MRS broth

Abundant growth
in culture after 7

days in MRS broth,
presence of strong

fermentation

Growth in
abundant culture

after 7 days in
MRS broth

NOT Growth in
culture after 7 days

in MRS broth

Growth in
abundant culture
after 24 h in MRS

broth

Growth in
abundant culture

after 4 days in
MRS broth

Table 3. Samples cultured on tubes of Thioglycollate Fluid Medium and then plated on MRS.

DB2-Not Wash CS05-Wash RF05-Wash RF05-Wash

High growth in tubes after
4 days in MRS broth.

High growth in tubes after
4 days in MRS broth. Presence

of filaments on the surface.

High growth in tubes after
48 h in MRS broth. Presence
of filaments on the surface.

Weak growth in tubes after
7 days in MRS broth. Presence

of filaments on the surface.

MRS plate:
diffuse growth after 7 days.

MRS plate: diffuse growth
after 7 days.

MRS plate: diffuse growth
after 7 days.

MRS plate: no growth after
7 days.

As for the anaerobic positive cultures analysed by the GasPack system, after the
incubation period, many colonies have grown on the specific MRS medium for Lactobacillus
sp. At the same time, growth with the probable presence of lactic flora was observed in
liquid culture.
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As far as the batch of olives kept in aerobic conditions is concerned, a non-bacterial
component is mainly evident: transparent soil with a superficial growth of fungi.

The enzymatic tests showed negative results, underlining the presence of only three
lactobacilli strains with different colonies’ morphologies: i. smooth, ii. little smooth,
iii. wrinkled.

3.3. Evaluation of the Autochthonous Microbial Strains’ Properties of Oleuropein Degradation

As far as yeasts, the strains isolated from the drupes and brines samples were identified
by the following codes: A5R, A5L, B2, C6, and D5, were tested.

The percentage of oleuropein degradation was measured by evaluating the decrease
in the concentration of the molecule of interest in solutions containing the isolated strains,
starting from a known concentration identified by HPLC. As it is possible to see first in
the summary table (Table 4) and then in the graph, even if A5R is able to split oleuropein,
the yeast strains B2, C6, and D5 are certainly more effective in this activity, while the A5L
strain does not show a good ability to hydrolyse oleuropein in time.

Table 4. Percentage of oleuropein degradation by the selected yeast strains during time.

% of Oleuropein Degradation

Hours A5 R A5 L B2 C6 D5

0 h 0% 0% 0% 0% 0%
22 h 0% 12% 3% 1% 26%
46 h 0% 12% 15% 30% 34%
70 h 0% 9% 41% 41% 42%

136 h 0% 25% 65% 68% 52%
186 h 7% 63% 85% 75% 77%
280 h 11% 88% 94% 87% 90%

The graph (Figure 1) shows the degradation of oleuropein by yeasts starting from a
known concentration and decreasing over time (as the graph visually suggests).
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Figure 1. Yeast oleuropein degradation trend.

With regards to lactic bacteria, the first following graph (Figure 2) shows the degra-
dation of oleuropein by lactic acid bacteria, which starts at a known concentration and
decreases over time (as the graph visually suggests).
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Figure 2. Bacteria degradation trend of oleuropein. Colour lines refer to: light green—Probify strain;
light blue—smooth colony; orange—little smooth colony; green—wrinkled colony.

The other two graphs (Figures 3 and 4) refer to two peaks due to the presence
of molecules that may probably be the degradation products of oleuropein (hydroxy-
tyrosol and elenolic acid). Their increase over time coincides with the decrease in the
oleuropein peak.
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Figure 3. Oleuropein degradation and presence of degradation product: Hydroxytyrosol rates.
Colour lines refer to: light green—Probify strain; light blue—smooth colony; orange—little smooth
colony; green—wrinkled colony.
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Figure 4. Oleuropein degradation and presence of degradation product: Elenolic acid rates. Colour
lines refer to: light green—Probify strain; light blue—smooth colony; orange—little smooth colony;
green—wrinkled colony.

Figure 5 shows the outputs of the HPLC analyses.
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Figure 5. HPLC chromatograms of ethyl acetate extract 1, hydroxytyrosol; 2, tyrosol; 3, caffeic acid; 4,
elenolic acid; 5, oleuropein; 6, luteolin. (A) is the enlargement portion of (B) spectrum.

A commercial strain, Probify—L. plantarum, was used as a control.
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The results are also reported in the summary tables (Tables 5–7).

Table 5. Oleuropein degradation by bacteria strains.

Total

Hours Probify g/L Smooth g/L Little Smooth g/L Wrinkled g/L

0 h 1.14 1.14 1.14 1.14
18 h 1.12 0.64 0.63 0.69
42 h 0.58 0.69 0.67 0.56

114 h 0.53 0.47 0.47 0.49

Table 6. Oleuropein degradation expressed by the presence of Hydroxytyrosol.

First Peak

Hours Probify g/L Smooth g/L Little Smooth g/L Wrinkled g/L

0 h 0 0 0 0
18 h 0.35 0.23 0.25 0.24
42 h 0.28 0.32 0.31 0.26

114 h 0.24 0.23 0.23 0.22

Table 7. Oleuropein degradation expressed by the presence of Elenolic acid.

Second Peak

Hours Probify g/L Smooth g/L Little Smooth g/L Wrinkled g/L

0 h 0 0 0 0
18 h 0.77 0.41 0.38 0.45
42 h 0.3 0.37 0.36 0.3

114 h 0.31 0.3 0.27 0.29

4. Discussion

Results showed that some fungal species found were common to both sampling years,
evidencing that there is a typical funga of the Taggiasca olive. Many of these species,
in fact, were also common to the three farms studied (Alternaria species, Cladosporium
species, Fusarium species, and Trichoderma species). Nicoletti et al. [10] in their work
listed the main species of endophytic fungi of Olea europea, and many of those isolated
in our work were present. Moreover, results showed that the in situ washing of olives
significantly reduced the number of isolates, highlighting that only a few species were
typical epiphytic fungi. Among these, some species were well-known potential pathogens
or parasitic fungi (e.g., Aspergillus niger, Didymella pinodella, Fusarium sp., Pyrenophora
avenicola), while others were noted biocontrol fungi (e.g., Aureobasidium pullulans, Epicoccum
nigrum, Trichoderma sp.) [10,17].

Many studies show that the microbiota of processed olives and/or brine are com-
posed of a complex association of bacteria, such as lactic acid bacteria, Enterobacteriaceae,
Clostridium, Staphylococcus, yeasts, and, occasionally, moulds [18,19].

During the ripening phases of the olives in brine, the presence of autochthonous
microorganisms conferred an assimilative or degrading capacity which was naturally used,
without control, with the possible development of anomalous ripening processes.

The maturation process derives from the interaction between the microbial population
and the concentration of brine used [20]. It had to be emphasised that both the microbial
population and the substances present in the drupes were heterogeneous groups made up of
many families of microorganisms and different substances [21]. Among the microorganisms,
we found species of bacteria, fungi, and yeasts, all endowed with complex metabolic
activities that often acted in syntrophic conditions. The products of such interactions led
to debittering.
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Oleuropein was the main polyphenol present in the leaves and fruits of the olive tree;
its activity in humans was anti-inflammatory, antioxidant, and immunomodulatory, but it
also had antimicrobial properties, which have proven effective in the course of infections
with Gram-positive and Gram-negative bacteria [22,23].

Oleuropein is the main constituent responsible for the bitter taste of olives and olive
leaves [22,24]. It, like all phytoalexins, possessed antimicrobial, fungicidal, and insecticidal
activities, acting as a defence against infections and infestations [22].

In our study, several nutritional substrates were tested to allow the isolation of most of
the species present. In fact, it is known that by isolating microorganisms directly from the
environment on a synthetic substrate, the fastest microorganisms were often chosen, leaving
out those that, due to their slowness, had the best degradation activities of oleuropein. The
samples we tested fall into this category; in fact, there were numerous culture media, but
the composition of the flora found indicates that the olives have a very low presence of
lactic flora.

The main characteristics sought in the bacteria isolated that could potentially be used as
starter cultures to produce table olives, included the ability to degrade oleuropein (Figure 2),
the ability to grow in the presence of high concentrations of chloride of sodium (NaCl)
and phenols, and the ability to withstand low temperatures [25,26]. These bacteria had to
exhibit homolactic fermentation for carbohydrates and the ability for rapid acidification
of brines. Other important characteristics for strain selection were represented by the
expression of specific enzymes such as β-glucosidase, by the expression of antimicrobial
substances and flavouring metabolites [26]. Recently, mixed starter cultures of lactobacilli
and enterococci have been used for this type of fermentation, but the use of enterococci has
been severely limited due to the possible presence of transferable factors of resistance to
antibiotics [27].

However, the vitality of the lactic acid bacteria was found to be low, confirming the
information found in the scientific literature, which sees yeasts as protagonists of the
natural fermentation of Taggiasca olives [26,27].

Regarding yeast isolation in brine, during olive fermentation, they can be associated
with the production of volatile compounds (e.g., alcohols, ethyl acetate, and acetalde-
hyde), metabolites that improve the taste and aroma, and olives preservation characteris-
tics [7]. It was very interesting how only one species was found: Wickerhamomyces anomalus
(anamorph Candida pelliculosa). However, this was later isolated from all the farms’ brines.
Many studies have highlighted how this yeast is essential in the fermentation process of
many products, in particular, the olives in brine [5,9]. Moreover, this species is not only char-
acterised by β-glucosidase enzyme, but also by the production of antioxidant compounds
and lethal toxins against human pathogens and biodeteriogen microorganisms [9]. It was
noted for its ability to grow under stressful environmental conditions, such as extremes
of pH, low water activity, and anaerobic conditions [28]. This yeast had many roles in the
agricultural and food industries; it was often among the “film-forming” yeasts associated
with beer spoilage and it had been extensively tested for biocontrol of mould growth
that developed during post-harvest storage of apples and airtight-storage of grain [28].
Despite these important characteristics, the results evidenced how these properties, and
in particular, the debittering capability, were strain specific. In fact, among the isolated
strains, only two yeast strains (D5 and B2) showed a considerable degradation of oleu-
ropein, among them the fastest was D5 which was the most efficient. Hence the importance
of testing and conserving each isolated strain. The choice and selection, in fact, of the
most performant strain were essential for the preparation of microbial starters employable
in the olive brine processes. The use of starter cultures for table olive fermentation was
highly recommended [9,29]. The inoculum reduced the effects of spoilage microorganisms,
inhibited the growth of pathogenic microorganisms, and helped to achieve a controlled
process, reducing debittering time and improving the sensory and hygienic quality of
the final product [8,30,31]. The employment of local and autochthonous microbial strains
was important to produce not reproducible starters. They enriched the final product with
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unique and specific sensory characteristics [32]. However, only a few studies reported the
application of autochthonous starter cultures [6,32,33]. Three main stages of table olive
fermentation can be identified: i. high pH level (6–11) with Enterobacteriaceae as the
predominant microbial group together with few Gram-positive bacteria; ii. the reduction in
pH level up to 5 and the beginning of the fermentation phase due to Lactobacillus species,
which are dominant; iii. pH levels are reduced below 5 and some strains of yeast species,
especially Candida, Pichia, and Saccharomyces are dominant [9,19]. So, the development of
mixed starters (bacteria and yeasts) for the acceleration of the process and the reduction
in storage time for olives, could have positive effects compared to the use of a single
strain. This method, in fact, mimicked the real succession of microorganisms involved in
the fermentation process [30,34]. However, recent studies focused mainly on the devel-
opment mainly of yeast starter cultures, probably due to their better adaptability to the
pH level’s strong variation during the fermentation processes [9] and the lower vitality of
lactic bacteria.

5. Conclusions

This work investigated the microbial flora of Taggiasca olives and its brine to discover
and select high-performing bacteria and yeasts employable in the deamarisation and
fermentation processes of brine. Moreover, the study of the funga that inhabit and colonise
the olives’ drupes allows us to understand that there are some similarities in the fungal
communities of Taggiasca olive trees located in different towns, and how many fungi and
which ones survive during the fermentation processes. The results showed that yeasts are
dominant in all phases of Taggiasca brine production, while Lactobacteria are weaker and
cannot tolerate the low pH values.
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Abstract: The preparation of sourdough may include the use of starter microorganisms to address
the fermentation process toward specific conditions. The aim of this work was to study the dynamics
of the microbial ecosystem in three liquid sourdoughs (SD1, SD2 and SD3) triggered with the
same microbial strains. Lactiplantibacillus plantarum (formerly known as Lactobacillus plantarum),
Saccharomyces cerevisiae and Candida lambica strains were inoculated as starters, and sourdoughs were
differentiated for the fermentation conditions and for the method of starter inoculation. The analyses
were performed on the three sourdoughs propagated in the laboratory for 22 days and on the sample
SD1, which was transferred to a bakery and refreshed over many months. The dynamics of microbial
communities were studied by plate-count analysis and metataxonomic approach. The acidity of
sourdough was evaluated over time. Metataxonomic analysis highlighted a large heterogeneity of
fungi microbiota in all sourdough preparations, many of them probably originated from the flour,
being pathogens of plants. Few yeast species were found, and S. cerevisiae was plentiful but did not
predominate over the other species, whereas the C. lambica species decreased over time and then
disappeared in all preparations. The bacterial microbiota was less heterogeneous than the fungi
microbiota; the species L. plantarum, Leuconostoc citreum and Levilactobacillus brevis (formerly known as
Lactobacillus brevis) were always present in all sourdoughs, whereas Fructilactobacillus sanfranciscensis
(formerly known as Lactobacillus sanfranciscensis) became the dominant species in bakery-propagated
SD1 and in SD2 at the end of the propagation period.

Keywords: metataxonomy; yeast; lactic acid bacteria; DNA

1. Introduction

Spontaneous sourdough is a complex biological system obtained after the fermentation
of cereal flour and water by means of bacteria and yeast, mostly deriving from the raw
ingredients, the bread-making environment, and the bakers [1]. The microorganisms in
sourdough mainly belong to lactic acid bacteria (LAB) and yeast, which ferment the
carbohydrates in flour, producing the carbon dioxide responsible for the bread dough
rise and other metabolites such as organic acids and alcohols, which are responsible
for the organoleptic properties of bread (flavor, texture and shelf life). Since ancient
times, sourdough has been used as a natural leavening agent in bread production and
shared among artisanal bakers and home-baking communities. Commonly, sourdoughs
are classified into four types [2]:

Type I sourdough is derived from a spontaneous fermentation process, which is
followed by a daily backslopping, consisting in a cyclic reinoculation of a so-called “mother
dough” using a newly prepared batch of flour and water. Fermentation temperature is set
between 20–30 ◦C and the fermentation time ranges from 5 to 24 h. This sourdough can be
refrigerated at regular intervals or at occurrence, and it is most commonly used in artisanal
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bakeries. The dough yield (ratio between the dough obtained and the flour used) is not
exceeding 200.

Type II sourdough is obtained when a flour–water mixture is inoculated with LAB
and yeast. Fermentation is conducted for one or more days and temperature is set above
30 ◦C. Sometimes, yeast is added at the final stage of the fermentation process. Sourdough
type II is a semiliquid product with a dough yield between 200–300, and for this reason it is
usually employed at an industrial scale.

When sourdough type II is commercialized in the form of a semidried product, it is
called sourdough type III.

Type IV sourdough is a combination of type II and type I; in fact, the sourdough is
obtained by inoculating selected microorganisms in a mixture of flour and water, and thereafter
it is maintained by a backslopping procedure according to the type I sourdough method.

The fermentation of sourdough by spontaneous microflora can lead to the unpre-
dictable growth of various microorganisms. The mutation of the sourdough microbial
community over time is conditioned by the non-sterile and open-batch conditions of sour-
dough and by the use of ingredients potential microbial sources, as the flour, the water or
the devices which are used in the backslopping process. Moreover, the development and
the behavior of microbial species and the competitiveness between species depend on a
multitude of factors, such as temperature, dough yield, and microbial metabolites [3]. The
use of spontaneously fermented sourdough can result in unstable product quality.

The use of selected LAB and yeasts as a starter in sourdough technology has become a
common practice, mainly in industrial production. Starter microorganisms can be used as
flavor carriers and texture improvers, or for their antifungal or health-promoting properties,
in order to improve the performances and the properties of sourdough [4,5].

When starter microorganisms are inoculated, as in sourdough type IV, there is a compe-
tition between the starter microorganisms and the spontaneously growing microorganisms,
and if the starter cultures cannot adapt to the sourdough substrate, and to the acidic condi-
tions, then the spontaneously growing microorganisms can dominate [6]. Moreover, De
Vuyst and Neysen [7] observed that the persistence of a microbial association over time is
dependent on several factors, such as the process parameters (temperature, dough yield,
time of fermentation) or microbial competition (bacteriocin production).

Until now, about 70 different species of LAB [8] and 40 species of yeast have been
identified in the sourdough environment. Among LAB, L. plantarum, F. sanfranciscensis and
L. brevis were the most isolated species in worldwide sourdoughs [4]. Young sourdoughs
can harbor a consistent number of spontaneous microorganisms, but they were largely
dominated by L. plantarum and L. brevis, while F. sanfranciscensis is considered predominant
in traditionally prepared and older sourdoughs [7,9]; in fact, when the sourdough becomes
mature, the diversity of microflora decreases, mostly because the organic acids produced
by LAB select for acid-tolerant microorganisms [2].

This study describes the dynamics of the microbiota in three liquid sourdoughs
that were propagated for 22 days in a laboratory. One of them was also studied after
transferring to and propagation in a bakery. The sourdoughs were triggered using the same
microbial starter, composed of L. plantarum, S. cerevisiae and C. lambica, with the purpose
to guide the fermentation and dominate the mature sourdoughs. The starter strains were
inoculated using different methods and sourdoughs were propagated under two different
fermentation temperatures, 25 ◦C and 20 ◦C, in order to study the behavior of starter
strains. To investigate the dynamics of the microbial population, culture-dependent and
metataxonomic methods were applied.

2. Materials and Methods
2.1. Microorganisms and Growth Conditions

The strains of L. plantarum PCC1034, S. cerevisiae PCC1662 and C. lambica PCC1649,
isolated from Italian sourdoughs and belonging to the culture collection of Porto Conte
Ricerche, were used as starters to inoculate a mixture of flour and water. The strains were
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identified with the instrument MALDI Biotyper (MicroFlex™, Bruker Daltonik GmbH,
Bremen, Germany), using the software MBT Compass® 4.1 and the attached libraries
(Bruker Daltonik GmbH, Bremen, Germany). The L. plantarum PCC1034 was selected
among other strains, belonging to the same species, for its acidification capacity at different
growth temperatures. Microbial strains were stored at−80 ◦C. The LAB strain was routinely
propagated in MRS liquid medium (Oxoid, Basingstoke, Hampshire, UK), modified [10]
with the addition of fresh yeast extract (5%, v/v) and 1% maltose at a final pH of 5.5 (mMRS),
and incubated at 28 ◦C in anaerobic conditions. The yeast strains were propagated in YEPD
liquid medium [10] and incubated at 28 ◦C under stirring conditions.

2.2. Preparation of Liquid Sourdough and Laboratory Propagation

In order to prepare the liquid sourdough, the selected strains of bacteria and yeast
were inoculated in mMRS and YEPD liquid media, respectively, and incubated at 28 ◦C for
24 h. The next day, 400 µL of the bacterial culture and 200 µL of each yeast culture were
inoculated in 40 mL of fresh mMRS and in 20 mL of fresh YEPD, respectively, and incubated
at 28 ◦C. After 24 h, the cells were harvested (6076× g for 10 min at 4 ◦C), resuspended
in 10 mL of physiological solution and used to inoculate a mixture of 1.5 kg re-milled
semolina (Mulino Brundu, Torralba, Italy) and 1.5 kg of sterile water. Liquid sourdough
was managed in the laboratory using the Automatic Fermenter AFT5 (SITEP S.r.l., Voghiera,
Italy). With regard to the cell number of inoculated strains, it was detected in each dough
after inoculum. For all samples, the cell concentration was of the order of 107 UFC g−1 for
bacteria and 105 UFC g−1 for yeast strains. Values were reported in Figure 1 and indicated
as “S”. The sourdoughs were refreshed over 22 days from Monday to Friday by a daily
backslopping procedure, mixing an equal amount (ratio 1:1:1) of mother sourdough, fresh
re-milled semolina and water, which was previously autoclaved 15 min at 120 ◦C. After the
fermentation process, the sourdough was stored at a low temperature (5 ± 2 ◦C). The value
of dough yield (DY) was 200.

Three different sourdoughs were prepared, called SD1, SD2 and SD3, using differ-
ent methods of inoculum for the starter strains and different fermentation conditions,
as follows:

• For SD1, the starter strains were inoculated together. The pH of the dough was about
6.5 before starter addition. Fermentation was carried out at 25 ◦C for 5 h.

• For SD2, the starter strains were inoculated together. The pH of the dough was lowered
before starter addition at value 5.5, using lactic acid 90% (Sigma-Aldrich, Milan, Italy).
Fermentation was carried out at 20 ◦C for 8 h.

• For SD3, the pH of the dough was lowered before starter addition, as in SD2. The
starter strains were inoculated separately. At first, the L. plantarum was inoculated,
and it was left to ferment at 20 ◦C for 17 h. The following day, the yeast strains were
inoculated throughout the refreshment step, and fermentation was carried out at 20 ◦C
for 8 h.

The pH was lowered in order to support the growth of L. plantarum. The fermentation
times were selected based on experience, as such values allowed sourdough pH values in
between 4.0 and 4.5.

Samples of sourdoughs used for microbiological, chemical and metataxonomic analy-
ses were collected about 24 h after the refreshment step, during the low-temperature phase,
whereas the sample collected on Monday refers to the sourdough refreshed on Friday.
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Figure 1. Histogram representation of cell counts (log10 CFU g−1) for the samples SD1, SD2 and SD3. 
The blue columns indicate the presumptive lactic acid bacteria (LAB) on mMRS agar, the red col-
umns indicate the presumptive Saccharomyces and the green columns indicate the presumptive Can-
dida, both enumerated on RB agar. “S” refers to the cell number after starter inoculum. Data from 
duplicate analyses are expressed as mean value. Bars indicate LSD intervals at 95% confidence level. 
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Figure 1. Histogram representation of cell counts (log10 CFU g−1) for the samples SD1, SD2 and
SD3. The blue columns indicate the presumptive lactic acid bacteria (LAB) on mMRS agar, the red
columns indicate the presumptive Saccharomyces and the green columns indicate the presumptive
Candida, both enumerated on RB agar. “S” refers to the cell number after starter inoculum. Data from
duplicate analyses are expressed as mean value. Bars indicate LSD intervals at 95% confidence level.
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2.3. Refreshment of Liquid Sourdough in the Bakery

After 22 days, the liquid sourdough SD1 was transferred to an artisanal bakery (MFM
Sunalle, Fonni, Italy), referred to as SD1-bak, and used for baking purposes. The sourdough
was refreshed twice a week with the aid of the automatic bioreactor Fermentolevain FL80
(Esmach, Italy), mixing sourdough, semolina and water in a ratio of 1:1:1. Fermentation
was carried out at 25 ◦C for 5 h, then the sourdough was cooled to 5 ◦C. Approximately
every 2 months, and up to 8 months, one sample of sourdough was transferred to the Porto
Conte Ricerche laboratory and analyzed.

2.4. Determination of pH and Total Titratable Acidity

Ten grams of liquid sourdough were mixed with 90 mL of distillated water and stirred
for 30 min, and then an automatic titrator (pH-Matic 23, Crison Instruments, Alella, Spain)
was used to measure pH values and total titratable acidity (TTA), the latter was reported as
the amount (mL) of NaOH N/10 to achieve pH 8.5 in 10 g of sample. Analyses were done
in triplicate.

2.5. Analysis of Sourdough Microorganisms—Culture Dependent Approach

The viable cell number of bacteria and yeast growing in sourdough was estimated
by plate-count technique. Ten grams of sourdough were mixed for 2 min with 90 mL of
sterile peptone solution (1 g/L of peptone in distilled water) in a sterile stomacher bag,
using a Stomacher Lab blender 80 (VWR International PBI, Milano, Italy). Serial dilutions
were performed and plated onto mMRS agar for bacterial enumeration and Rose-Bengal
Chloramphenicol agar (Oxoid, Basingstoke, UK) for yeast enumeration. Plates of mMRS
were incubated under anaerobiosis (AnaeroGen and AnaeroJar, Oxoid, Basingstoke, UK) at
28 ◦C for 48 h. Rose-Bengal Chloramphenicol agar plates (RB) were incubated at 28 ◦C for
72 h. The use of RB plates allowed for differentiating Saccharomyces from Candida based on
colony morphology. Candida had white colonies with a rugged surface from which “feet”
extended from the margins into the surrounding agar, and Saccharomyces colonies were
circular in shape, violet and had a smooth surface.

2.6. Analysis of Sourdough Microorganisms—Metataxonomic Approach
2.6.1. Nucleic Acid Extraction and High-Throughput Sequencing Analysis

DNA was extracted from the samples collected in the three experiments, SD1, SD2
and SD3. Extraction was performed following the procedure reported in “Manual DNA
Extraction from Food Samples” [11] and using the ReliaPrep™ Blood gDNA Miniprep
System (Promega, Milano, Italy). DNA quality and yield were evaluated via agarose gel and
Qubit fluorometer (Life Technologies, Carlsbad, CA, USA). Libraries were constructed using
Illumina’s recommendations as implemented in 16S Metagenomic Sequencing Library
Preparation guide and Fungal Metagenomic Demonstrated Protocol. Two primers, Lac1
(5′-AGCAGTAGGGAATCTTCCA-3′) and Lac2 (5′-ATTYCACCGCTACACATG-3′), were
used to amplify the variable regions 3 and 4 of the bacterial 16S rRNA gene [12]. Among
fungi, the gene-specific sequences used in this paper target the fungal ITS1 region between
the 18S and 5.8S rRNA genes. They include the ITS1-F and ITS2 primers [13], which are
widely used for fungal barcoding studies. All primers were modified to contain adaptors
for MiSeq sequencing.

Three separate gene-amplification reactions were performed for each sample, pooled
together and cleaned up using AMPure XP (Beckman Coulter, Brea, CA, USA) magnetic
beads. The next PCR attached dual index barcodes and sequencing adapters using the
Illumina Nextera XT kit so that the PCR products may be pooled and sequenced directly. A
final library size and quantification were conducted using a Bioanalyzer 2100 (Agilent Tech-
nologies, Santa Clara, CA, USA) and Qubit fluorometer, respectively. DNA sequencing was
performed on the Illumina MiSeq platform using v3 chemistry according to the manufac-
turer’s specifications to generate paired-end reads of 251 bases of length in each direction.
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2.6.2. Sequence Analyses of the 16S rRNA and ITS Amplicons

For 16S rDNA gene sequencing, data quality control and analyses were performed us-
ing the QIIME pipeline package v.1.9.1 [14]. The overlapping paired-end reads were merged
using the script join_paired_ends.py inside the QIIME package. Only Illumina reads with
a length >200 bp were retained for further analysis. Operational taxonomic units (OTUs)
were generated using a pipeline based on USEARCH’s OTU clustering recommendations
(http://www.drive5.com/usearch/manual/otu_clustering.html (accessed on 26 October
2021)) using the closed-reference OTU picking to allow clustering of 16S sequences, as
previously described [14]. Reads were clustered at 97% identity using UCLUST to produce
OTUs. The taxonomy classification was determined in accordance with the Greengenes
13_8 database. In addition, taxonomic attribution was completed by searching in the NCBI
16S ribosomal RNA sequences database through the Nucleotide BLASTdatabase [15].

For ITS gene sequencing, data quality control and analyses were performed using the
BaseSpace ITS Metagenomics App by Illumina. The ITS Metagenomics workflow performs
a taxonomic classification using the UNITE database. Taxonomic identification of strains
was completed by comparing the sequences of each sample with those reported in the
Nucleotide BLAST database [15].

2.6.3. Data Availability

The sequence data have been deposited in the Sequence Read Archive of the NCBI
database (BioProject ID: PRJNA886648).

2.7. Statistical Analysis and Graph Generation

For each sourdough sample, a standard ANOVA procedure was applied to the
dataset of acidity and to the cell count of each microbial group. The means were sep-
arated by LSD test at a p = 0.05 significance level using the Statgraphics Centurion 18 soft-
ware package (version 18, Statpont Technologies Inc., Warrenton, VA, USA). Some data
were subjected to non-parametric statistical analysis by determining the median value.
Metataxonomic count data were uploaded to the web application MicrobiomeAnalyst
(http://www.microbiomeanalyst.ca (accessed on 26 October 2021)) to assess different statis-
tics through comparative analysis. The relative proportion of read counts was used as
a quantitative estimation of the abundance of each taxon of the three sourdoughs. The
diversity within each sample (alpha diversity) was estimated with the Shannon diver-
sity index, which takes into account the number of species and their frequency in each
sourdough sample. Statistical significance testing between samples was considered and
differences were assigned as statistically significant at p < 0.05. The differences between
microbial samples (beta-diversity) were calculated and visualized as Principal Coordinate
Analysis (PCoA). The statistical significance of group clustering was calculated through a
permutational multivariate analysis (PERMANOVA) on taxonomic data.

3. Results

Three different liquid sourdoughs, called SD1, SD2 and SD3, were refreshed in a labo-
ratory over a period of 22 days and studied through microbial plate-count, metataxonomic
analysis, and pH and TTA determination. The sourdoughs were triggered with the same
microbial starter, that was prepared with selected strains of L. plantarum, S. cerevisiae and
C. lambica. The fermentation temperature and the method of starter inoculation were modi-
fied among the trials, in order to study the performances of the starter strains. Moreover,
the first sourdough that was processed in the laboratory, i.e., SD1, was transferred to an
artisanal bakery for baking purposes, and this provided the opportunity to analyze its
microbiota during the 8 months of refreshments performed in the bakery.

3.1. Lactic Acid Bacteria and Yeast Enumeration

The presumptive LAB and yeast cells were enumerated by plate-count analyses and
results were reported in Figure 1. The morphology of the colonies of C. lambica and S. cere-
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visiae was different on RB agar plates (Figure S1), and this allowed us to differentiate the
species and to estimate the respective cell number.

Overall, a different evolution of the presumptive LAB and yeasts among sourdoughs
was observed. Likely due to the higher number of cells added with the starter, bacteria
dominated over yeast cells across samples, and the cell density (log10 CFU g−1) was always
higher for LAB than for yeasts, ranging from ca. 7 to 9 log10 CFU g−1 for bacteria and
from ca. 5 to 7 log10 CFU g−1 for yeasts. In spontaneous sourdoughs, yeasts can dominate
over bacteria, or cannot appear at all, in the first period of propagation [2]. In this study,
the LAB:yeast ratio ranged from 1000:1 to 100:1 during the whole fermentation period, as
previously found in sourdoughs [2,7,16]. The number of LAB cells detected 30 min after
starter inoculum was ca. 7 log10 CFU g−1 for the three sourdoughs, and it increased over
time at different rates in the different sourdough samples. Both in SD1 and SD3 the cell
density of presumptive LAB exceeded the value of 8 log10 CFU g−1 the day after inoculums,
whereas in SD2 the presumptive LAB grew slowly in the first week and overcame the
8 log10 CFU g−1 after seven days. All samples reached the maximum cell density of ca.
9 log10 CFU g−1, considered the highest value for LAB. The median values of presumptive
LAB were 8.56, 8.50 and 8.86 (log10 CFU g−1) for SD1, SD2 and SD3, respectively (Figure S2)
and the values corresponding to 25th and 75th percentiles of the data were 8.45 and 8.91
for SD1, 7.68 and 8.92 for SD2, 8.72 and 8.90 for SD3.

The behavior of the presumptive Candida strain was different in the sourdough sam-
ples, as showed in Figure 1. The cell density, detected 30 min after starter inoculum, was
ca. 5 log10 CFU g−1 for all sourdough samples. In SD1, the cell density decreased over
time but was still detectable up to 22 days, and cells disappeared below the detection limit
(considered to be 3 log10 CFU g−1) when the sourdough was refreshed in the artisanal
bakery. In SD2, the cell density of presumptive Candida decreased after inoculum until
it went below the detection limit after 14 days, whereas in SD3 the presumptive Candida
decreased below the detection limit after the second day.

Among the presumptive number of Saccharomyces cells, the values started from
5 log10 CFU g−1, obtained after inoculums of the starter, and increased over time by
about 2 logs in the three sourdoughs. The highest number of presumptive Saccharomyces
cells was found in SD1, where the values ranged from 6.9 to 7.4 from day 15 to 22; the
cell number remained high after the sourdough was transferred to the bakery. In SD2
and SD3, the cell density of presumptive Saccharomyces always remained below the value
of 7 log10 CFU g−1. The median values of presumptive yeast cells, calculated by adding
Candida and Saccharomyces cells, were 6.21, 6.70 and 6.12 (log10 CFU g−1) for SD1, SD2 and
SD3, respectively (Figure S3) and the values corresponding to 25th and 75th percentiles of
the data were 5.88 and 6.93 for SD1, 6.84 and 6.82 for SD2, 5.78 and 6.32 for SD3.

3.2. pH Values and Total Titratable Acidity (TTA)

The acidifying activity of sourdoughs was reported in Figure 2 and indicated as pH
and TTA values. Before starter addition, the value of pH in SD1 was 6.5, corresponding to
the value of raw semolina; therefore, the value declined to pH 5.8 the day after the starter
fermentation and reached the value of 4.5 after six days. From day 6 to day 22, the pH of
SD1 ranged from 4.0 to 4.7 and the TTA values ranged from 5.5 to 9.0 mL NaOH N/10.
The acidity increased in SD1 when the sourdough was refreshed in the bakery: pH values
ranged from 4.0 to 4.3 and TTA from 7.7 to 11.0 mL NaOH N/10.
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Figure 2. Mean values of pH (blue line) and total titratable acidity (TTA) (red line) for the samples
SD1, SD2 and SD3. “S” refers to the pH and TTA values detected after inoculum. Bars indicate LSD
intervals at 95% confidence level.
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In SD2, the pH of the dough was set down to 5.5 before starter addition using lactic
acid, and the value became 5.3 after the starter fermentation; thereafter, the pH value
declined quite slowly, reaching the value of 4.5 just after day 10, and ranging from 4.5 to 4.2
until the end. The total acidity, measured as TTA, increased slowly, but at the end reached
quite a high value, ca. 11 mL NaOH N/10.

In SD3, the pH was set down at 5.5, as in SD2, but the L. plantarum was inoculated
alone and left to ferment for 17 h at 20 ◦C; thereafter, the yeast strains were inoculated. The
pH was measured after L. plantarum fermentation and revealed a value of 4.8. Later, the pH
values ranged from 4.6 to 4.3 until the end. The TTA values increased slowly up to day 14
and did not exceed the value of 8 mL NaOH N/10.

The analyses of ∆pH were reported in Figure 3, referred to as the laboratory-propagated
sourdoughs. Actually, the initial lowering of pH by the addition of lactic acid reduced the
∆pH values in SD2 and SD3 with respect to SD1, and the corresponding median values
were 0.93, 0.95 and 1.93. The values corresponding to 25th and 75th percentiles of the
data were 1.74 and 2.27 for SD1, 0.09 and 1.05 for SD2, 0.88 and 1.04 for SD3, and as a
consequence the range of ∆pH displayed between the lower and the upper quartile was
wider in SD1 and SD2 compared to SD3. The same phenomenon was observed for the
∆TTA (Figure S4).
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3.3. Culture Independent Analysis

The metataxonomic analysis of laboratory-propagated sourdoughs found a total num-
ber of 19 species of lactic acid bacteria (Figure 4), belonging to four genera, i.e., Lactobacillus,
Leuconostoc, Weisella and Pediococcus, one species of Staphilococcus and a total of 46 species of
fungi, belonging to 27 different genera (Figure 5); most of them are included in the phylum
of Ascomycota (relative abundance 99.94%) and only four species belong to the Basidiomy-
cota phylum. An overall analysis, based on the number of microbial species identified,
suggested a greater diversity and heterogeneity of the fungi community compared to the
bacterial community.

The most representative microbial species and their relative abundance (%) in sour-
dough samples were reported in Table 1, and the column of total values refers solely to the
laboratory-propagated sourdoughs. Apart from the L. plantarum species, inoculated as a
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starter and with a 55.34% of total relative abundance, the other dominant LAB species were
Leuc. citreum, L. brevis and F. sanfranciscensis, and their relative abundances (%) were 14.99,
14.87 and 9.30, respectively (Table 1). Very low values of relative abundance were found
for the other LAB species; actually, only Leuconostoc paramesenteroides and Weissella korensis
showed values above 1 (1.77 and 1.15, respectively), and therefore all the other species
were considered negligible. Among fungi, the S. cerevisiae and C. lambica yeast species,
which were inoculated as starters, were the predominant fungi species, with a relative
abundance of 45.45% and 20.02%, respectively (Table 1). The other yeast species reported
in Table 1, i.e., Wickerhamomyces anomalus, Candida santamariae, Saccharomyces eubayanus and
Saccharomyces cariocanus, showed quite low values of total relative abundance; however,
C. santamariae and W. anomalus were concentrated particularly in SD3, with quite high
values of relative abundance: 6.02% and 16.71% respectively. Additionally, Dipodascus
australiensis, a yeast previously identified in naturally fermented dairy products [17], was
detected mostly in SD3, with 20.07% of relative abundance. Other fungi species, quite
uncommon for sourdough, were identified in relatively high abundance; the Microidium
phyllanthi, a pathogenic fungi isolated from plant leaves, was found in all the sourdough
samples, with a total value of 7.95% of relative abundance. The Alternaria infectoria, a plant
pathogenic species, was found in all sourdough samples, but its relative abundance was
higher in bakery-propagated sourdough.
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The dynamics of LAB microbiota can be observed from Figure 4. It is noticeable that
L. plantarum dominated at day one in the three sourdoughs, and this was certainly due
to the high cell number (107 CFU g−1) inoculated with the starter strain; nevertheless,
other contaminant species, probably coming from semolina, were present at day one. In
particular, L. brevis (1.91%) and F. sanfranciscensis (1.46%) were present in SD1, and L. brevis
(9.83% and 8.05%) and W. korensis (2.45% and 2.29%) were found in SD2 and SD3. The
presumptive starter strain L. plantarum predominated in all sourdoughs, as evidenced from
the relative abundance values (Table 1). In SD1, the L. plantarum predominated the first
six days and therefore its abundance decreased, reaching very low values at day 22; this
could be due to the growth of other two species, L. brevis and Leuc. citreum, which were
present in relatively high numbers. In SD2, L. plantarum predominated for the first week,
and after that the F. sanfranciscensis species appeared, dominating the other species with a
high relative abundance, and consequently the abundance of L. plantarum decreased until
the end of the experiment (4.72% at day 22). In SD3, the decrease of L. plantarum after
inoculum was lower than in SD1 and SD2, and it was found at high relative abundance
throughout the experiment; after 22 days, the relative abundance of the L. plantarum species
was still 45.8%. The Leuc. citreum and the L. brevis species were also present in SD3 at quite
high relative abundance (20.05% and 7.82%, respectively), but L. plantarum dominated the
microflora throughout the experiment.
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Table 1. Relative abundance (%) of most representative fungi and lactic acid bacteria species, reported
for the single sourdough samples and as total value for the three sourdough samples.

Sourdough Samples

LAB SD1Lab SD1Bak SD2 SD3 Total

Lactiplantibacillus plantarum 49.95 1.11 50.47 68.12 55.34
Leuconostoc citreum 19.05 2.39 6.32 20.05 14.99

Fructilactobacillus sanfranciscensis 0.23 79.34 26.73 0.15 9.30
Levilactobacillus brevis 31.99 16.75 6.45 7.82 14.87

Leuconostoc pseudomesenteroides 1.12 0.25 2.93 1.21 1.77
Weissella korensis 0.00 0.01 1.51 1.85 1.15

Fungi

Saccharomyces cerevisiae 40.96 53.77 67.36 27.61 45.45
Candida lambica 34.63 0.03 20.30 6.45 20.02

Microidium phyllanthi 16.06 5.49 4.57 3.97 7.95
Wickerhamomyces anomalus 0.00 0.00 0.19 16.71 5.81

Dipodascus australiensis 0.00 0.00 0.02 20.07 6.91
Alternaria infectoria 1.01 9.74 2.99 7.15 3.80
Candida santamariae 0.00 0.00 0.00 6.02 2.07

Cladosporium delicatulum 0.37 3.91 0.57 5.06 2.05
Alternaria alternata 0.45 3.90 1.30 2.33 1.39

Mycosphaerella tassiana 0.24 1.99 0.43 1.86 0.86
Gibberella zeae 0.41 3.79 1.13 0.34 0.63

Saccharomyces eubayanus 1.72 0.64 0.00 0.00 0.54
Saccharomyces cariocanus 1.41 1.49 0.72 0.26 0.78

Fusarium culmorum 0.45 4.11 0.00 0.00 0.14

Regarding the yeast species, the evolution of S. cerevisiae and C. lambica was quite
different among the three sourdoughs, as showed in Figure 5. Unlike the L. plantarum,
the relative abundance of S. cerevisiae increased over the experiments, while the C. lambica
decreased and almost disappeared at the end of the experiments. Despite a similar number
of yeast cells (105 CFU g−1) being inoculated as starter in the sourdoughs, the relative
abundance after the first fermentation step was quite different in the three sourdoughs, at
57.56%, 29.88% and 7.45% for C. lambica and 19.21%, 53.73% and 22.10% for S. cerevisiae
in SD1, SD2 and SD3, respectively. Furthermore, in SD1, C. lambica predominated over
S. cerevisae for the first 10 days (Figure 5), and later S. cerevisiae became dominant; in SD2,
S. cerevisiae was dominant up to 22 days, with 67.4% of relative abundance (Table 1), while
C. lambica decreased plentifully after 10 days; in SD3, both strains were found at low relative
abundance over time (27.6% for S. cerevisae and 6.4% for C. lambica) and a multitude of
species were present, with Diplodascus australiensis and W. anomalus found at quite high
relative abundance—20.1% and 16.7%, respectively.

The metataxonomic analysis of bakery-propagated SD1 (Figures 4 and 5) highlighted
a strong modification of the microbial composition, compared to the laboratory-propagated
SD1 sample. Among bacteria, the L. brevis and Leuc. citreum disappeared after 2 months,
and the F. sanfranciscensis became the dominant species with a high relative abundance
(78.5%). The L. plantarum was detected at a very low relative abundance (ca. 1%). Among
yeasts, S. cerevisiae was present with a relative abundance of 51.4%, but the species diversity
increased and numerous species appeared; in particular, fungi of the genera Alternaria,
Fusarium, Giberella.

The differences in bacterial composition between sourdoughs were evaluated through
beta-diversity analysis. The PCoA plots based on statistically significant (p-value < 0.001
PERMANOVA between sourdoughs 16S taxonomic data (Figure 6A) showed that SD1Lab
and SD3 samples clustered together and were separated from most of the SD2 and SD1Bak
samples. No clear separation among SD1Lab and SD3 could be observed. The two axes
explain the 80.6% of variation between samples (PC1 53.1% and PC2 27.5%). The results
reported in Figure 6B showed low values of alpha-diversity for the three sourdoughs
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(SD1Lab, SD2 and SD3) at the first three points of analysis, according to the microbial
composition reported in Figure 4. The alpha-diversity increased throughout the sampling
time for SD1Lab and SD3, whereas in SD1Bak and SD2 the diversity decreased in the last
three samples due to the dominance of the F. sanfranciscensis species.
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To measure the similarity between fungi communities, statistically significant
(p-value < 0.001 PERMANOVA between sourdoughs) PCoA plots, were performed
(Figure 7A). The two axis, explain the 60.9% of variation among samples (PC1 36%

122



Fermentation 2022, 8, 571

and PC2 24.9%).The plot showed that SD1Lab and SD2 samples clustered together and
a clear separation between SD3 and SD1Bak samples according to the first component.
Shannon index analysis indicated that the microbial diversity was consistent in the three
sourdoughs, with the exception of samples obtained at final points that showed a lower
alpha-diversity compared to the initial points (Figure 7B).
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4. Discussion

The stability of sourdough microflora, in terms of microbial species, is an important
factor from an industrial point of view, in order to obtain the standardization of baking
processes and of products. The stability and the predominance of specific strains in a
sourdough ecosystem is dependent on several factors, such as the metabolic properties
of the strains, the microbial interactions, and the technological and ecological parame-
ters [2,16]. In the current work, strains of L. plantarum, S. cerevisiae and C. lambica, isolated
from spontaneous sourdoughs, were used to ferment semolina doughs, with the aim of
developing a liquid sourdough that had a stable microflora over time. Two fermentation
temperatures were investigated and the impact on the microbial strains was observed. The
metataxonomic analysis revealed the complexity of the fungi microflora over time, which
was characterized by the presence of numerous species; most of them were pathogens
of plants, likely suggesting the flour as the origin, and just a few of them were yeasts.
With regard to the bacteria, most of them were lactic acid bacteria and their heterogeneity
was very low; as a matter of fact, alongside the L. plantarum species, inoculated as starter
strain, few species developed in all the sourdoughs examined. Above all, L. brevis and Leuc.
citreum were commonly detected from day one to the end of the experiments, except when
the F. sanfranciscensis became dominant and all the other species disappeared.

The metataxonomic method used in this work does not allow for the identification
of a specific microbial strain, so we cannot assert with absolute certainty the persistence
of the starter strains during sourdough propagation. However, we could reasonably be-
lieve that they were present due to the following reasons: (a) the number of cells inocu-
lated with the starter strains, about 107 CFU g−1 for bacteria and 105 CFU g−1 for yeasts,
(Figure 1) were close to the values found for the dominant microflora in a mature sour-
dough (106–109 CFU g−1 for bacteria, 105–108 CFU g−1 for yeasts) [16]; (b) the relative
abundance of L. plantarum after one day was ca. 90% (Figure 4) in all sourdoughs, whereas
it was quite low for S. cerevisiae, which tend to increase over time (Figure 5); (c) the first
source of sourdough contamination is the flour, where the number of bacteria ranged from
104 to 106 CFU g−1 [18], a value lower than the number of starter cells. The S. cerevisiae is
one of the most encountered yeast species in spontaneous sourdough [19] whereas C. lam-
bica, synonymous with Pichia fermentans, is a maltose-negative microorganism that is not
considered a typical sourdough microorganism, but it was isolated to a lesser extent from
sourdough [20–22]. Candida humilis (syn. Candida milleri) and Candida krusei are the most
frequently isolated Candida species in sourdough [5]. In this work, more than 105 CFU g−1

of S. cerevisiae and of C. lambica were inoculated as starters in sourdoughs. The cells of
C. lambica decreased over time in all sourdoughs, as showed in Figures 1 and 5, but to a
lesser extent in SD1, where the relative abundance was the highest (34.6%) and the decrease
over time was slow. In fact, the relative abundance was 1.5% at day 22, while in SD2 it
was 1.4% at day 17 and in SD3 it was 1.8% at day 10. The S. cerevisiae was found at high
relative abundance both in SD1 and SD2 (Table 1), and the increase of the abundance seems
to be associated with the decrease of L. plantarum and the growth of F. sanfranciscensis in
both samples, as observed in Figures 4 and 5. The L. plantarum is the most employed LAB
species in sourdough prepared with starter strains [4], and, despite this, not so many papers
studied the permanence in sourdough of L. plantarum used as starter. Minervini et al. [23],
studying the robustness of seven strains of L. plantarum, showed that five of them main-
tained an elevated number of cells during 10 days of sourdough propagation; nevertheless,
new emerging strains were found. The L. plantarum is considered a ubiquitous microorgan-
ism with a relatively large genome size that allows the expression of important metabolic
functions. It has been isolated from different fermented foods including spontaneous
sourdough, where it is frequently associated with L. brevis [24]. It is noticeable that L. brevis
was always present in SD1, SD2 and SD3. In SD1, the cell number increased toward the end
of laboratory experiment, and in SD3 its relative abundance was quite constant, ranging
from 6.4% to 10%. In SD2, the abundance decreased after 10 days, and the same was
observed in bakery-propagated SD1, corresponding in both samples to the appearance of
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the F. sanfranciscensis species (Figure 4), which became dominant over the other strains,
reaching about 80% of relative abundance at the end of the experiment. The growth of
F. sanfranciscensis lowered the bacterial diversity, as stated by Comasio et al. [25]. The
predominance of F. sanfranciscensis in bakery-propagated SD1 is likely due to the power
of the “house microbiota”, namely the microorganisms contaminating the setting and the
equipment of the bakery; the F. sanfranciscensis was probably the main bacterial strain in the
bakery environment and this led to the replacement of the native strains in the sourdough.
The F. sanfranciscensis has the smallest genome and the highest density of ribosomal oper-
ons within the lactobacilli group, and this feature is retained to favor its predominance in
sourdough substrate [16]. Siragusa et al. [26] investigated the predominance of nine strains
of F. sanfranciscensis inoculated as starters in different type I sourdoughs, and they observed
that only three of them were able to dominate during 10 days of continuous propagation.
Viiard et al. [27] studied the LAB community of a rye sourdough used in a bakery that was
initiated with a commercial starter containing Limosilactobacillus pontis; after 28 months of
refreshments, the analysis revealed the presence of F. sanfranciscensis and L. pontis.

As previously reported in the literature [2,28], the dynamics of the microbial com-
munity are influenced deeply by the fermentation temperature, but the other process
parameters (fermentation time, number of refreshment steps, aeration, dough yield, etc.)
are considered important as well. In this work, the effect of different fermentation tem-
peratures (25 ◦C and 20 ◦C) on sourdough microflora cannot be easily accounted for. At
25 ◦C, the total number of viable cells (bacteria and yeast) seems to increase with respect
to the sourdoughs fermented at 20 ◦C (Figure 1); regarding the LAB, three LAB species
contributed to increase the number of viable cells, as indicated by metataxonomic analysis
in Figure 4; therefore, the high temperature did not favor the growth of L. plantarum. Pre-
sumptive Candida grew up to the 22nd day and the number of presumptive Saccharomyces
cells is consistent in sourdough fermented at 25 ◦C. The low fermentation temperature is re-
ported [28] to favor the growth of yeast and heterofermentative LAB species in sourdoughs
produced worldwide, whereas homofermentative and facultatively heterofermentative
LABs were favored at a high fermentation temperature (>30 ◦C). In natural sourdoughs,
dominated by heterofermentative LABs and the yeast C. milleri, the LAB and yeast cells
increased when the temperature was raised from 15 ◦C to 27 ◦C [29].

The values of pH and TTA observed in sourdough samples were consistent with
values found in other papers [4]. The L. plantarum species, which is the most abundant and
important bacterial species in the laboratory-propagated sourdoughs, showed a similar
total relative abundance in SD1, SD2 and SD3 (Table 1), but the decrease over time was
more pronounced in SD1 and less pronounced in SD3 (Figure 4). Anyway, the acidifying
activity in the first week was greater in SD1 than in SD2 and SD3, and the lowest pH values
were observed in SD1. Therefore, the higher fermentation temperature in SD1 could have
favored the metabolism of L. plantarum; in the first week thereafter, the development of
L. brevis, a heterofermentative species, could have contributed to the production of organic
acids and to the pH decrease [5].

Concerning the sourdough samples fermented at the same temperature (SD2 and SD3)
during the first week, the acidification was faster in SD3 than in SD2, likely because of
the different method used to inoculate the L. plantarum. In fact, the starter strains were
inoculated all together in SD2, whereas in SD3 the L. plantarum was inoculated alone
and left to ferment for 17 h, and then the yeast strains were added in the subsequent
backslopping. The analysis of the data reported in Figure 3 indicates that the ∆pH values
were more homogeneous in SD3 compared to SD2, and the same phenomenon can be
observed for the ∆TTA and bacterial cell density values reported in Figures S2 and S4,
respectively. Therefore, in SD3, the growth of lactic acid bacteria and the acidification
over the propagation period was more uniform and stable compared to the other samples.
Regarding the evolution of starter yeasts, differences can be observed in SD2 and SD3
(Figure 5), unless the fermentation was conducted at the same temperature (20 ◦C). Indeed,
both the S. cerevisiae and the C. lambica grew well in SD2, where the lowering of dough
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pH before starter addiction could have favored the growth of yeast, according with that
reported by Minervini et al. [16] and to the yeast growth in SD1, where the dough pH was
not lowered. On the contrary, in SD3, the lowering of pH did not favor the growth of yeast
strains, probably because their growth was conditioned by the rapid growth of L. plantarum
in the first days. The different methods used for starter addition seem to have affected the
behavior of starter strains and the acidification process in sourdoughs.

5. Conclusions

In spontaneous sourdoughs, the first fermentation is commonly carried out by the
indigenous microorganism from the flour and/or the environment, and after a few refresh-
ments some species become dominant [16]. In this work, the starter strains were added with
the purpose of guiding the first fermentation and to dominate the mature sourdough. The
analyses showed that despite the high number of starter cells, other microbial species were
able to grow, and sometimes became dominant species. The fungi microbiota were more
heterogeneous than the bacteria microbiota, and most species probably originated from
flour, being pathogens of plants. For the first time, a strain of C. lambica was used as a starter
in sourdough fermentation, and the lack of competitiveness towards the other strains was
shown. The growth and the stability over time of the starter L. plantarum improved when
the LAB strain was inoculated alone and left to conduct the first fermentation process for
many hours at a low temperature. The high fermentation temperature (25 ◦C) seems to
promote the growth of both bacteria and yeast, but not the growth of the L. plantarum starter
strain. Therefore, it will be a great challenge to find starter strains that are able to dominate
the microflora, grow well at low temperatures for energy saving purposes, and that are
competitive enough towards contaminant species, in order to guarantee the persistence of
starter strains in sourdough.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation8100571/s1. Figure S1: Morphology of the colonies for S.
cerevisiae and C. lambica growing on RB medium. Figure S2: Values of LAB cell density (log10 CFU g−1)
The inner line of each box represents the median; the top and bottom of the box represent the 75th
and 25th percentiles of the data, respectively. The top and bottom of the bars represent the 100% of
the data. The square outside the box plot represents the outliers of the data. Figure S3: Values of yeast
cell density (log10 CFU g−1) The inner line of each box represents the median; the top and bottom
of the box represent the 75th and 25th percentiles of the data, respectively. The top and bottom of
the bars represent the 100% of the data. The square outside the box plot represents the outliers of
the data. Figure S4: Values of ∆TTA (difference between the initial TTA value and the values after
sourdough refreshment). Data are the means from three independent experiments (n = 3). The inner
line of each box represents the median; the top and bottom of the box represent the 75th and 25th
percentiles of the data, respectively. The top and bottom of the bars represent the 100% of the data.
The square outside the box plot represents the outliers of the data.
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Brîndus, e, E.; Matei, F. Achievements

of Autochthonous Wine Yeast

Isolation and Selection in

Romania—A Review. Fermentation

2023, 9, 407. https://doi.org/

10.3390/fermentation9050407

Academic Editors: Agustín

Aranda, Roberta Comunian

and Luigi Chessa

Received: 15 March 2023

Revised: 13 April 2023

Accepted: 19 April 2023

Published: 23 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Review

Achievements of Autochthonous Wine Yeast Isolation and
Selection in Romania—A Review
Raluca-S, tefania Rădoi-Encea 1,†, Vasile Pădureanu 2,*,†, Camelia Filofteia Digut,ă 1 , Marian Ion 3,
Elena Brîndus, e 3 and Florentina Matei 1,2,*

1 Faculty of Biotechnologies, University of Agronomic Sciences and Veterinary Medicine Bucharest,
59 Mărăs, ti Blvd., District 1, 011464 Bucharest, Romania

2 Faculty of Food Industry and Tourism, Transilvania University of Bras, ov, 148 Castelului St.,
500014 Bras, ov, Romania

3 Research and Development Institute for Viticulture and Oenology, Valea Călugărească,
107620 Prahova, Romania

* Correspondence: padu@unitbv.ro (V.P.); florentina.matei@biotehnologii.usamv.ro (F.M.)
† These authors contributed equally to this work.

Abstract: Winemaking in Romania has a long-lasting history and traditions and its viticulture
dates back centuries. The present work is focused on the development of wine yeast isolation and
selection performed in different Romanian winemaking regions during past decades, presenting the
advanement of the methods and techniques employed, correlated with the impact on wine quality
improvement. Apart from the historical side of such work, the findings will reveal how scientific
advancement in the country was correlated with worldwide research in the topic and influenced
local wines’ typicity. To create an overall picture of the local specificities, the work refers to local
grape varieties and the characteristics of the obtained wines by the use of local yeasts as compared to
commercial ones. Numerous autochthonous strains of Saccharomyces were isolated from Romanian
vineyards, of which several demonstrated strong oenological characteristics. Meanwhile, different
non-Saccharomyces yeast strains were also isolated and are nowadays receiving the attention of
researchers seeking to develop new wines according to wine market tendencies and to support wine’s
national identity.

Keywords: Romania; winemaking; autochthonous yeasts; non-Saccharomyces yeast; terroir

1. Introduction

Winemaking in Romania has a long-lasting history and traditions and its viticulture
dates back centuries [1]. With the EU accession in 2007, Romania started a journey with
the final goal of putting Romania on the international high-quality wines map. Access
to pre- and post-accession funds increased investment in wine making technology, the
replacement of low-quality vines, and the replanting vineyards with improved genetic
sources [2].

According to OIV (International Organization of Vine and Wine) 2022 statistics [3],
Romania is nowadays the sixth largest wine producer in Europe and the thirteenth largest
wine producer in the world ranking. The total wine production was estimated at around
4.45 million hl in 2021, increasing from around 3.63 million hl in 2015.

Meanwhile, the total area cultivated with vines decreased from 253.203 ha (1995) to
191.459 ha (2015). Since 2015, when Romania legally declared that wine is considered a
food product [4], the area cultivated with vines has still shown some fluctuation, but it
remained relatively balanced until 2021, when the number reached 188.891 ha [5].

The delimitation of Romanian viticultural areas was established by the National
Office of Vine and Wine Products and is based on the climatic conditions determining the
qualitative potential of the grapes and wines, the relief conditions, the applied technologies,
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the level of the obtained productions, and the qualitative characteristics of the resulting
products [6]. Therefore, the Romanian viticultural space consists of 37 vineyards which
comprise, in total, 120 viticultural centers and 46 independent viticultural centers, grouped
in 8 regions and 3 viticultural areas, as presented in Table 1 and shown in Figure 1.

Table 1. The Romanian viticultural space.

Viticultural Area Viticultural Region Vineyards Denominations

Central area, inside the
Carpathian arch The Transylvanian plateau Târnave, Alba, Sebes, -Apold, Lechint,a, Aiud

Peri-Carpathian hills

The hills of Moldova
Cotnari, Hus, i, Ias, i, Dealu Bujorului, Ives, ti, Nicores, ti,
Panciu, Odobes, ti, Cotes, ti, Zeletin, Covurlui,
Colinele Tutovei

The hills of Muntenia and Oltenia
Dealu Mare, Sâmbures, ti, S, tefănes, ti, Drăgăs, ani,
Dealurile Craiovei, Dealurile Buzăului, Podgoria
Severinului, Plaiurile Drancei

Banat 6 independent centers

Cris, ana and Maramures,
Diosig, Minis, -Măderat, Valea lui Mihai,
Podgoria Silvaniei

Danube Pontic area

The Dobrogea hills Murfatlar, Sarica-Niculitel, Istria-Babadag

The Danube terraces Ostrov, Greaca

Region of sands and other favorable
lands in the South of the country Calafat, Sadova-Corabia, Podgoria Dacilor
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The trend in Romanian winemaking is to maintain an uprising path in terms of total
wine production volume, while also increasing the diversity of local wine types. These goals
can be achieved starting from the use of local grape varieties, as well as via the isolation,
selection, and then the use of autochthonous yeasts in the production of Romanian wines.

In recent decades, winemakers could choose from a wide variety of commercial yeasts
provided by several well-known companies; these are yeasts that display a wide range of
special characteristics, adapted to specific needs [7]. In line with the evolution of consumers’
preferences and even with climate changes that bring about a higher-than-previous sugar
concentration, finding yeasts with special traits was and is a continuous project [8].

Vineyard yeast biodiversity characterization and wine yeast selection are not new
entries in wine-making research, but considering the history of wine, these approach
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can be considerred as young. In the history of winemaking, the use of selected starter
cultures did not become widespread practice until the 1970s, and the vast majority of the
industrial yeasts belong to Saccharomyces cerevisiae; however, currently, it is recongnized
that non-Saccharomyces species may also be relevant for alcoholic fermentation [9]. It is
generally recognized that the current set of the commercial S. cerevisiae strains or derived
hybrids is not sufficient to provide new technological or organoleptic properties in wine;
therefore, new strains are desired, if not essential [10]. Hybrid genomes of Saccharomyces
cerevisiae/Saccharomyces kudriavzevii yeast strains used for wine making in France (Alsace),
Germany, and Hungary have been characterized by the use of microsatellite markers [11].
Autochthonous strains represent alternative genetic resources by which the industry can
overcome current challenges. The preservation of spontaneous microflora is essential to
obtain the typical flavor and aroma of wines deriving from different grape varieties [12].
Meanwhile, the last two decades, practices of organic vine growing influenced fungi (yeast
and molds) biodiversity. This was clearly proven in France, in the Bourgogne region, with
respect to the Chardonnay variety [13]. In recent years, on the European level, researchers
from different groups and countries have focused on yeast selection and biodiversity issues.
Ecological and geographic studies have highlighted that unique strains are associated
with particular grape varieties in specific geographical locations [14]. An example of such
initiatives was provided by the European project, WILDWINE Project (EU contract 315065),
focused on the selection of wild microorganism in five worldwide- recognized wine regions:
Nemea and Crete (Greece), Piedmont (Italy), Bordeaux (France), and Priorat (Spain) [15].
In Italy, a wide range of vineyards were examined, covering most of the wine’s Italian
regions: in the northwest, in the Piedmont region and Monferrato vineyards concerning
Barbera grapes [16]; the Barbera variety was also studied in the “Nizza” Barbera d’Asti
DOC zone [17]. In Sicily, a wide study was conducted on hundreds of isolates and the
superiority of the local strains over the commercial strains was proved [18]. Another focus
was on Montepulciano d’Abruzzo “Colline Teramane” premium wine DOCG, produced in
Teramo province; the presence of atypical S. cerevisiae strains only in a particular vineyard
in a restricted area suggests the role of local selective pressure in the origin of distinctive
Saccharomyces yeast populations [19]. In Spain, several groups conducted similar work,
and screening results were reported for wine regions such as Douro, Extremadura, Galicia,
La Mancha and Uclés, Ribera del Duero, Rioja, Sherry area, and Valencia [20]. Moreover,
in the DOQ Priorat region, isolation was performed on varieties such as Grenache and
Carignan [21]; in the northwest, in the Galicia region, biodiversity was studied, comparing
organic and conventional culture [22]. Relatively recently, isolates from three appellations
of Spanish origin were checked for fingerprinting of interdelta polymorphism; ancient
vineyards managed with organic practices showed intermediate to low levels of strain
diversity, indicating the existence of stable populations of S. cerevisiae strains [23]. In another
European area, in the Greek island of Kefalonia, in the Mavrodafni wine region, at the end
of the alcoholic fermentation, indigenous yeasts were isolated; selected strains are already
in industrial use [24]. In the European eastern neighborhood, in Georgia, a traditional
winemaking country, long-term biodiversity studies were conducted in the Dagestan region
using various isolation techniques and various substrates [25].

The present work is focused on the development of wine yeast isolation and selection
performed in different Romanian winemaking regions during recent decades, presenting
the advance of the employed methods and techniques, correlated with the impact on wine
quality improvement. Apart from the historical side of the importance of such work, our
findings will reveal how scientific advancement in the country is correlated to worldwide
research in the topic.

2. Materials and Methods

The current review is based on the available scientific articles that record research
regarding the isolation and selection of local wine yeasts from different Romanian vineyards.
Most of the sources approached are indexed in different international databases, such as
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Google Scholar, ScienceDirect, Web of Knowledge-Clarivate, and CABI. However, the
available records in the international databases start from 2005, while records in some
native language (Romanian), available in different national libraries, go as far as the
beginning of the century, in 1915 [26]. In addition, to create an overall picture of the local
specificities, scientific reports were also used in relation to local grape varieties (Fetească
regală, Fetească albă, Crâmpos, ie, Băbească neagră, Fetească neagră, Grasă de Cotnari,
Cadarcă, Tămâioasă românească, etc.) and the characteristics of the wines obtained by the
use of local yeasts compared to the commercial ones.

3. Results and Discussion

This review took into account the reported work on wine yeast isolation and selection
activities performed in the wine-growing areas of Romania from 1915 to the present.

From the chronological point of view, according to Brîndus, e et al. [26], the first re-
port, from 1915, comes from the doctoral thesis of Nit,escu M.A. [27]. He made an ample
physiological characterization of yeast isolated from different regions and local grape va-
rieties, such as Cotnari (Grasă, Fetească albă), Ias, i (Fetească neagră), Pietroasele (Grasă),
Drăgăs, ani (Tămâioasă românească, Negru moale, Negru vârtos, Crâmpos, ie), and Odobes, ti
(Tămâioasă românească). This study, conducted in Paris, was positively appreciated by
Ribéreau Gayon and Peynaud in 1960, according to the same source [26]. Following this
study, in the 1920s–1930s, Dr. Russ and his team (Dr. Moldovan and Dr. Mavromati)
founded the national school of wine microbiology and the first Romanian wine yeast
collection. In the years 1945–1965, different researchers focused on local wine yeast selec-
tion [28–34]. Beginning in the 1970s, isolation and selection work has increased, and the
results are detailed below.

In terms of the vineyard region, yeast isolation and selection work was reported in
several areas, covering most of the Romanian winemaking regions. For instance, in the
Transylvanian plateau, Dănoaie [35] and Stamate et al. [36] focused on the yeast biodiversity
in Târnave vineyard, while Oprean [37] studied several Sibiu wine-growing areas. In
Moldova, such experiments were conducted by Sandu-Ville et al. [38,39], followed by
Viziteu et al. [40] in Cotnari vineyard, by Vasile et al. [41] and by Nechita et al. [42] in the
Ias, i-Copou vineyard, as well as by Găgeanu et al. [43] in Dealurile Bujorului vineyard. In
the hills of Muntenia, the research started in Valea Călugărească center by Kontek and
Kontek [44,45], followed by Matei Rădoi et al. [46] and Brîndus, e et al. [47,48], and in the
Buzău vineyard by Bărbulescu et al. [49]. In the Oltenia hills in Tambures, ti, Banu Mărăcine,
Drăgăs, ani, and Târgu Jiu, studies were conducted by Dragomir Tutulescu and Popa [50],
while Beleniuc [51] isolated wine yeast from the Murfatlar vineyard in the Dobrogea hills.

3.1. Employed Techniques of Yeast Isolation, Identification and Selection

Different approaches were taken into account during the isolation work, starting
from grape washing water [42,43,45,47,52], continuing with the juice from fresh crushed
grapes [40,46,52] or must in different fermenting stages: respectively, at the beginning,
middle, and end of fermentation [42,48,53]. The employed microbiological media were
the classical ones, meaning Sabouraud medium or Yeast Extract Peptone Dextrose (YEPD)
supplemented with chloramphenicol. Bărbulescu et al. also made use of a specific medium
for yeast isolation (malt extract–peptone yeast extract agar), then another specific medium
(yeast extract–malt extract sucrose agar) for the maintenance of the culture [49].

The selection work followed typical steps, i.e., respectively, by monitoring the parame-
ters of the fermentations and the characteristics of the obtained wines. Classically, there
were employed tests such as ethanol tolerance [7,42] or the refermentation capacity of the
strains [42]. Of the yeasts tested by Nechita et al. from Ias, i-Copou, five strains proved to be
tolerant of high concentrations of ethanol of about 14–15% [42]. Regarding their capacity to
restart the stagnated fermentation at 11.5% ethanol and 70 g/L sugars, the strains managed
to bring the fermentation to an end and produce dry wines. Dragomir, Tutulescu, and Popa
used the standard methods accepted by OIV to isolate, identify, and described their strains’
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biological, physical, and oenological characteristics from the Oltenia area [50,54]. In the
end, most of the authors reported the results of the physicochemical and organoleptical
characteristics of the obtained wines after using the selected strains. Following this path,
Vasile et al. isolated 86 local yeast strains from the Ias, i-Copou vineyard, followed by a
final selection for the best fermentative characteristics and wine profiles [41,55]. In terms of
the killer profile of the isolated yeast, only one report was identified in the databases, in
which Matei and Găgeanu reported a killer positive strain isolated in Dealurile Bujorului
county [56].

Less conventional methods were used in the characterization and wine yeast selection.
For instance, Antoce and Nămolos, anu employed a calorimetric method using a multiplex
batch micro-calorimeter (isothermal, conduction type) for the rapid yeast testing for ethanol
tolerance in order to select strains that were useful for winemaking [57]. They demonstrated
that the method could eliminate labor-intensive cell counting, as well as its high sensitivity
and the possibility of measuring cultures grown in intense-colored or high-turbidity media,
such as red wine. In addition, this method offers the benefit of simultaneously monitoring
a large number of samples in a 48–72-h experiment.

The identification work, hand in hand with yeast biodiversity studies, had a slow
evolution in terms of the employed techniques in past decades. Such work rquires
know-how and specific tools, and the predominant methods were based on classical
morpho-physiological tests, according to Barnett et al. [58,59], Krieger-van Rij [60], and
Delfini [61]. Most authors reported studies on the macroscopic features of the colonies,
pseudo-mycelium formation, and sporulation on a specific medium [43,44,46,47,52]. Tests
such as fermentation and assimilation of different carbohydrates, nitrogen utilization, the
use of ethanol as the sole carbon source, and arbutin split were taken into account [37,47,52].
Several authors were using rapid biochemical tests; that is, API galleries [40,46].

Some teams made use of MALDI-TOF mass spectrometry, especially that of
Bărbulescu et al., wherein the isolated strains were prepared for the analysis after the
extraction of peptides with formic acid, ethanol, and acetonitrile [49]. A similar approach
was taken by Corbu and Csutak when studying yeast biodiversity in different traditional
fermented foods, including wine [62]. For a more accurate physiological identification
of the tested strains, phenotypic phylogeny analyses were also performed using Biolog
Microbial ID System according to the manufacturers’ specifications [63].

The molecular approach came later on in the country, when PCR-ITS RFLP techniques
were employed by Gaspar et al. [64] in Sebes, vineyard (Apold-Blaj centre), followed by
Găgeanu et al. [43] in Dealurile Bujorului vineyard, and Dumitrache et al. [53] in Pietroasa
center (Dealu Mare vineyard); these results were also coupled with sequencing data. These
teams performed conventional DNA extraction, followed by PCR amplification with ITS 1
and ITS 4 primers, continuing with Hinf I, HaeIII, and HhaI digestion [43], or AluI and
TaqI [64], and comparing the obtained profiles with the existent databases.

The first PCR-RAPD approach was taken by Oprean, when different Saccharomyces
and non-Saccharomyces strains, isolated from Sebes, -Apold vineyard, were identified [65].
Relatively recently, apart from using the ITS-RFLP technique of the ITS1-5.8S rDNA-
ITS2 region, taking advantage of the restriction enzymes such as Hinf I, HaeIII, CfoI, and
MspI, Corbu and Csutak have also employed the RAPD method for the identification of
yeast involved in wine spontaneous fermentation [62,63]. In their case, the intraspecific
biodiversity (genetic relatedness) of the isolates was detected by analyzing the RAPD
profile obtained for each strain and by calculating the similarity index using the Jaccard
coefficient (Sij). Similarly, the interspecific biodiversity of the microbial communities from
spontaneous fermented products was determined by comparing their profile to the RAPD
profile of their co-fermenters; in the end, the dendograms were generated by PyElph, using
the UPGAMA (unweighted pair group method with arithmetic mean) method.
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3.2. Yeast Biodiversity and Identification Results

The wine yeast studies in Romania followed two different patterns. Most of the authors
have isolated and selected different strains, followed by identification only for the strains
proving special and/or demonstrating specific winemaking profiles and characteristics.
Systematic studies were started only in later 1970s by Kontek et al. (1975–1977). Later on,
a few studies took into account the study of the vineyard or fermented grape must yeast
biodiversity as a whole [46,62].

A first ample biodiversity report study was performed by Kontek in 1977 [66], in Dealu
Mare vineyard (Valea Călugărească centre), adopting the classification proposed by Lodder
and Kreger-van Rij [67]. Among 244 isolates, the predominant genus was Saccharomyces,
with the following species and var.: S. ellipsoideus (dominant), S. bayanus, S. carlsbergensis,
S. cerevisiae, S. exiguous, S. heterogenicus, S. florentinus, S. fructuum, S. italicus, S. oviformis,
S. rosei, S. steinerii, S. uvarum, and S. logos. In terms of non-Saccharomyces (NS) species,
they reported Candida mycoderma, Candida peliculosa, Kloeckera apicullata, Kloeckera africana,
Torulopsis stellata, Pichia membranaefaciens, and Rhodotorula mucilaginosa.

Later on, Matei Rădoi et al. performed a similar study in the Valea Călugărească center,
Dealu Mare vineyard, comparing the data obtained by Kontek team in the 1970s in a double
approach: classical morphophysiological study; and by API 20C AUX—Biomerieux [46]. The
isolation was performed during 2007–2009 on Cabernet Sauvignon, Merlot, Fetească Neagră,
and Pinot Noir varieties. A change in the yeast species profiles was noticed throughout the
decades; specifically, the 1970s as compared to the 2000s. Among 262 isolates, the dominant
species isolated in the vineyard belonged to the NS species, such as C. famata, K. apiculata, and
Debaryomyces hansenii. One year later, a similar study was published in the same area [47], in
which the dominant NS species were C. utilis, K. apiculata, R. mucilaginosa, and D. hansenii,
with the employed method and the results being very close among the two teams. Other
reported isolates belonged to Candida lusitaniae, C. stellata, C. utilis, C. magnoliae, C. pelliculosa,
Pichia anomala, P. jadinii, Torulaspora delbrueckii, and Hanseniaspora uvarum (Table 2).

Multiple NS species were identified from the Cotnari vineyard by Viziteu et al., namely,
C. mycoderma, Hansenula anomala, H. uvarum, Kluyveromyces spp., P. membranafaciens, and
T. stellata [40].

Vasile et al. selected three S. ellipsoideus strains and determined their influence on the
must of three grape varieties from Ias, i-Copou, namely, Fetească albă, Sauvignon blanc, and
Chardonnay [41,55]. Other Sacharomyces spp. were reported by Găgeanu et al. in Dealurile
Bujorului county (Table 3), such as S. bayanus, for instance [43].

The strains isolated and tested in Oltenia county by Dragomir Tutulescu and Popa in
2009–2010 were identified as K. apiculata, P. membranafaciens, Rhodotorula glutinis, S. ellip-
soideus (the most abundant during must fermentation), and S. oviformis, but they also found
few representatives of S. rosei, Candida vinaria, and Metschnikowia reukaufii [50,54].

In 2014, Oprean identified in Sebes, -Apold county, by molecular tools, S. ellipsoideus and
S. oviformis, as well as NS yeasts such as Candida vini and K. apiculata [65]. Similarly, in Blaj
centre, Stamate et al. reported as dominant, among 139 isolates, the species of S. cerevisiae
var. ellipsoideus, K. apiculata, S. oviformis, and S. bayanus during must fermentation, while
K. apiculata, C. mycoderma, and T. stellata were abundant on the grapes [36].

A general image on the Saccharomyces spp. isolated and selected in Romania is pre-
sented in Table 3. The main identified Saccharomyces species and varieties belong to
S. bayanus, S. cerevisiae, S. chevalieri, S. ellipsoideus, S. florentinus, S. oviformis (synonym
S. cerevisiae), or S. uvarum.
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Table 2. The non-Saccharomyces (NS) yeasts isolated from various winemaking areas in Romania.

Genus Species Centre/Vineyard References

Candida

C. colliculosa
Valea Călugărească, Dealu Mare [46,47]

Recas, [68]

C. famata Valea Călugărească, Dealu Mare [46,47]

C. lusitaniae Valea Călugărească, Dealu Mare [46,47]

C. magnoliae
Valea Călugărească, Dealu Mare [46,47]

Recas, [68]

C. mycoderma
Cernavodă, Murfatlar [52]

Cotnari vineyard [40]

C. pelliculosa Valea Călugărească, Dealu Mare [46,47]

C. sphaerica Valea Călugărească, Dealu Mare [46,47]

C. tropicalis Recas, [68]

C. utilis Valea Călugărească, Dealu Mare [46,47]

C. vini Drăgăs, ani, Tambures, ti [50]

Clavispora C. lusitaniae Valea Călugărească, Dealu Mare [47]

Debaryomyces D. hansenii Valea Călugărească, Dealu Mare [46,47]

Dekkera D. anomala Pietroasa vineyard [53]

Geotrichum G. penicillatum Valea Călugărească, Dealu Mare [47]

Hanseniaspora H. uvarum Recas, [68]

Hansenula H. anomala
Cernavodă, Murfatlar [52]

Cotnari vineyard [40]

Kloeckera K. apiculata

Cernavodă, Murfatlar [52]

Valea Călugărească, Dealu Mare [46,47]

Drăgăs, ani [33]

Recas, [68]

Lachancea L. kluyveri Cotnari vineyard [40]

Metschnikowia M. pulcherrima
Drăgăs, ani [50]

Pietroasa vineyard [53]

Pichia

P. angusta Recas, [68]

P. anomala Valea Călugărească, Dealu Mare [46,47]

P. fermentans
Cernavodă, Murfatlar [52]

Recas, [68]

P. jadinii Valea Călugărească, Dealu Mare [46,47]

P. kudriavzevii Ilfov area [63]

P. membranaefaciens
Drăgăs, ani, Tambures, ti [50]

Cotnari vineyard [40]

P. ohmeri Valea Călugărească, Dealu Mare [47]

Rhodotorula

R. glutinis
Valea Călugărească, Dealu Mare [46,47]

Recas, [68]

R. minuta Valea Călugărească, Dealu Mare [46,47]

R. mucilaginosa

Cernavodă, Murfatlar [52]

Valea Călugărească, Dealu Mare [47]

Recas, [68]

Torulaspora T. delbrueckii Valea Călugărească, Dealu Mare [46,47]
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Table 2. Cont.

Genus Species Centre/Vineyard References

Torulopsis T. stellata
Cernavodă, Murfatlar [52]

Cotnari vineyard [40]

Zygosaccharomyces
Z. bailii Cotnari vineyard [40]

Z. rouxii Cotnari vineyard [40]

Table 3. The Saccharomyces species and varieties isolated from various winemaking areas in Romania.

Species Centre/Vineyard References

S. bayanus

Cernavodă, Murfatlar [52]

Dealurile Bujorului [43]

Cotnari vineyard [40]

S. cerevisiae

Buzău vineyard [49]

Pietroasa vineyard [53]

Recas, [68]

Valea Călugărească, Dealu Mare [46]

Cotnari vineyard [40]

S. chevalieri Cotnari vineyard [40]

S. ellipsoideus

Cernavodă, Murfatlar [52]

Dealurile Bujorului [43]

Ias, i-Copou vineyard [41]

Cotnari vineyard [40]

S. florentinus Cotnari vineyard [40]

S. oviformis (synonym S. cerevisiae)

Cernavodă, Murfatlar [52]

Dealurile Bujorului [43]

Cotnari vineyard [40]

S. uvarum Cotnari vineyard [40]

3.3. Selected Yeast Properties and the Final Characteristics of Local Wines

From the available records, a wide range of grape varieties were tested, of which nine
are registered as local varieties (Table 4), while the wines’ characteristics (Table 5) were
assessed for both red wines and white wines, though more attention have been given to
the white wines.

In the case of white wines, the local selected yeasts were tested on local varieties
(Fetească albă, Fetească regală, Tămâioasă românească), as well as on international varieties
(Aligoté, Chardonnay, Sauvignon blanc, Pinot gris, Muscat ottonel).

Regarding Feteasca albă, this type of wine was obtained and tested in Dealu Bujoru-
lui, with 13.5% alcohol (v/v) and without residual sugar detected [69], and in Ias, i, with
11.6% alcohol (v/v) and 0.2 g/L sugars [55]. Colibaba et al. [70], Dobrei et al. [71], and
Bora et al. [69] obtained Fetească regală wine from Ias, i, Minis, -Măderat, and Dealu Bujoru-
lui, with an average alcohol content of 13.7% (v/v). The residual sugar content was very
different—from 1.9 g/L (Dealu Bujorului) and 3.9 g/L (Minis, -Măderat) to 6.63 g/L (Ias, i).

Aligoté wines showed some differences in terms of ethanol content from one location
to another, but also within the same location. Thus, the Aligoté obtained in Dealu Bujorului
had a content of 13.1% ethanol (v/v) with no residual sugars detected [69], while those
obtained in Ias, i had, respectively, 10.08% ethanol (v/v) with 0.72 g/L sugars [70], and
11.33% ethanol without a mention of the residual sugars [72].
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Colibaba et al. [73] and Bora et al. [69] also obtained Italian Riesling wines with around
11% ethanol, but the first author obtained a dry wine with 0.77 g/L residual sugar, while
the second author obtained a sweet wine with 72 g/L residual sugar.

Table 4. Wine grape varieties from Romanian vineyards fermented with selected autochthonous yeast.

Grape Varieties Vine Regions References

Aligoté

Ias, i [72]

Ias, i [70]

Dealu Bujorului [69]

Băbească gri Dealu Bujorului [69]

Cabernet sauvignon
Dealu Mare [73]

Minis, -Măderat [71]
Dobra (Satu Mare) [74]

Cadarcă Minis, -Măderat [74]

Chardonnay Ias, i [55]

Feteasca albă Dealu Bujorului [69]
Ias, i [55]

Feteasca neagră
Minis, -Măderat [74]

Panciu [75]
Rates, ti (Satu Mare) and Aliman (Constant,a) [74]

Fetească regală
Dealu Bujorului [69]

Ias, i [70]
Minis, -Măderat [71]

Frâncus, ă Ias, i [70]

Grasa de Cotnari Ias, i [70]

Italian riesling Dealu Bujorului [69]
Ias, i [70]

Merlot Aliman (Constant,a) [74]

Muscat ottonel
Dealu Bujorului [69]

Ias, i [70,76,77]

Neuburger Ias, i [70]

Pinot gris Ias, i [70]
Minis, -Măderat [71]

Pinot noir Rates, ti (Satu Mare) [74]

Rose traminer Ias, i [70]

Sarba Dealu Bujorului [69]

Sauvignon Dealu Mare [78]

Sauvignon blanc Dealu Bujorului [69]
Ias, i [55,70]

Tamaioasă românească Ias, i [70]

Traminer Minis, -Măderat [71]

Muscat Ottonel wines were obtained in two Moldova areas, one from Dealu Bujorului
and three from Ias, i. The wine obtained in Dealu Bujorului was a sweet wine, with 11%
ethanol and 30.7 g/L residual sugar [69]. Colibaba et al. [70] and Vararu et al. [76] obtained
dry wines from Ias, i, with less than 2 g/L sugar and 12.2%, respectively, and 13.6% ethanol.
The glycerol content of Vararu et al. wine was almost 13 g/L. Focea et al. obtained a
sparkling wine with 10.3% ethanol, but without mentioning the sugar content [77].
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As for Pinot gris, two wines with an increased ethanol content of about 14% were
obtained in Ias, i [70] and in Minis, -Măderat [71]. Vis, an et al. [78] obtained three Sauvignon
semi-dry wines from Dealu Mare, with an average of 12.5% ethanol, 11 g/L sugar, and
about 8–10 g/L glycerol. Vasile et al. [55] and Colibaba et al. [70] each made a dry Sauvignon
blanc from Ias, i, with 11.2–11.9% ethanol and approx. 1 g/L sugar; wine from 2010 had a
content of 7.4 g/L glycerol. The Sauvignon blanc obtained from Dealu Bujorului [69] was
semi-dry, with 12 g/L sugar and higher ethanol content of 14.4%.

On red wines’ side, Cabernet sauvignon was tested in Dealu Mare [73], Minis, -Măderat [71],
and in Dobra, Dealurile Silvaniei [74]. This type of wine had an alcohol content between 12%
and 15% (v/v); the highest value was obtained in Minis, -Măderat. The residual sugar content
was 3.8 g/L in the 2012 study, 10.05 g/L in the 2015 study, and not specified in the 2018 study.
Vis, an et al. also emphasized that the glycerol content was 9 g/L [73], which contributes to the
wine’s texture and body [79]. Manolache et al. [74,75] and Dobrei et al. [71] obtained and tested
Feteasca neagră wine, with an average of 13.49% ethanol (v/v) and 3.48–3.9 g/L residual sugar.

Table 5. Wines obtained in Romanian winemaking areas after fermentation with local yeast and their
physicochemical properties.

Grape Varieties Vine Region Alcohol Vol.
(%)

Residual Sugars
(g/L)

Total Acidity
(g/L)

Volatile Acidity
(g/L) References

Aligoté

Ias, i 11.33 * 6.72 0.35 [72]

Dealu Bujorului 13.1 nd 5.5 0.37 [69]

Ias, i 10.08 0.72 9.14 0.33 [70]

Băbească gri Dealu Bujorului 13.2 12.7 5.9 0.38 [69]

Cabernet
Sauvignon Dealu Mare 13.1 3.8 4.3 0.7 [73]

Cadarcă

Minis, -Măderat 15 10.05 5.5 0.43 [71]

Dobra (Satu Mare) 12 * 5.42 0.47 [74]

Minis, -Măderat 13.25 2.44 5.55 0.32 [71]

Chardonnay Ias, i 12.4 nd 5.9 0.29 [55]

Fetească albă
Dealu Bujorului 13.5 nd 4 0.39 [69]

Ias, i 11.6 0.2 5.6 0.28 [55]

Fetească neagră

Minis, -Măderat 13.97 3.48 5.93 0.42 [71]

Panciu 13.5 3.9 5.32 0.88 [75]

Rates, ti (Satu Mare) 13.06 * 5.98 0.57 [74]

Aliman (Constant,a) 13.43 * 5.41 0.73 [74]

Fetească regală

Dealu Bujorului 13.8 1.9 5.3 0.42 [69]

Ias, i 13.94 6.63 6.92 0.43 [70]

Minis, -Măderat 13.39 3.9 5.7 0.53 [71]

Frâncus, ă Ias, i 11.87 0.63 8.54 0.41 [70]

Grasa de Cotnari Ias, i 11.6 1.7 8.55 0.25 [70]

Italian Riesling
Dealu Bujorului 11 72 4.9 0.61 [69]

Ias, i 11.83 0.77 7.07 0.29 [70]

Merlot Aliman (Ostrov) 14.14 * 5.25 0.65 [57]

Muscat ottonel

Dealu Bujorului 11 30.7 4.4 0.54 [69]

Ias, i 12.2 1.34 6.43 0.33 [70]

Ias, i 13.6 1.67 6.4 0.35 [76]

Sparkling Muscat
ottonel Ias, i 10.3 * 6.2 0.33 [77]

Neuburger Ias, i 12.44 10.63 7.71 0.45 [70]
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Table 5. Cont.

Grape Varieties Vine Region Alcohol Vol.
(%)

Residual
Sugars (g/L)

Total Acidity
(g/L)

Volatile
Acidity (g/L) References

Pinot gris
Ias, i 14.49 4.81 6.68 0.33 [70]

Minis, -Măderat 13.39 2.04 5.93 0.47 [71]

Pinot noir Rates, ti (Dealurile Silvaniei) 13.47 * 6.01 0.53 [74]

Rose Traminer Ias, i 14.1 1.67 6.73 0.25 [70]

S, arba Dealu Bujorului 14.1 23 5.8 0.54 [69]

Sauvignon Dealu Mare

12.2 10 5.8 0.3

[78]13 12 5.4 0.4

12.5 12 5.2 0.4

Sauvignon blanc

Dealu Bujorului 14.35 12 5.2 0.57 [69]

Ias, i 11.24 1.1 5.94 0.29 [70]

Ias, i 11.9 0.9 5.95 0.2 [55]

Tămâioasă
românească Ias, i 11.63 15.47 6.93 0.31 [70]

Traminer Minis, -Măderat 12.3 50 5.9 0.47 [71]

*: the authors did not mention the residual sugar content in the respective wines; nd: not detected.

Special wines were also obtained in Dealu Mare, Valea Călugărească center by Kontek
and Kontek (1976); specifically, Jerez type wines, made of pellicular autochthonous yeast
isolates belonging to S. bayanus species. These wines reached 15–16% alcohol, a maximum
of 4 g H2SO4/L acidity, and the most appreciated were the ones with residual sugar of
16–17 g/L. The same authors also reported a cryophilic yeast, identified by classical tools
as S. carslbergensis, initially isolated from must fermenting at 5 ◦C; this strain led to rapid
wine clarification and produced low volatile content and high glycerol content. Similarly,
for the cryophilic property, Tudose et al. selected a S. ellipsoideus strain in Ias, i-Copou centre,
which was also resistant to high sulphur hydrogen content [80].

For high-quality sparkling wines, isolates of S. oviformis and S. carlsbergensis were
selected in Blaj county during the 1980s [35]; they were capable of complete sugar consump-
tion, while not stimulating the malolactic fermentation and not producing high volatility.

In the 1980s–1990s, generally, special attention was given to high-alcohol, low-foaming,
and high-glycerol wine yeast strains, e.g., in Valea Călugărească center [81] and Ias, i
county [82].

Starting with the 2000s, attention was more focused on the aromatic profile of wines
made of local grape varieties and local yeast, while less attention was given to the high
alcoholic strength. For instance, Lit,ă et al. reported different local strains of S. cerevisiae var.
ellipsoideus as appropriate candidates for dry white wines made of local varieties, such as
Fetească albă and Fetească regală [83]. Moreover, in 2017, Lengyel and Panaitescu reported
a local yeast isolated from Gârbova area (Sebes, -Apold vineyard), which was capable of
improving the terpene flavor compounds content in Muscat ottonel wines [84]. A deeper
study and methodology was reported by Vararu et al. after analyzing the aromatic profile
of Muscat ottonel variety fermented with commercial and local yeast from Copou Ias, i
centre [76]; a visual and easy to understand foot-printing was also performed, based on a
multiple variable analysis, which established differences in the fermentative volatilome.

3.4. New Selection Directions in the Terroir Concept Context

The conventional practice of producing wines on an industrial scale with the use of
Saccharomyces species involves controlled fermentation from all points of view. The wines
thus obtained can be denominated according to the geographical indication (GI) if certain
legislative requirements are followed. However, for an even greater specificity, a possible
direction might be the use of local yeasts from each geographical region, in addition to
using grapes harvested from those areas.
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On another note, one way to obtain local wines is the spontaneous fermentation of
grapes, but there are multiple disadvantages. The obtained wines may have different
characteristics from one vintage to another, depending on many environmental variables,
such as climate (temperature, precipitation, sunlight, wind), biology (microbiota, flora,
and fauna), relief (topographic coordinates, geomorphology), and geology (soil types,
irrigation, fertilization), as well as human implications, namely, traditions, culture, applied
technology, agronomic practices, and legislation [8,85,86]. All these are involved in the
concept of terroir.

Knight et al. consider the possibility of the existence of the concept of “microbial
terroir”, which implies that the microbial consortia in a certain wine-growing area are
specific to that certain area and are producing flavors typical of the area [85]. Their
experiments showed that the organoleptic properties of wine are given by S. cerevisiae
indigenous strains and their origin, which may sustain the microbial aspect of terroir;
in addition, the biodiversity of the yeast in the vineyards is affected by the micro and
macroclimatic conditions of the vine varieties and the geographical location of the vineyard,
a fact that would explain why the yeast consortia are different between two different
wine-growing regions [87].

A research direction that emerges from the above-mentioned data is the use of au-
tochthonous yeast in the wine industry in order to produce specific wines for certain
wine-growing areas. Spontaneous fermentation is an uncontrolled and complex biotech-
nological process, in which the alteration microorganisms could rapidly multiply and
reach too-high levels quickly, which may negatively impact the quality of the finished
products [88]; this, even if spontaneous fermentation is correlated with greater complexity,
greater wine body, and uncommon flavors [89–91], and it could improve the qualities of the
wine by creating unique regional fingerprints [92], it is a process to be avoided. Therefore,
one could combine spontaneous fermentation with indigenous yeasts with the safety of
controlled processes from the industrial environment [86]. This would imply the use of
selected local yeasts as new starter cultures in the winemaking industry, which would be
reflected in the specific fingerprint of the finished product [86,93].

The new selection directions regarding the local wine yeasts tend to follow different
paths, i.e., obtaining new wines with predetermined properties (high glycerol content,
low ethanol content, reduced acidity); creating new and specific technological flows for
obtaining certain types of wines, especially in order to avoid the production of certain
compounds (biogenic amines, volatile sulfur compounds) in the finished wines; obtaining
new wines of controlled origin and with a geographical indication; and completing the
oenological practices in the legal specifications.

Thus, the research could be divided into two different directions, namely, that with the
use of Saccharomyces yeasts, and that with the use of non-conventional (non-Saccharomyces)
yeasts, in different variations, such as simple cultures, co-fermentation, or in sequential
fermentation with Saccharomyces yeasts in different proportions. As described above,
already, several non-Saccharomyces (NS) local yeast were detected during the isolation work
and are stored in the owners’ collections. In this regard, the usefulness of unconventional
yeasts and the need to isolate and select such wine yeasts is further emphasized.

Considering the existence of numerous studies [94–98] which confirm that NS wine
yeasts are beneficial a very large proportion, and even essential to obtaining wines with
extraordinary organoleptic and sensory properties (Table 6), the selection of these yeast
species is desirable in the near future. Among the NS species, only Dekkera spp. was
reported as having only spoilage impact on wines. In Europe, numerous studies have been
registered that argue in favor of non-conventional yeasts for the fermentation of the grape
must. It is well-known that numerous NS yeast genera, including, but not limited to, the
ones mentioned in Table 6, possess desirable oenological properties, such as the production
of glycerol and other higher alcohols [99–101], the decreased ethanol content in the finished
wine [102], and also the production of extracellular enzymes [103–105], esters [101,106], or
polysaccharides [107].
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Table 6. Biotechnological role of some non-Saccharomyces yeasts.

Genus Relevant Species Initial Technological
Significance Real Biotechnological Role References

Hanseniaspora/
Kloeckera

H. uvarum/
H. apiculata

Contamination
/Spoilage

Higher alcohols, acetate, and ethyl
esters production [90,108]

Candida
C. stellata Contamination Glycerol production, fructophily [109]

C. zemplinina/
Starmerella bacillaris Contamination Glycerol, succinic acid production; decrease of

alcohol content [94,98]

Metschnikowia M. pulcherrima Contamination Esters, terpenes, and thiols production, increase
in aroma complexity [91,98,107]

Pichia
P. anomala Contamination

/Spoilage
Increased production of volatile compounds,

killer against Dekkera/Brettanomyces [110]

P. kluyveri 3-mercaptohexan-1-ol and
3-mercaptohexan-1-ol acetate production [111]

Lachancea/
Kluyveromyces L. thermotolerans Contamination Glycerol overproduction, reduction of

volatile acidity [112]

Torulaspora T. delbrueckii Spoilage Succinic acid, polysaccharides production [113]

Dekkera/
Brettanomyces D. bruxellensis Spoilage Spoilage [8,100]

Schizosaccharomyces S. pombe Spoilage Malolactic deacidification; propanol and
pyruvic acid production [98,114]

Taking into account all the properties and real biotechnological roles of these NS yeasts
in the production of wine, a new path for their use in grape must fermentation is open,
which will avoid the production of certain chemical compounds in the final wines instead
of desirable compounds such as esters and glycerol. However, due to the fact that NS yeasts
are not able to finish the alcoholic fermentation (they are less efficient in the production of
ethanol), the technology should be accmpanied by a sequential inoculation of the grape
must [91]. Thus, the NS yeast may be inoculated at the beginning of the fermentation, and,
after the fermented must reaches a content of approximatively 10% ethanol, a Saccharomyces
yeast will be added. In this way, the fermentation will be concluded by the Saccharomyces
species, while the NS species will produce the necessary metabolites to positively influence
the aroma of the wine. A similar alternative involves the simultaneous inoculation of the
two types of yeast. Finally, mixed or sequential fermentations with Saccharomyces and NS
allow the developtment of local wines with a low alcohol content [91].

4. Conclusions

From a historical point of view, the first wine yeast selection work in Romania started
in 1915 as part of the international research process started by French teams at the time,
and the first local wine yeasts collection was delivered in years 1920s. After the 1970s and
until the 1990s, the selection work reached almost all Romanian winemaking regions. The
use of novel molecular identification and characterization tools followed the international
trend, reaching the country later on (after 2010). The advancement in the past ten years was
highly depentend on such techniques, and special selected yeast are nowadays in several
local collections. However, their inclusion in international collection was not found in any
report, and this is an aspect which should be taken into account in the near future.

Several autochthonous strains of Saccharomyces were isolated from Romanian vine-
yards, grapes, and musts, a part of which demonstrated oenological qualities that are
desirable for Romanian local wines.

Moreover, numerous NS yeast strains, belonging to a multitude of different genera,
have been isolated and identified from vineyards and wine research stations in Roma-
nia, but few Romanian authors have studied and published the use of local NS yeasts
in winemaking.
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The selection of local yeasts is of great interest for Romanian wine production due
to the fact that there is the possibility of expanding the diversity of wines on the market,
but also due to the high demand for local, unique products. Actually, it was reported
recently [115] that a large majority of Romanian people prefer to consume only local
wines. It is also worth mentioning the fact that a larger range of local yeasts used leads to
developing a wider range of local wines, which supports Romanian gastronomic identity,
culture, and tradition.
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Abstract: In this study, a wide pool of lactic acid bacteria strains deposited in two recognized culture
collections was tested against ropy bread spoilage bacteria, specifically belonging to Bacillus spp.,
Paenibacillus spp., and Lysinibacillus spp. High-throughput and ex vivo screening assays were per-
formed to select the best candidates. They were further investigated to detect the production of active
antimicrobial metabolites and bacteriocins. Moreover, technological and safety features were assessed
to value their suitability as biocontrol agents for the production of clean-label bakery products.
The most prominent inhibitory activities were shown by four strains of Lactiplantibacillus plantarum
(NFICC19, NFICC 72, NFICC163, and NFICC 293), two strains of Pediococcus pentosaceus (NFICC10
and NFICC341), and Leuconostoc citreum NFICC28. Moreover, the whole genome sequencing of the
selected LAB strains and the in silico analysis showed that some of the strains contain operons for
bacteriocins; however, no significant evidence was observed phenotypically.

Keywords: lactic acid bacteria; starter culture; organic acids; rope spoilage; bread spoilage; bakery products

1. Introduction

Bread is considered an essential staple food in many cultures, being a valuable source
of proteins, lipids, vitamins, and minerals [1]. Unluckily, bread and most of the bakery
products available on the market are characterized by short shelf life. Generally, bread
quality can be affected by physicochemical decomposition, known as staling, and mi-
crobiological contamination, with daily losses ranging from 9.7% to 14.4% [2]. Among
bread-spoilage bacteria involved in bakery product loss, those belonging to Bacillus spp., in-
cluding B. subtilis, B. licheniformis, B. cereus, B. amyloliquefaciens, B. mycoides, B. pumilus, and
a few species of the genera Paenibacillus and Lysinibacillus, contribute to two-thirds of total
food waste, along with fruit and vegetables [3–7]. Contamination by these microorganisms
leads to “ropy” bread, which is characterized by an unpleasant ripe fruity odor similar to
an overripe pineapple, melon, valerian, or honey, with a sticky, soft, and discolored crumb
due to enzymatic degradation of starch, proteins, and exopolysaccharides (EPS) [8]. These
bacteria are normally present in the bakery environment, surfaces, and atmosphere [9].
Furthermore, raw materials such as wheat, seeds, semolina, and brewer’s yeast during
harvesting and processing conditions are an optimal colonizing source for bacteria, which
can prosper during storage periods. Humidity and heat enable bacteria growth to reach
high levels of contamination in the flour after the milling process, leading to a higher speed
of the rotting process in bread (24–48 h) [7]. The successful colonizing ability of these bacte-
ria is associated with their endospores, a highly thermoresistant structure, which allows
retention of their viability during the baking process [10]. The ubiquitous presence and the
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spore-forming ability of these microorganisms, in combination with the increasing demand
for eco-friendly ways of handling food and food products themselves, make the elimination
of these spoilage agents a challenge, both at the artisanal and industrial levels. Furthermore,
the increasing trend of “green consumerism” demands to be met particularly by the food
industries. With this, chemical preservatives are now being rejected, which results in “new”
standards considered for food safety and extended shelf-life [11,12]. Ideally, the need for
alternative preservatives should be obtained from naturally occurring sources that can be
achievable using microorganisms or/and their metabolites [13]. In this context, selected
lactic acid bacteria (LAB) can be exploited to prevent spoilage of bread and contribute both
to the production of sensory properties and microbial safety of bakery products [14,15].
The use of LAB as a starter culture has a long history in a variety of fermented foods.
Particularly in sourdough, lactic acid fermentation is considered one of the most prominent
antispoilage “technologies” due to the production of lactic acid, acetic acid, fatty acids,
short peptides, and the pH reduction, which lead to the suppression of several spoilage
agents [16–18]. Several authors have already investigated different LAB cultures for sour-
dough as an additive-free method to avoid rope development in bakery products [19–22].
In this study, a wide pool of LAB strains, provided by two recognized culture collections in
Italy and Denmark, were tested against some common bread spoilage bacteria, specifically
belonging to Bacillus spp., Paenibacillus spp., and Lysinibacillus spp. High-throughput and
ex vivo screening assays were performed to select the best candidates. They were further
investigated to detect the production of active antimicrobial metabolites and bacteriocins.
Moreover, the technological and safety features of the selected strains were assessed. The
final goal was the detection of candidate LAB strains with an inhibitory activity to be
potentially used as biocontrol agents for the production of clean-label bakery products.

2. Materials and Methods
2.1. Microorganisms Used in This Study
2.1.1. Lactic Acid Bacteria Strains

A total of 18 LAB strains from the Lactobacillus, Pediococcus, and Leuconostoc groups
were selected to be tested against bread spoilage agents (Table 1). Five strains were
provided by the Unimore Microbial Culture Collection (UMCC), University of Modena
and Reggio Emilia (Italy), and the remaining strains were provided by the National Food
Institute Culture Collection (NFICC), Technical University of Denmark (Table 1). UMCC
strains were identified and characterized by 16 s RNA gene sequencing in previous works
and selected for their antispoilage activity [14,15]. Regarding NFICC strains, they were
identified by using the MALDI Biotyper® sirius IVD System (BRUKER, Roskilde, Denmark)
or through whole-genome sequencing, and selected for their suitability to ferment plant-
based substrates [23]. The original culture of the strains is maintained in their respective
collections by cryopreservation at −80 ◦C in cryovials containing De Man, Rogosa, Sharpe
(MRS) broth (Oxoid, Milan, Italy) mixed with 25% (v/v) glycerol. An active culture of each
strain was used for all the reported screenings.

2.1.2. Spoilage Bacteria Strains

According to previous works by Saranraj and Gheeta [24] and Valerio et al. [6], a total
of 29 different bread spoilage bacterial strains were chosen for the screenings (Table 2).
They were provided by the NFICC collection and the German Collection of Microorganisms
and Cell Cultures (DSMZ).
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Table 1. Lactic acid bacteria strains tested in the present study. They were provided by the Na-
tional Food Institute Culture Collection (NFICC), Technical University of Denmark and by Unimore
Microbial Culture Collection (UMCC), University of Modena and Reggio Emilia (Italy).

Strain Code Species Isolation Source

NFICC10 Pediococcus pentosaceus Sourdough
NFICC19 Lactiplantibacillus plantarum Dill
NFICC27 Lactiplantibacillus plantarum Sourdough
NFICC28 Leuconostoc citreum Sourdough
NFICC58 Pediococcus pentosaceus Sourdough
NFICC72 Lactiplantibacillus plantarum Gooseberry
NFICC87 Leuconostoc citreum Beetroot
NFICC94 Leuconostoc citreum Spinach

NFICC103 Pediococcus pentosaceus Pumpkin
NFICC163 Lactiplantibacillus platarum Field pea
NFICC207 Lactiplantibacillus plantarum Glasswort
NFICC293 Lactiplantibacillus plantarum Dragsholm plant
NFICC341 Pediococcus pentosaceus Brewer’s spent grain

UMCC 2990 Fructilactobacillus sanfranciscensis Sourdough type I
UMCC 2996 Lactiplantibacillus plantarum Dough for Panettone
UMCC 3002 Furfurilactobacillus rossiae Dough for Panettone
UMCC 3010 Pediococcus pentosaceus Gluten-free sourdough
UMCC 3011 Leuconostoc citreum Dough for Panettone

Table 2. Selected bread spoilage bacteria tested in the present study. They were provided by the
German Collection of Microorganisms and Cell Cultures (DSMZ) and the National Food Institute
Culture Collection (NFICC).

Strain Code Species Isolation Source

DSM 2301 Bacillus cereus Food poisoning incident
DSM 4222 Bacillus cereus -
DSM 4312 Bacillus cereus Vomit

DSM 22905 Bacillus cytotoxicus Vegetable puree
NFICC119 Lysinibacillus fusiformis Beetroot
NFICC432 Paenibacillus polymyxa Walnut
NFICC503 Bacillus mycoides Beech leaves
NFICC510 Bacillus altitudinis Plant
NFICC526 Bacillus mycoides Red fir
NFICC528 Bacillus subtilis Sourdough
NFICC529 Lysinibacillus sphaericus Common Juniper
NFICC530 Bacillus pumilus Common Juniper
NFICC531 Bacillus simplex Common Juniper
NFICC532 Lysinibacillus fusiformis Common Juniper
NFICC740 Bacillus cereus Plant
NFICC781 Bacillus cereus Kombucha
NFICC816 Bacillus thuringiensis Animal feces
NFICC855 Bacillus weihenstephanensis Potato
NFICC869 Bacillus amyloliquefaciens Pasteurized BSG
NFICC871 Lysinibacillus sphaericus Pasteurized BSG
NFICC879 Lysinibacillus boronitolerans Potato
NFICC882 Lysinibacillus fusiformis Potato
NFICC889 Lysinibacillus boronitolerans Potato
NFICC906 Bacillus simplex Potato

NFICC1127 Bacillus amyloliquefaciens Pasteurized BSG *
NFICC1130 Bacillus amyloliquefaciens Pasteurized BSG
NFICC1525 Bacillus subtilis Herring Garum
NFICC1534 Bacillus subtilis Miso
NFICC1549 Bacillus licheniformis Apple pulp

* BSG: brewers’ spent grains.
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2.2. Screenings for Antibacterial Activity of the LAB Strains
2.2.1. High-Throughput Screening Assay with LAB Cell-Free Supernatants (CFS)

The preliminary screening of the selected LAB activity against 29 bread spoilage strains
was performed by using the LAB cell-free supernatants (CFS), following the protocol of
Inglin et al. [25] with some modifications. The different spoilage strains were inoculated
in a definite medium, specifically, brain heart infusion (BHI) broth (Oxoid, Milan, Italy)
(Bacillus spp.), M17 broth (Oxoid, Milan, Italy) (Lysinobacillus spp.), and potato dextrose
(PD) broth (Oxoid, Milan, Italy) (Paenibacillus spp.), and incubated at 30 ◦C for 24 h. The
LAB strains were incubated in MRS broth at 30 ◦C for 48 h. LAB supernatants were
obtained by centrifuge at 6000× g 15 min following sterile filtration (0.20 µm) in new
Eppendorfs (ThermoFisher, Waltham, MA USA). After 50 µL of BHI/M17/PD containing
0.5% of an overnight culture of the chosen spoilage agent was transferred to a 200 µL
clear-glass, flat-bottom 96-well microtiter plate (ThermoFisher, Waltham, MA, USA) using a
multichannel pipette. Then, 30 µL of LAB supernatant was transferred to each well. Optical
density at 600 nm (OD600) was measured at time zero (t0) using a plate reader infinite
M200PRO (Tecan, Männedorf, Switzerland), and results were analyzed using the formula
1.5 × OD600t0. Then, the plates were incubated at 30 ◦C (optimal condition for the spoilage
strains), and the OD600 was subsequently controlled after 24 h and 48 h. For each strain,
OD600 value below the formula threshold indicated an inhibition activity.

2.2.2. Double-Agar-Layer Screening Assay

The double-agar-layer screening assay was performed by adapting the protocol de-
scribed by Iosca et al. [15]. Briefly, spoilage strains were incubated in their respective
optimal media mentioned previously (BHI broth, M17 broth, and PD broth) at 30 ◦C for
24 h. After incubation, initial OD600 was measured and adjusted to a final concentration
of 105 CFU/mL. LAB strains were grown in MRS broth at 30 ◦C for 24 h, then OD600 was
measured and adjusted as needed to obtain 108 CFU/mL. After, 1 mL of MRS agar was
poured into 24-well plates (ThermoFisher, Waltham, MA, USA) and overlaid with 500 µL
of the specific growth medium of the spoilage strains (BHI agar for Bacillus spp.; M17 agar
for Lysinobacillus spp.; and PD agar for Paenibacillus spp.). After solidification, 10 µL of the
spoilage agents was spread on each well and left to dry. Subsequently, a hole of 4 mm was
made and 5 µL of each LAB strain was inoculated in the wells. Results were taken after
48 h of incubation at 30 ◦C, wherein growth inhibitions were noted. Scores were designated
as follows: complete inhibition of the spoilage agents was scored 3, strong inhibition was
scored 2, and moderate to weak inhibition was scored 1, while no inhibition was scored 0.

2.3. Confirmatory Assay of Antibacterial Activity in Bread Medium (BM)

To evaluate the ex vivo antibacterial activity of the LAB strains selected from the
previous screenings, a culture medium from plain wheat bread was simulated following
the protocol designed by Verni et al. [26] and Iosca et al. [17] with some modifications.
Briefly, 600 g of wheat bread was homogenized using a blender to facilitate the enzyme
treatment, and water was added in a 1:4 ratio (w/w). After the blended mixture, Neutrase, an
endoprotease (1.5 AU/g) from Bacillus amyloliquefaciens (Novozymes, Bagsværd, Denmark)
was used at 1.5 mL/L, while Amylase (Novozymes, Bagsværd, Denmark) was added
at 0.5 g/L. Proteolytic and amylolytic enzymes were then added to facilitate nutrient
compound availability. Bread suspensions were then incubated at 55 ◦C for 18 h, considered
the enzymes optimal conditions. After the incubation, mixtures were centrifuged (6000 rpm
for 20 min) and supernatants were collected. The medium pH was adjusted to around 5.7,
filtered, and sterilized at 121 ◦C for 15 min. Preselected lactic acid bacteria CFS, obtained
as previously described, were then tested in ex vivo conditions using BM to detect the
best performers. As above, Inglin et al.’s [25] protocol was performed. LAB and selected
Bacillus spp. spoilage agents were grown in BM. All screening assays were carried out
in triplicate. Data were analyzed and compared using a one-tailed t-test. Strains with
significant inhibitory activities were selected and further analyzed.
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2.4. Assessment of the LAB Bioactive Compounds
2.4.1. High-Performance Liquid Chromatography (HPLC) Detection of the Main
Compounds Produced in MRS Fermentation

To detect and identify the main compounds produced by the most prominent in-
hibitory LAB strains, the CFS of the evaluated strains were examined by HPLC after 14 h,
18 h, and 24 h of fermentation in MRS at 30 ◦C. HPLC was equipped with an Aminex HPX-
87H column (300 × 7.8 mm column) (Bio-Rad, Hercules, CA, USA), and a Shodex RI-101
refractive index detector was used. The flow rate of the mobile phase (5 mM H2SO4) was
0.5 mL/min, and the column oven temperature was maintained at 60 ◦C. All reagents were
analytically pure, standard curves were first identified individually, and retention times
were calculated. Oxalic acid, tartaric acid, formic acid, lactic acid, citric acid, acetic acid, and
succinic acid were the key acids chosen for the analysis, as suggested by Hui-Hu et al. [27].
All the samples were loaded in triplicate. MRS broth was also analyzed as a control. Statis-
tical analysis was performed using Kruskal–Wallis nonparametric analysis. A p-value of
<0.05 was considered statistically significant.

2.4.2. Bacteriocins Production

The potential bacteriocin production from the various LAB was evaluated by treating
LAB’s CFS with proteolytic enzymes, including proteinase K, trypsin, and α-chymotrypsin
at a final concentration of 0.1 mg/mL. The preparation of CFS was performed as previously
described. Subsequently, after 1 h incubation at 37 ◦C, heat treatment at 95 ◦C × 10 min
was performed to terminate the enzymatic processes before spotting it on a plate [28].

Moreover, another assay of CFS spotted on a BHI was performed according to the
method described by Fugaban et al. [28]. Briefly, the selected LAB were cultured in MRS
broth at 30 ◦C for 18 h, and the CFS was obtained by centrifugation (8000× g, 10 min).
Using sterile 1 M NaOH, supernatant’s pH was adjusted to 6.5 and heat treated at 80 ◦C
for 10 min to inactivate putative proteolytic enzymes and eliminated hydrogen peroxide.
The supernatant was then filtered with 0.2 µm syringe filters (Sartorius Ministart Syringe
hydrophilic Filter, Göttingen, Germany). Ten microliters of the CFS were then spotted on a
BHI plate with 1% agar seeded with appropriative test organisms at a final viable cell count
of ~105 CFU/mL and left to dry. Plates were then incubated for 24 h at 30 ◦C to observe the
formation of inhibition zones. The experiment was conducted in triplicate.

2.4.3. Kinetic Screening Assay

To further confirm that the antibacterial activity of the selected LAB inhibits spoilage
growth, the method proposed by Fugaban et al. [28] was followed. Test organisms, B. cereus
DSM 2301, B. thuringensis NFICC816, B. weihenstephanensis NFICC855, B. amyloliquefaciens
NFICC1130 and NFICC1127, and B. licheniformis NFICC1549, were grown individually in
sterile 96-well flat-bottom plates. After 3 h, LAB-CFS, obtained as previously described,
was added to the appropriate wells. Sterile BHI inoculated with 10% test organisms was
dispensed in the first 10 columns of the plate, leaving the last two for sterility control
and growth control. Experiments were performed in two independent set-ups for each
LAB-CFS, with the test organism being treated. Plates were incubated at 30 ◦C for 18 h and,
simultaneously, the OD600 nm were measured for 24 h.

2.5. Phenotypical Characterization of the LAB Strains
2.5.1. API Test

Carbohydrate utilization was characterized by using API 50 CHL panel test (bioMérieux,
Marcy l’Etoile, France) according to the protocol suggested by the manufacturers. Briefly,
all the LAB strains were initially grown in MRS broth for 18 h at 30 ◦C. Subsequently,
cells were collected by centrifugation and washed twice in 0.85% NaCl saline solution.
Cell concentrations were adjusted to 0.5 McFarland. Suggested volumes of inoculum
were added to each corresponding well. Set-ups were incubated at 30 ◦C, and color
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changes were monitored after 24 h and 48 h. Results were interpreted based on the
manufacturers’ recommendations.

2.5.2. Determination of Acidification Ability in BM USING ICINAC

Acidification profiles were generated for the antibacterial strain in BM. Exponentially
growing LAB, previously incubated in MRS at 30 ◦C for 18 h, were washed as mentioned
before, and 1 mL was inoculated in 40 mL of sterile BM, obtained as already described
in the previous paragraph. The fermentation was performed in 40 mL of liquid Bread
Media and monitored with the iCinac system (AMS alliance, Frepillon, France), which
allows monitoring of acidification kinetics during fermentation [29,30]. The cultures were
incubated in a water bath at 30 ◦C during all procedures, and sampling was recorded every
30 min for 48 h.

2.6. Safety Assessment
2.6.1. Hemolytic Activity

The hemolytic activity of the LAB present in this study was evaluated using Columbia
Blood Agar (Oxoid LTD, Basingstoke, UK) with 5% defibrinized horse blood according to
Fugaban et al. [31]. Strains grown for 18 h in MRS at 30 ◦C were spot-plated (10 µL) on
the agar surface. Positive hemolytic activity was indicated by clear yellow zones around
the bacterial growth (β-hemolysis). The reference strains used were Staphylococcus aureus
NFICC1477, B. cereus DMS 2301, and Lc. citreum NFICC88 as controls for α-, β-, and γ-
hemolysis, respectively. All experiments were performed in triplicate.

2.6.2. LAB Antimicrobial Susceptibility

The antimicrobial susceptibility testing (AST) was performed according to the sug-
gestions set by the European Food Safety Authority (EFSA) in the set guidelines for the
assessment of AST of human and veterinary significant microorganisms [32]. The assay was
performed in a 96-well microplate using microbroth dilution with specific antibiotics from
Sigma-Aldrich (ampicillin, chloramphenicol, ciprofloxacin, gentamycin, kanamycin, strep-
tomycin, and vancomycin) on cation-adjusted Mueller–Hinton broth supplemented with
MRS (5.0 g/L). The assay included 10 antibiotic dilutions in two-fold and controls (growth
and sterility controls). Inocula were adjusted to 0.5 McFarland units and disseminated
appropriately to obtain a final concentration of 105 CFU/mL. The plates were incubated
following EFSA guidance (35 ± 1 ◦C for 18 h). The lowest concentration with complete
bacterial inhibition was recorded as the MIC and analyzed according to the standards set
for LAB.

2.7. Whole-Genome Sequencing Analysis: In Silico Screening for Functional Genes and
Virulence Genes

Whole-genome sequencing of the selected LAB strains was performed using Illu-
mina technology. Libraries for paired-end sequencing were constructed using the Nex-
tera XT kit (Illumina, CA, USA) guide 15031942v01. The pooled Nextera XT libraries
were loaded onto an Illumina NextSeq reagent cartridge using the NextSeq 500/550
Mid Output Kit v2.5 (300 Cycles) with a standard flow cell. Raw FASTQ files were
trimmed using standard Trimmomatic settings, and genome assembly was performed
using Unicycler [33,34]. Subsequently, annotation and conversion of the genome in pro-
tein sequence were obtained using the Bacterial and Viral Bioinformatics Resource Center
(BV-BRCbeta, https://www.bv-brc.org/, accessed on 13 January 2023) [35,36]. To detect pu-
tative bacteriocins’ sequence and ribosomally synthesized and post-translationally modified
peptides (RiPPs), BAGEL4 (http://bagel4.molgenrug.nl, accessed on 15 December 2022)
was used in combination with UniProt Consortium and the National Center for Biotechnol-
ogy Information (NCBI, https://www.ncbi.nlm.nih.gov/, accessed on 1 December 2022)
using BLAST protein [37,38].
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3. Results
3.1. Screening Assays
3.1.1. High-Throughput Preliminary Screening

The high-throughput screening assay suggested by Inglin et al. [25], which aims for
an efficient screening for putative antispoilage LAB, was conducted using 96-well plates.
The obtained results were analyzed based on the formula: 1.5 × OD600 t0. Results are
reported in Table S1. All the strains in which the OD600 value after 24 h and 48 h resulted
to be under the cut-off derived from the formula were considered to be putative inhibitory
candidates. All results obtained in this preliminary screening were further evaluated. In
this assay, the best antagonistic strains were L. plantarum UMCC 2996 and NFICC 19, 27, 72,
163, 207, and 293. Additionally, P. pentosaceus UMCC 3010 and NFICC 10, 58, 103, and 341,
along with Lc. citreum NFICC28 and NFICC94, demonstrated having the highest inhibitory
activity in the typical growth media used.

3.1.2. Antibacterial Activity of LAB Assessed by Double-Agar-Layer Screening Assay

Additional assessment of the antibacterial activity of the LAB strains was assessed
against Bacillus spp. using well diffusion assay in 24-well microtiter plates. Inhibitions were
analyzed and graded based on the scores previously mentioned, and results are indicated
in Table S2. Assessments of activities showed that the strain P. pentosaceus NFICC341 had
the broadest inhibition (66% of the spoilage agents), followed by 66% for P. pentosaceus
UMCC 3010 and 57% for Lc. citreum UMCC 3011 and F. sanfranciscensis UMCC 2990. A
strong inhibition was also detected for F. rossiae UMCC 3002 and L. plantarum NFICC207,
with a percentage inhibition of 52% for both strains. For the other evaluated strains, even
though inhibitory abilities were detected, due to a percentage under 50%, no significant
antagonistic activity was observed.

3.2. Antibacterial Activity of LAB by Confirmatory Assay in BM

To confirm the activities of the CFS of the selected LAB candidates, an ex vivo experi-
ment was performed using liquid BM. This is to mimic the nutritional bread conditions to
allow the evaluation of the actual antimicrobial potential of the candidates. Results obtained
after 48 h were investigated with the use of one-tailed t-test as reported in Figures 1–6.
Based on the results obtained by the first screenings, Bacillus cereus DSM 2301 was tested
against the CFS of five LAB (Figure 1). The set-up treated with L. plantarum NFICC19
showed the strongest inhibitory activity, with a significant difference compared with the
control DSM 2301 in BM.

Similar action was detected for L. plantarum UMCC 2996, Lc. citreum NFICC28, and
F. sanfranciscensis UMCC 2990. The lowest activity was shown by L. plantarum NFICC293.
B. thuringiensis NFICC816 was challenged with the CFS of six LAB strains, specifically, L.
plantarum NFICC19, 27, 293, Lc. citreum NFICC28, and P. pentosaceus NFICC341 (Figure 2).
Here, only Lc. citreum NFICC28 was able to significantly prevent the growth of the spoilage
organism. Additionally, B. weihenstephanensis NFICC855 was challenged with various LAB-
CFS, including L. plantarum strains (NFICC19, 27, 72, 207, and 293), F. sanfranciscensis UMCC
2990, Lc. citreum NFICC28, and P. pentosaceus strains (UMCC 3010, NFICC58, and 341). As
reported in Figure 3, significant results were obtained. Candidates from all four species
were able to inhibit pathogen growth, particularly L. plantarum NFICC72, NFICC163, and
P. pentosaceus NFICC58.

Two strains of B. amyloliquefaciens, NFICC1130 and NFICC1127, were used in these
experiments (Figures 4 and 5), recording completely different results even if challenged with
the same LAB-CFS strains. The majority of the LAB were able to inhibit B. amyloliquefaciens
NFICC1130; the highest inhibitory activities were recorded for P. pentosaceus NFICC10
and L. plantarum NFICC19. On the contrary, B. amyloliquefaciens NFICC1127 showed no
inhibition with the same LAB-CFS. The CFS of different LAB strains, including L. plantarum,
Lc. Citreum, and P. pentosaceus, were tested against B. licheniformis NFICC1549, as reported
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in Figure 6. L. plantarum NFICC72 and NFICC293 appear to be the best inhibitory agents,
along with Lc. citreum NFICC94.
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B. cereus DSM 2301. One-tail t-test was performed comparing OD600 value after 48 h growth of
B. cereus DSM 2301 in BM and the same pathogens challenged with CFS of L. plantarum (UMCC 2996,
NFICC19, and 293), F. sanfranciscensis (UMCC 2990), and Lc. citreum (NFICC28). The mean value of all
the treated samples was significantly lower than the control sample (untreated sample); t(2) = −2.92
and p = 0.05. Bars with * are significantly different.
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Figure 2. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM)
against spoilage agents B. thuringensis NFICC816. One-tail t-test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC816 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC19, 27, and 293) and P. pentosaceus (NFICC341). The mean
value of one treated sample of Lc. citreum (NFICC28) was significantly lower than the control sample
(untreated sample), while the other samples respected the null hypothesis; t(2) = −2.92 and p = 0.05.
Bars with * are significantly different.
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Figure 3. Antibacterial activities of the selected LAB’s cell-free supernatant in Bread Media (BM)
against spoilage agents B. weihenstephanensis NFICC855. One-tail t test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC855 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC19, 27, 72, 207, and 293), F. sanfranciscensis (UMCC 2990),
Lc. citreum (NFICC28), and P. pentosaceus (UMCC 3010, NFICC 58, and 341). The mean value of
the samples represented by * was significantly lower than the control sample (untreated sample);
t(2) = −2.92 and p = 0.05.

Fermentation 2023, 9, x FOR PEER REVIEW 10 of 21 
 

 

Two strains of B. amyloliquefaciens, NFICC1130 and NFICC1127, were used in these 
experiments (Figures 4 and 5), recording completely different results even if challenged 
with the same LAB-CFS strains. The majority of the LAB were able to inhibit B. amyloliq-
uefaciens NFICC1130; the highest inhibitory activities were recorded for P. pentosaceus 
NFICC10 and L. plantarum NFICC19. On the contrary, B. amyloliquefaciens NFICC1127 
showed no inhibition with the same LAB-CFS. The CFS of different LAB strains, including 
L. plantarum, Lc. Citreum, and P. pentosaceus, were tested against B. licheniformis 
NFICC1549, as reported in Figure 6. L. plantarum NFICC72 and NFICC293 appear to be 
the best inhibitory agents, along with Lc. citreum NFICC94. 

 
Figure 4. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM) on 
spoilage agent B. amyloliquefaciens NFICC1130. One-tail t-test was performed on the obtained tripli-
cates comparing OD600 value after 48 h growth of NFICC1130 in BM and the same pathogens chal-
lenged with CFS of L. plantarum (NFICC9, 27, 72, 163, 207, and 293), Lc. citreum (NFICC28), and P. 
pentosaceus (UMCC 3010, NFICC10, 58, and 341). Bars with * are significantly different, with a mean 
value significantly lower than the control sample (untreated sample), while samples NFICC 27, 163, 
207, 293, and 341 respect the null hypothesis; t(2) = −2.92 and p = 0.05. 

 
Figure 5. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM) on 
spoilage agent B. amyloquiefaciens NFICC 1127. One-tail t test was performed on the obtained 

Figure 4. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM)
on spoilage agent B. amyloliquefaciens NFICC1130. One-tail t-test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC1130 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC9, 27, 72, 163, 207, and 293), Lc. citreum (NFICC28), and
P. pentosaceus (UMCC 3010, NFICC10, 58, and 341). Bars with * are significantly different, with a
mean value significantly lower than the control sample (untreated sample), while samples NFICC 27,
163, 207, 293, and 341 respect the null hypothesis; t(2) = −2.92 and p = 0.05.
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Figure 5. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Media (BM)
on spoilage agent B. amyloquiefaciens NFICC 1127. One-tail t test was performed on the obtained
triplicates comparing OD600 value after 48 h growth of NFICC1127 in BM and the same pathogens
challenged with CFS of L. plantarum (NFICC19, 27, and 293), Lc. citreum (NFICC28), and P. pentosaceus
(NFICC341). No significant differences between the control and treated samples were observed at
t(2) = −2.92 and p = 0.05.
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Figure 6. Antibacterial activity of the selected LAB’s cell-free supernatant in Bread Medium (BM)
on spoilage agent B. licheniformis NFICC1549. One-tail t-test was performed on the obtained tripli-
cates comparing OD600 value after 48 h growth of NFICC1549 in BM and the same spoilage agent
challenged with CFS of L. plantarum (NFICC27, 72, 163, and 293), Lc. citreum (NFICC28 and 94),
and P. pentosaceus (UMCC 3010 and NFICC341). The * indicate measurements that are significantly
different, with a mean lower than the control samples; t(2) = −2.92, p = 0.05.
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3.3. Detection of Bioactive Compounds
3.3.1. Metabolites Detected by HPLC during Fermentation in MRS

LAB’s ability to produce organic acids, other potentially antimicrobial compounds,
and sugar consumption was assessed (Table 3). The CFS of the evaluated strains were
examined by HPLC after 14 h, 18 h, and 24 h of fermentation in MRS. Observation of the
results shows a corresponding ratio between amounts of lactic acid and acetic acid after
24 h. In congruence with the assessment for acidification, L. plantarum strains NFICC72,
163, 293, and 19 showed a strong and fast acidification activity. The present results also
show that the ethanol detected is too low or not produced at all. Other compounds such as
citric acid, oxalate, tartaric acid, and succinic were detected in trace amounts only.

3.3.2. Evaluation of the Bacteriocins Production and Kinetic Screening Assay

The screening of potential bacteriocin production revealed no antibacterial protein-
associated inhibitions. Moreover, the assay of CFS spotted on a BHI confirmed the inhibitory
activity of acids compounds and the absence of produced bacteriocins due to the nonformed
inhibition zones. The results obtained from the kinetics assay highlight the bacteriostatic
activity of the selected LAB. In fact, observations of the results demonstrates the presence of
an extended lag phase, supporting the presence of organic acids in the cell-free supernatants
and the absence of bacteriocins.

3.4. Assessment of Technological Features of the Candidate LAB Strains
3.4.1. Sugar Fermentation Profiling (API Test)

Sugar fermentation profiles obtained by API 50 CHL galleries were assessed for all the
selected LAB, as indicated in Table 4, wherein the most common sugars in bakery products
are highlighted (complete API profiles after 48 h are shown in Table S3). Results show that
the most utilized sugars by the strains include glucose, fructose, maltose, and cellobiose.

3.4.2. Acidification Ability in BM

To further assess the strains’ performance for dough fermentation, their acidification
ability was tested in BM during a period of 24 h. In Figure 7, only the best performers are
reported. A decrease in pH ≈ 4.5, which is considered to be safe, was noted. The strains
considered to be the fastest acidifiers were L. plantarum (UMCC 2996, NFICC19, and 163),
Lc. citreum NFICC28, and P. pentosaceus UMCC 3010, which reached a pH ≈ 4.5 with at
least 10 h of fermentation.
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3.5. Safety Profile of the Selected LAB Strains
3.5.1. Hemolytic Activity Profile

Nonhemolytic activity is considered a safe prerequisite for the selection of new strains
for food starter culture [39,40]. Results indicate that all the examined strains did not show
signs of β-hemolytic activity when grown in Columbia Blood Agar (Table 5). Eleven
LAB strains exhibited green-hued zones around colonies showing α-hemolytic activity
(partial hemolysis), while seven strains including F. rossiae UMCC 3002, Lc. citreum UMCC
3011, NFICC28, NFICC94, and P. pentosaceus NFICC58 and NFICC341 were γ- hemolytic
(nonhemolysis).

Table 5. Hemolytic capacity * of the tested strains.

Tested Strains γ-Hemolysis α-Hemolysis β-Hemolysis

F. sanfranciscensis UMCC 2990 x
L. plantarum UMCC2996 x
F. rossiae UMCC 3002 x
P. pentosaceus UMCC 3010 x
Lc. citreum UMCC 3011 x
P. pentosaceus NFICC10 x
L. plantarum NFICC19 x
L. plantarum NFICC27 x
Lc. citreum NFICC28 x
L. plantarum NFICC58 x
L. plantarum NFICC72 x
P. pentosaceus NFICC87 x
Lc. citreum NFICC94 x
P. pentosaceus NFICC103 x
P. pentosaceus NFICC163 x
L. plantarum NFICC207 x
L. plantarum NFICC293 x
P. pentosaceus NFICC341 x
S. aureus NFICC1477 x
Lc. citreum NFICC88 x
B. cereus DMS 2301 x

* The occurrence of the specific hemolytic activity is marked by “x”.

3.5.2. Antimicrobial Susceptibility Profiles (AST)

The sensitivity of LAB strains was determined against various antibiotics (strepto-
mycin, ampicillin, vancomycin, gentamicin, kanamycin, and chloramphenicol), and the
obtained results were compared based on the cut-offs, as specified in the guidance on the
assessment of bacterial susceptibility to antimicrobials of human and veterinary importance
from EFSA [32]. Sensitivity profiles are shown in Table 6. Briefly, almost all of the tested
LAB show resistance against streptomycin (99%), except P. pentosaceus NFICC341 and
vancomycin (100%), as already reported by different studies. However, against ampicillin
(81%), kanamycin (76%), chloramphenicol (99%), and gentamycin (57%), the majority of
them were in accordance with the EFSA cut-off and could be considered susceptible.

3.5.3. In Silico Screening for Resistance Genes

All 18 isolates were analyzed for the presence of acquired resistance genes using
ResFinder version 4.2.3 and ResFinder database version 2.0.1 [41] using genome assemblies.
Parameters used for a matching identity on the database were required to be at least 80%,
whereas the coverage of a matching gene in the database was required to be at least 60%.

3.6. Whole-Genome Sequencing Analysis: Functional Gene and Potential Virulence In
Silico Screening

The presence of bacteriocins was initially tested following the protocol by Fugaban et al. [28]
with no positive results. In addition, to further confirm the possible absence of bacteriocins,
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sequences of the whole genome obtained from all the evaluated LAB were analyzed using
the web server BAGEL4. Although phenotypically no bacteriocin-associated inhibitions
were observed, in silico analysis showed the presence of bacteriocins belonging to class IIb
and Iic (particularly penocin and plantaricins A, E, F, K, J, and N) (Table 7). The structures
of the putative operons are shown in Figure S1.

Table 6. Minimum inhibitory concentration (MIC) (µg/mL) of the antibiotic susceptibility of the
selected LAB. The values reported in bold and blue color are under or equal to recommended EFSA
cut-offs and underline the susceptibility of the strains.

Tested LAB
Tested Antibiotics

Streptomycin Ampicillin Kanamycin Vancomycin Chloramphenicol Gentamycin

F. sanfranciscensis UMCC 2990 ≤128 ≤16 ≤32 512 ≤4 ≤4
L. plantarum UMCC 2996 ≤128 ≤32 ≤64 512 Resistant ≤256
F. rossiae UMCC 3002 ≤128 ≤4 ≤32 512 ≤4 ≤4
P. pentosaceus UMCC 3010 ≤128 ≤2 ≤16 512 ≤4 ≤4
Lc. citreum UMCC 3011 ≤128 ≤4 ≤32 512 ≤8 ≤8
P. pentosaceus NFICC10 ≤128 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC19 ≤64 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC27 ≤64 ≤1 ≤16 512 ≤4 ≤4
Lc. citreum NFICC28 ≤128 ≤1 ≤32 512 ≤4 ≤4
L. plantarum NFICC58 ≤128 ≤1 ≤32 512 ≤4 ≤4
L. plantarum NFICC72 ≤64 ≤1 ≤16 512 ≤4 ≤4
Lc. citreum NFICC87 ≤128 ≤1 ≤32 512 ≤4 ≤4
Lc. citreum NFICC94 ≤128 ≤1 ≤32 512 ≤4 ≤8
P. pentosaceus NFICC103 ≤128 ≤2 ≤32 512 ≤4 ≤4
P. pentosaceus NFICC163 ≤64 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC207 ≤64 ≤1 ≤16 512 ≤4 ≤4
L. plantarum NFICC293 ≤128 ≤1 ≤8 ≤8 ≤4 ≤4
P. pentosaceus NFICC341 ≤64 ≤2 ≤32 512 ≤4 ≤4

Table 7. Bacteriocins produced by the LAB strains displaying the highest inhibitory activity against
ropy agents.

Strain Species Bacteriocins Predicted by BAGEL4

NFICC28 Lc. citreum None

NFICC10 P. pentosaceus Penocin A

NFICC58 P. pentosaceus None

NFICC19 L. plantarum Plantaricin E, Plantaricin F Plantaricin K,
putative class IIc bacteriocin, putative class IIb bacteriocin

NFICC72 L. plantarum Plantaricin E, Plantaricin F Plantaricin K, putative class IIc
bacteriocin, putative class IIb bacteriocin

NFICC163 L. plantarum Plantaricin E, Plantaricin F Plantaricin K, putative class IIc
bacteriocin, putative class IIb bacteriocin

NFICC293 L. plantarum Plantaricin A, Plantaricin E, Plantaricin F, Plantaricin J,
Plantaricin K, Plantaricin N

UMCC 2996 L. plantarum Plantaricin A, Plantaricin E, Plantaricin F, Plantaricin J,
Plantaricin K, Plantaricin N

4. Discussion

Bacillus spp. are well associated with ropy bread and bakery product spoilage [6,7,42].
Clean-label strategies to control microbial spoilage in bakery industries are important,
accordingly, some starter cultures, including LAB, are promising alternative biocontrol
agents thanks to their ability to produce bacteriocins and organic acids [22,43]. To screen
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candidates efficiently, we adapted the high-throughput screening assay developed by
Inglin et al. [25], which was identified as a fast, low-cost, and accurate primary screening.
Based on the results, most of the LAB strains found to be active against Bacillus spp. strains
originated from fruits and vegetables (NFICC strains) or sourdoughs (UMCC strains).
Their ability to adapt to these highly variable and stressful environments has aided in their
capacity to grow into different niches, which can be exploited for their beneficial features,
such as acidification ability and competitiveness [11,44,45].

To further assess the ability of the strains, a well diffusion assay in 24-well microtiter
plates was conducted using live cells, confirming 18 active strains comprised of representa-
tives from Lactobacillus, Pediococcus, and Leuconostoc genera, from both screening assays.
Observations in this study were similar to those of Adesulu-Dahunsi et al. [46] against
Bacillus spp., Listeria monocytogenes, and Escherichia coli.

The capacity of the P. pentosaceus strain NFICC341 to inhibit the growth of the majority
of the spoilage microorganisms can be traced back to its origin, which was Brewers’ spent
grain. The potential of LAB strains isolated from the vegetable matrix was already demon-
strated by Puntillo et al. [47]. In accordance with previous studies, similar behavior can
be associated with strains of Lc. citreum, L. plantarum, and F. sanfranciscensis, isolated from
plants and sourdoughs, which exhibited promising inhibitory activity [48,49]. Furthermore,
it was noted that L. plantarum and P. pentosaceus are well-known species that are able to
produce antimicrobial compounds and organic acids, which can influence the safety of
food [44,45,50,51]. Differences between the activities of the strains from the same species
might be related to the isolation matrix of the strains and their adaptability to different
stress conditions [15,52]. While strains UMCC 2996, UMCC 2990, and NFICC28 were
isolated from sourdough and shared a similar antimicrobial activity, sample NFICC19
resulted to be the best acidifier.

A confirmation assay was conducted to further assess the activity of the bioactive
metabolites produced by the LAB; however, contrary to the initial observations obtained
on the high-throughput screening employed, only bacteriostatic activity was observed, in
accordance with the previous literature findings [53]. Thus, identification of the nature of
the bioactive compound was performed.

The evaluation of the metabolites in the CFS samples analyzed by using HPLC re-
vealed the presence of organic acids in the supernatant, and therefore suggests they may
play a significant role in the inhibition activity of the LAB strains tested [19,54]. Organic
acids, in particular lactic acid, reduce the matrix’s pH without causing a strong sour taste.
A fast acidification of the product is responsible for the inhibition of B. cereus, as showed
by Yang et al. [45], where a reduction in the initial CFU/mL of the pathogen was detected
after LAB fermentation. Treatment of proteolytic enzymes on the CFS showed no signif-
icant changes in the inhibitory activity of the bioactive strains—ruling out the possible
involvement of protein-based bioactive compounds, including bacteriocins and bacteriocin-
like inhibitory substances. Additionally, the elimination of heat-labile antimicrobials was
excluded by heat treatment (80 ◦C) of the CFS.

Even though no bacteriocinogenic inhibitions were detected based on the assays
performed, the necessity for further investigation of which other possible metabolites can
be further exploited, for future potential application of these studied LAB against different
types of Gram-positive pathogens and spoilage bacteria, is needed [55]. Therefore, in silico
search for possible antibacterial metabolites was conducted, identifying the presence of
Class IIb and Class IIc bacteriocin operons on some of the studied LAB strains.

Class II bacteriocins are nonlantibiotics, heat-stable, and small (≤10 kDa) hydrophobic
peptides divided into four subclasses. Albeit these strains are detected on the genome, one
of the possibilities for not observing bacteriocins from the CFS might be due to the presence
of nonsatisfactory environmental conditions or an incomplete expression of all operons
required for bacteriocin synthesis, transport, and regulation [56].

The effective biocontrol activity of the LAB strains evaluated would be associated
with their rapid rate of acidification, as this is fundamental in food processing to prevent
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and avoid spoilage contaminants. Sourdough’s pH varies depending on the state of
fermentation; however, it typically ranges between 3.5 and 5. Harmful microorganisms
such as botulism bacteria, E. coli, and spoilage fungi cannot develop in an environment with
a pH below 4.6, as this acidity keeps them away [5,57]. We observed that the majority of
the strains were able to lower the pH around 4–4.5 (considered a safe pH to avoid spoilage)
after 10 h, exhibiting a high acidification ability and underlining the massive production
of acids (lactic and acetic acid). In fact, low pH and high acidity are the major factors
for avoiding/delaying the growth of ropy bacterial agents, thus making the rate of pH
reduction during the early stage of fermentation crucial for optimum inhibition [45,53,58].
Organic acids were the key metabolites that were identified in this study. The significance of
pH reduction in food stability and preservation has been widely researched and recognized
by the scientific community [59,60]. Furthermore, pH value also impacts the pKa of the
various acids, leading them to a lower or higher dissociation, affecting the safety and taste
of the final product [61].

Before the application of any microorganisms in food systems, an assessment of
their safety and technological features is important. In this study, we profiled bioactive
strains, identifying their sugar fermentations and their ability to be functional for their
intended application in simulated ex vivo models. As observed, these strains can use a
wide array of carbohydrates primarily found in bakery products, allowing them to be
applied efficiently in this system. Consequently, acidification profiles highlight their ability
to thrive in bread and produce necessary metabolites for possible bio-protection [13,62].
On the other hand, safety features were assessed as follows: antimicrobial susceptibility
and hemolytic activity. Findings indicate that the evaluated strains have a broad range of
resistance against streptomycin and vancomycin. Although this might be concerning, it
should be noted that resistance to antibiotics in the majority of LAB is intrinsic. Additional
assessment, particularly the identification of the location of associated resistance genes,
should be performed to identify the occurrence of acquired resistance [63,64]. However,
an in silico search for the presence of antibiotic resistance genes showed no matches on all
the genomes of the 18 strains evaluated. Evaluation of hemolytic activity is one of the key
factors that should be considered when assessing the safety of functional strains [39]. In this
study, we identified partial hemolysis (α-hemolysis) on 11 out of 18 strains, whereas the
rest showed no hemolysis. Thus, further confirmation, particularly the presence of genes
involved in these putative virulence factors, should be investigated to assess potential risk
for the application of the strains, especially for food consumption.

5. Conclusions

Cereals and bakery goods are a fundamental part of the human diet, and their higher
susceptibility to microbial spoilage could lead to economic losses and health issues. Gener-
ally, LAB starter cultures and their metabolites are found to be promising for controlling
spoilage agents. In this study, several LAB strains able to contrast the growth of some com-
mon rope spoilage agents were selected by using high-throughput and ex vivo screening
assays. Specifically, L. plantarum NFICC19, NFICC72, NFICC293, Lc. citreum NFICC28,
and P. pentosaceus NFICC58 and NFICC341 showed the best inhibitory activity. The assess-
ment of their technological and safety features supported their suitability for fermentation
processes and the production of bakery products. Moreover, the whole-genome sequenc-
ing of the selected LAB strains and the in silico analysis showed that some of the strains
contain operons for bacteriocins, yet no significant evidence was observed phenotypi-
cally, suggesting that additional analysis needs to be performed to better understand the
inhibitory mechanisms involved and validate the application of the strains as potential
biocontrol agents.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation9030290/s1, Figure S1: Gene encoding for bacteriocins
detected in the genome of the best candidate strains. Table S1: Results of the high-throughput
preliminary screening of LAB-CFS against spoilage bacteria in common media. Table S2: Results of
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the dual-plate agar high-throughput screening. Table S3: Results of the complete API test profile after
48 h of incubation at 30 ◦C.
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2. Goryńska-Goldmann, E.; Gazdecki, M.; Rejman, K.; Łaba, S.; Kobus-Cisowska, J.; Szczepański, K. Magnitude, causes and scope
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Abstract: The remarkable global diversity in long-ripened cheese production can be attributed to
the adaptability of the cheese microbiota. Most cheese types involve intricate microbial ecosystems,
primarily represented by lactic acid bacteria (LAB). The present study aims to review the microbial
community’s diversity in dairy fermentation processes, focusing on two famous Italian cheeses,
Grana Padano and Parmigiano Reggiano, produced using natural whey starter (NWS). NWS, created
by retaining whey from the previous day’s cheese batches, forms a microbiological connection
between daily cheese productions. Through this technique, a dynamic microbiota colonizes the
curd and influences cheese ripening. The back-slopping method in NWS preparation ensures
the survival of diverse biotypes, providing a complex microbial community in which interactions
among microorganisms are critical to ensuring its technological functionality. As highlighted in this
review, the presence of microbial cells alone does not guarantee technological relevance. Critical
microorganisms can grow and colonize the curd and cheese. This complexity enables NWS to adapt
to artisanal production technologies while considering variations in raw milk microbiota, inhibitory
compounds, and manufacturing conditions. This critical review aims to discuss NWS as a key factor
in cheese making, considering microbial communities’ ability to evolve under different selective
pressures and biotic and abiotic stresses.

Keywords: lactic acid bacteria; cheese fermentation; Italian cheeses; natural whey starter; raw milk
cheese; dairy microbial ecology

1. Premise: Cheeses and Their Microbiota

Cheese is a product obtained via the acidic or enzymatic destabilization of casein,
or more commonly, through a combination of both processes [1,2]. The earliest historical
documentation of cheese production was found in ancient texts recovered in Iraq, dating
back to about 3200 BC. In truth, the cheese transformation of milk may have spread to
different people and places in the world even earlier as a result of random experiences.
Subsequently, the relevant procedures would have been empirically reproduced until they
became an industrial process through the development of scientific and technological
knowledge that forms the basis of modern cheese processing [3–5].

Most modern cheese types are produced using only milk, lactic acid bacteria (LAB),
rennet, and often sodium chloride [1,4]. Moreover, the different microbial communities har-
bored by different types of cheeses arise from raw milk, starter cultures, and adventitious
microorganisms that originate from the equipment and cheese-making plant environ-
ment [4].

Raw milk is a rich and very attractive substrate for different microbial species that
use lactose as a carbon source. Environmental factors play crucial roles in shaping the
composition of the raw milk microbiota and in defining its evolution in cheese during
ripening [1,4,6–13].
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Thus, the manufacture of most cheese types involves a complex and dynamic mi-
crobial ecosystem in which several biochemical reactions occur, largely based on lactic
acid fermentation by LAB [1,4,6,7,10,14,15]. However, not only the variability but also
the versatility of this microbiota define the great differences that can be obtained in the
fermentation of curds to produce very different cheeses.

In summary, the microbial evolution in cheese production is a dynamic process that
encompasses adverse and fluctuating conditions for fermenting or not fermenting microor-
ganisms that reach the curd alive in different ways.

The contribution of the cheese microbiota to flavor development characterizes the
quality and recognition of the cheese and is thus of critical significance. The final cheese
flavor, as with many of the final characteristics of cheese, is due to the interactions between
the cheese microorganisms, the growth substrates, proteins in the milk, and the cheese
environment [14,16]. During cheese manufacturing, environmental parameters such as tem-
perature, pH, osmolarity, and lactose concentration change significantly. These parameters,
particularly LAB, can be stressful to the microbiota of all cheeses. Rapid environmental
changes impose limitations on the adaptation and cellular duplication of cheese through
alternative secondary metabolism, leading to the production of metabolites with impacts
on taste and aroma [17].

The process of transforming milk into cheese can be schematically divided into three
blocks of operations (Figure 1). The first block of operations takes place before the milk is
placed in the coagulation tank (vat) and corresponds to the milk preparation phase, includ-
ing any refrigeration, possible skimming and pre-maturation, and any heat treatments. The
second block of operations occurs in the vat and consists of the stages of milk processing
that lead to the production of the curd. The third part consists of a series of operations that
transform the curd into cheese. All these procedures together lead to the formation of the
peculiar structures, flavors, and aromas of the different types of products.
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Starter LAB first produce mild acidification of the milk, followed, more importantly,
by acidification of the curd. These changes define the main characteristics of the three
blocks of operations during the first part of the cheese-making process (Figure 1) [4,6,10,18].
The factors related to lactic fermentation and multiplication of the acidifying LAB are
critical in transforming the curdled milk during the first hours of maturation. For this
reason, these LAB are called starter LAB. Acidification and lactose depletion are the first
steps in curd formation. In addition to making the substrate less hospitable to most
other microbial species, the acidification resulting from homolactic fermentation induces
changes in casein hydration and its ability to remain in a colloidal suspension. In addition
to coagulation, cheese curd fermentation plays a central role in defining the rheological
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structure of the future cheese. Lactic acid is the primary metabolite produced by this type
of lactose fermentation. The speed and intensity of acidification induce dramatic changes
in the destabilization and structure of casein micelles. Much of the casein is found as a
colloidal suspension in raw milk. The stability of this colloidal state is deeply connected
to the presence of saline bridges and the availability of calcium phosphate in the state.
The acidification caused by the fermentation by LAB modifies this physical–chemical
equilibrium, thereby increasing the permeability of the curd [1,4,7,19].

After lactose depletion, bacterial cell death begins. Then, the lysis of the starter LAB,
together with other bacteria sensitive to these new adverse conditions, induces the release
of a significant amount of intracellular proteolytic enzymes, which constitute the heritage of
the cheese microbiota and can participate in the ripening of the cheese. It is well established
that cell lysis is a key event for the release of cytoplasmic enzymes into the cheese matrix
and is crucial for understanding the contribution of different microbial cells to cheese
ripening [17,20–30]. In this way, the proteolysis of caseins should be considered a crucial
event in determining the outcome of the process [1,7,16,31].

The number of starter LAB cells in the acidified curd amounts to almost one billion per
gram of cheese. This high quantity represents a huge reservoir of enzymatic activity [32].
These enzymes, or at least some of them, can remain active in the curd for very long periods
of time and contribute to the different stages of cheese ripening [1,4,7].

From this perspective, starter LAB could be considered responsible for cheese
modifications—firstly, as a well-defined cellular entity and secondly, as enzymes released
after cell lysis. However, it was recently proposed that cell lysis alone cannot explain the
long-term enzymatic activity observed during cheese ripening. From this perspective,
bacterial cells that derive from the starter cultures could undergo permeabilization events,
allowing for intracellular enzyme activity that might be relevant for prolonged metabolic
conversions and thus flavor compound synthesis [17].

In this context, choosing the type of starter LAB for cheese making involves deter-
mining, in detail, the microbiota of the vat milk and how it will develop, first in the curd
and then in the final cheese. Cheese technology leads to the selection of different bacterial
populations. In addition, the complexity of the cheese-making parameters represents an
aid or a tool to manage the versatility of the different LAB biotypes. Critically, not all the
microorganisms present in the milk and curd that are considered cultivable or detectable
based on DNA must fully participate in the dairy transformation. Some microorganisms
may simply be present but could be of little interest in cheese production and ripening [17].

The presence of a microbial cell (or, worse, microbial DNA) is not enough to be
considered technologically relevant. The most important microorganisms are those capable
of multiplying, growing, and colonizing the curd and cheese. Indeed, microorganisms
that are technologically relevant and increase the “quality” of the resulting cheese can be
relatively rare in the composition of the raw milk and starter microbiome.

2. The Main Factors of the Microbial Ecosystem Involved in Long-Ripened Cheese,
Such as Grana Padano and Parmigiano Reggiano

The most commonly studied and famous long-ripened Italian cheeses are Grana Padano
(GP) and Parmigiano Reggiano (PR). These two varieties are traditional and long-ripened
hard-cooked cheeses produced with raw milk in restricted geographical areas of Northern
Italy, delimited by official regulations (“https://www.granapadano.it/wpcontent/uploads/
2023/02/SpecificationsGBOct2022-50252.pdf (accessed on 11 January 2024)”, “https://www.
parmigianoreggiano.com/consortium-specifications-and-legislation/ (accessed on 11 January
2024)”) [4,24,33,34]. Both varieties are “Grana cheeses”, which refers to a cheese with a grainy
structure. Such cheeses have been produced in the Po Valley since the 13th century.

GP and PR cheeses are made from partially skimmed raw milk through lactic acid
fermentation and subjected to slow and long ripening for at least 9 and 12 months. LAB
from raw milk, commonly called non-starter LAB (NSLAB) and starter LAB, plays a
fundamental role in achieving the typical sensory characteristics of these cheeses [4,24].
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GP and PR cheeses have many common characteristics and some distinct properties.
Although the similarities between these varieties are defined by their cheese-making
technologies, the differences are largely determined by the methods of raw milk collection,
milk management before coagulation, and ripening conditions. Briefly, to produce PR, the
milk is not refrigerated and should be maintained at a temperature no lower than 18 ◦C.
The evening milk is partially skimmed after overnight creaming at about 20 ◦C in special
tanks called “bacinelle”. For GP, the feeding of high-quality silage fodder is allowed, and
the cheese is produced from two consecutive rounds of milking. This milk is stored at a
temperature no lower than 8 ◦C on the farm. To inhibit the late blowing of cheese, the
addition of lysozyme to the vat milk (20–25 ppm) is allowed, as the use of silage favors the
contamination of raw milk by spore-forming clostridia. The milk is skimmed via creaming
in “bacinelle” for about 12 h at 8–20 ◦C [24,35].

For both cheeses, the slight microbial acidification that occurs during creaming favors
rennet activity in the milk vat. At the same time, slight proteolysis produces short peptides
that may favor further growth of the LAB in the natural whey culture (NWS). In both
cheeses, calf rennet (powder preparation) is used.

A large amount of the NWS, about 3% (v/v), is added to the vat milk, yielding a
total titratable acidity of ca. 28–32 ◦SH/50 mL [18]. As the use of commercial/selected
starters is not allowed, NWS is prepared using whey from the previous cheese-making
process. This whey is held under a temperature gradient (from about 50–54 ◦C to about
30–34 ◦C for 12–16 h) to reach a final titratable acidity close to about 20–32 ◦SH/50 mL. It
is well known that the microbial composition of the NWS is dominated by thermophilic
LAB (about 109 CFU/mL), such as Lactobacillus helveticus and Lactobacillus delbrueckii subsp.
lactis. [24,26,36,37]. The relative abundance of the species L. helveticus and L. delbrueckii
subsp. lactis in the NWS varies according to the dairy used. Recently, Sola et al. [37]
proposed a distinction between NWS dominated by the species L. helveticus (NWS type-H)
and that dominated by the species L. delbrueckii (NWS type-D), noting that these ecological
differences in starter cultures can influence the early stages of curd acidification [38].

After coagulation, the curd is broken into particles the size of rice grains and cooked
at 52–56 ◦C for 5–15 min under stirring. The time from rennet addition at 32–34 ◦C to the
end of cooking is close to 23 min. The combination of heating and acidifying activity by the
NWS allows the formation of curd grains with the right texture along with whey drainage.
After cooking, curd grains settle to the bottom of the vat for about 30–50 min with a whey
temperature not exceeding 53–55 ◦C. Then, the curd is removed, cut into two parts, molded,
acidified for about 48 h, salted in brine, and ripened for at least 12 months.

The use of the NWS is a practice that started at the beginning of 1900. This process
aims to reduce microbiological defects in cheese and has consolidated over time. Acid
production at the appropriate rate and time is a key step in the manufacture of high-quality
cheese [24,39].

The method used to produce NWS by retaining some of the whey drained from the
cheese vat at the end of cheese making leads to the selection of a characteristic micro-
biota [36]. The different treatments used during cheese making, starting from the addition
of NWS to curd removal and the collection of “sweet whey”, promote the selection of
thermophilic and acid-tolerant lactic bacteria in the acidified whey [18,24]. The most influ-
ential parameters are the temperature of curd cooking, the management of the gradient
temperature during whey fermentation, and the increase in acidity. Changing one or more
of these parameters can lead to the selection of a characteristic microbiota mainly consisting
of thermophilic, aciduric, and moderately heat-resistant LAB [24,36,40].

The NWSs obtained in this way demonstrate how the inhabitants of these specific
geographical areas empirically learned to use their fermentation capabilities for dairy
purposes by exploiting the abilities of specific microbial ecosystems to adapt and evolve.
The curd structure in the vat and after breaking and extraction is defined by the acidification
of the curd and, consequently, by LAB activity. During the first few hours of cheese making,
the thermophilic LAB present in NWS quickly grow in the curd, but the correctness of curd
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acidification depends on the residual availability of sugar, the pH, the residual moisture,
and the temperature. It is known that the LAB in NWS mainly develop in the molded
curd within 12 to 24 h and that the growth of these bacteria is coupled with lactic acid
production and a decrease in pH to approximately 5.10–5.25. During the first 24 h of cheese
molding, the conversion of lactose into lactic acid is the main biochemical process that
occurs in cheese [4,24,41]. Moreover, due to the large size of the cheese (a diameter of 35
to 45 cm and a side height of 18 to 25 cm), all these parameters can differ in the different
areas of the curd, creating differences in the acidification activity between the central and
the external parts of the cheese. Within 48 h, the total LAB count starts to decrease.

The performance of NWS during cheese ripening can also be influenced by its cultiva-
tion history, modulating the proteome allocation and metabolic stability in starter cultures,
thereby providing novel approaches to influence flavor formation [17,42,43]. Additionally,
the presence of NSLAB in raw milk [44,45] can influence starter LAB’s growth capacity in
vat milk. During the first stage of cheese making, the weak proteolytic activity of NSLAB
favors an increase in free amino acids in the milk. These free amino acids, or little peptides,
allow the fast growth of starter LAB and, consequently, facilitate acidification kinetics [46].
The metabolic interactions between NSLAB and starter LAB affect the inhibition of spoilage
bacteria and curd structuring [1,4,7,19].

The aim for the remainder of this critical review is to discuss the NWS as the driver
of the cheese-making process, considering microbial communities and their capability to
evolve under the different ecosystems that change during the production cycle of the NWS
itself and during that of long-ripened cheeses.

3. Natural Whey Starter—Peculiarly Complex Microbial Ecosystems

According to PDO regulations, to prepare NWS for cheese making the following day,
the whey remaining after curd separation, i.e., whey that is cooked and not already acidified
(cooked non-acidified whey, often simply called “sweet whey”), is recovered, usually
from one vat, and incubated at a decreasing temperature. This back-slopping procedure
establishes a microbiological connection between subsequent batches of production.

The composition of these undefined multiple-strain cultures is the sum of the LAB
obtained from raw milk and the LAB introduced in the previous batch of cheese with
the previous NWS [24,36,39,47,48]. Under this traditional protocol, whey represents the
link between these cheeses, which are manufactured each subsequent day. One of the
peculiarities of using NWS for cheese making is that it forms a “microbiological bond”,
which is transferred through whey from one day’s milk to that of the following day. In this
way, NWS serves as a link between the dairy products manufactured each day. For this
reason, following production regulations, cheese must be produced every day.

The success of the NWS is linked to its ability to adapt to the different technological
parameters encountered in the cheese production process, thereby maintaining a high
level of resilience among thermophilic LAB species. The peculiar adaptive features of the
microbiota of NWS allow this undefined culture to retain its technological functions by
adapting to a cyclical production process based on back-slopping [24,36,39].

However, this modality of preparation based on the back-slopping principle also
enables the survival of many different biotypes, some of which are likely useful for the
development of the whey ecosystem itself. A mixture of strains of the same species facili-
tates the development of a natural starter with a poorly defined composition but a strong
ability to self-adapt to variable technological performance, as required by non-standardized
cheese-making operations [36,39,49]. Small changes in technological parameters such as
the temperature of curd cooking, the temperature and modality of NWS cooling, and
differences in the final acidity and pH reached can affect the bacterial consortium present
in NWS [24,36,38,39].

Notably, natural whey cultures experience two different thermal gradients. After
inoculation into the milk vat, the temperature increases up to about 53–55 ◦C, exposing
the bacteria cells to thermal stress for about one hour, while after separation of the whey
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from the curd, the temperature decreases, alleviating the severe thermal conditions. It
was observed that the two main thermophilic species present in whey, L. helveticus and L.
delbrueckii subsp. lactis, respond differently to the different gradients and composition of
the environment during the production phases [37]. Indeed, L. helveticus is regarded as a
more acid-tolerant strain, which might explain its increase in quantity despite the low pH
values reached in NWS [36]. Conversely, the inoculated vat milk had higher pH values
that, in combination with a possibly higher tolerance to the thermal stress of L. delbrueckii
subsp. lactis, could explain the numerical increase observed after the phase of cooking. This
evidence suggests the resilience of this peculiar ecosystem in adapting itself to different
stress conditions [36].

Other studies have focused on the intraspecies (i.e., strain) characterization of the most
abundant species isolated from NWS, showing how these cultures vary not only by species
but also, and primarily, by strains within species, as observed in undefined cultures used
for the production of other cheeses [50,51]. Because it is the dominant species in NWS, L.
helveticus has been the focus of many studies on its phenotypic and genotypic diversity [52].

According to ecological principles, Giraffa et al. evaluated different bacterial interac-
tions involving either stimulatory or inhibitory effects for L. helveticus, L. delbrueckii ssp.
lactis, and L. fermentum [53]. Certainly, future studies are needed to better understand the
role of microbial interactions in the stability and functionality of the NWS ecosystem.

Comparing culture-independent (i.e., microscopy) and culture-dependent (i.e., plate
count) quantification [26,39,54] indicates that bacterial viability in NWS cannot be evaluated
only based on LAB’s capacity to form colonies on MRS or a whey agar medium. The number
of total cells, particularly viable cells, is often higher (up to 1 log unit) than the number
of colony-forming units. Questions remain about the roles of cells that are viable but not
cultivable, which often represent most of the culture. Because these bacteria cannot be
cultivated, the role of this population in the whey culture during cheese curd fermentation
is not currently known.

Recently, it was demonstrated that Lactococcus lactis can form persistent and viable
but not culturable (VBNC) cells when exposed to antimicrobial agents [55]. Other reports
on the same species suggest that bacteria that enter dormant, low-growth states could be
relevant in the microbial ecology of dairy products since they are metabolically active [56].
However, such bacterial strains are challenging to isolate from complex environments such
as the NWS.

In general, the molecular mechanisms of nonculturable cells are perplexing, and the
condition of VBNC is controversial [57,58].

However, the greatest and most well-known advantage of NWS’s biological systems
is undoubtedly their wide resistance to lytic bacteriophage attacks [59]. Natural starters
are widely considered highly tolerant to phage infection because they are grown in the
presence of phages, which leads to the dominance of resistant or tolerant strains [18,60–62].
Although Carminati et al. [62] found that lysogeny occurred in L. helveticus cultures isolated
from GP NWS, these cultures were found to carry defective phages or killer particles
when induced by mitomycin. More recently, a study by Mancini et al. [63] confirmed
the prevalence of bacteriophages in NWS cultures used to produce Trentin Grana cheese,
despite showing the limited capability of the isolated bacteriophages to form lysis plaques
on cultures of L. helveticus. The consistent presence of lytic phages in the NWS did not
impair their performance. This result could be related to the presence of various bacterial
strains of the L. helveticus species, each with different phage sensitivity profiles, allowing the
species to effectively counteract phage predation [64]. However, when the concentration
of bacteriophages increases, adverse effects could be encountered in the sensory profiles
of cheeses resulting from such a production process [65]. The presence of phages in
cheese might select for resistance traits among bacteria, especially if the bacteria and phage
association persists between different production cycles [65].
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4. An Ecological Perspective on Natural Whey Starters

Over time, microorganisms have been mutating and evolving to adapt to an ever-
changing ecosystem [66]. Microbial populations adapt rapidly when they are introduced to
a new environment. However, at the same time, microbial populations could continue to im-
prove indefinitely, albeit slowly, even in a constant environment, through the contributions
of individual mutations to fitness improvement [67].

NWS can be considered one complex microbial community among many such com-
munities in nature. The production of fermented products such as NWS is the result of
activities not by an individual but by a group of microorganisms. For example, most food
fermentation processes depend on mixtures of microorganisms (species and biotypes), which
act in concert to produce the desired product characteristics. All fermentation processes are
often characterized by the presence of a complex microbiota. Notably, the LAB community of
NWS can be discussed while considering the scenario of complex microbial communities.

About 35 years have passed since multicellularity was proposed as a possibility for
understanding the growth and development of complex prokaryotic ecosystems. Indeed,
the hypothesis that complex microbial ecosystems act like multicellular organisms whose
individual components interact and condition each other remains intriguing [68,69].

Intercellular communication and multicellular coordination are known to be widespread
among prokaryotes and influence the expression and intensity of multiple phenotypes. Fol-
lowing this approach, the interactions between microorganisms that comprise complex ecosys-
tems represent the decisive factor that influences the development of different microbial
cultures [70]. Beyond microbial quantity or the presence of different species, biotypes, and
variants, the interactions between microorganisms represent a key factor for understanding
the biological functionality of complex microbial ecosystems and their ability to adapt to stress,
survive, evolve, and express different phenotypes [68,69].

This evidence highlights the need to deeply explore the diversity of the microbial
community involved in natural food fermentation processes and the links between their
technological capabilities and product quality [71–74]. The back-slopping principle applied
to an environment such as non-thermally treated milk brings the results of NWS very
close to those of natural fermentation. Thus, we should explore how the technological
choices made by humans can direct growth and microbial metabolism under conditions
of stress. It is well known that the technological processes used to produce fermented
foods usually involve process conditions that guide fermentation through the imposition
of differently selective or elective conditions on the microbiota present. The ability of
microorganisms to resist different stress factors enables their resilience under conditions that
are hostile to growth and metabolism [75–79]. Microbial selection guides the fermentation
process [71,72,80–82].

Concerning this microbial adaptative capacity, Charles Darwin wrote in a letter to
Asa Gray, “What a trifling difference must often determine which shall survive, and which
perish!” [71]. Therefore, the colonization of food by different microorganisms may also be
studied in terms of both ecological strategy and community development [18,83–85].

In natural food systems, the stimulatory and inhibitory effects among microorganisms
could support the possibility of maintaining the viability of a crucial part of the microbial
population (population stability), even in the presence of continuous changes in the food
environment, including those resulting from the metabolic activity of the microorganisms
themselves [18,29,53,83–87].

In general, it can be stated that the NWS bacterial consortium is more versatile and
robust than pure cultures used in cheese production because it performs more complex
activities and can tolerate more variation in the environment. This deduction is based on the
concept that bacteria benefit from multicellular cooperation by using the cellular division
of labor, accessing resources that cannot effectively be utilized by single cells, collectively
defending against antagonists, and optimizing population survival by differentiating into
distinct cell types [68]. Even micro-interactions with the environment matrix, including
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milk, whey, curd, and cheese, can be crucial in defining cellular cooperation and the
evolution of microbial communities [69,88–90].

In complex ecosystems, even population heterogeneity can be a determinant in defin-
ing resilience against environmental uncertainty [91]. Intraspecies diversity among closely
related strains is commonly linked to functionally adaptive traits encoded on genomic
islands that are acquired by horizontal gene transfer [92]. The generation of subpopulations
with varying plasmid content in natural communities yields selective advantages in the face
of environmental uncertainty [50,82,93,94]. Analogously, bacteriophages play a regulatory
role in population dynamics through density-dependent predation [50,95].

The presence of isogenic bacteria, populations that are traditionally considered to be
composed of identical cells, can also contribute to the survival and evolution of complex
microbial ecosystems [96]. Despite containing the same genetic material, protein levels
between cells can vary due to stochastic events associated with gene expression and regula-
tion. Thus, cell-to-cell heterogeneity has important implications for allowing populations
of cells to diversify and thus survive environmental stress [50,71,82,94,97,98].

It was verified that microbial communities in sourdough microbiota undergo changes
in composition that threaten their resilience. To support resilience and good performance,
the sourdough metacommunity includes dominant, subdominant, and satellite players,
which together ensure gene and transcript redundancy [86].

The microbial consortia offer several advantages for the survival aptitude of the
microbiota. These benefits include the increased quality and safety of several food systems,
flavor development, and increased stability to improve shelf life and consumer safety. In
summary, the interactions that occur within the food ecosystem can play a decisive role
in the evolution of all players present in the ecosystem itself. This evidence has increased
interest in studying the diversity of the community of fermenting microorganisms and
linking the evolution of microbiota to their properties in adapting to technological processes
and product quality.

For GP and PR cheese production, NWS represents a large component of the future
microbiota of curd and, in collaboration with the raw milk microbiota, the “engine” of the
metabolism involved in cheese making and cheese ripening [13,45]. LAB species/biotypes
present in vat milk (from NWS and raw milk) can grow, survive, decline, and even become
dominant during cheese manufacture. The outcomes depend on metabolic potential, which
is species- and even biotype-specific. The environmental conditions that species encounter
are first the biochemical composition of the vat milk, followed by the curd matrix modified
by acidification and technological parameters.

The large number of NWS LAB cells that develop in the curd, thereby acidifying it, also
represent the most important source of the large pool of proteolytic enzymes released after
cell lysis; these enzymes are significantly involved in cheese ripening. Enzyme activities
are regulated by cheese composition, moisture, NaCl concentration, pH, and temperature,
which change not only over time but also according to the different cheese zones [22,25,32,99].
Interactions between SLAB and NSLAB occur starting from the earliest stages of cheese
manufacture through cheese ripening. One of the most well-accepted theories indicates that
SLAB lysates provide energy sources for NSLAB [18,24,28–30,100–104].

It was previously observed that the bacterial consortia of NWS coevolved during adap-
tation to whey and curd acidification [36]. The management of this dynamic ecosystem
could be considered a superorganism, consisting of the sums of microbial metabolism and
the interactions between individual microbes [18,72,105]. This super-organism activity
recalls the multicellularity proposed by Shapiro [68,69] as the key to understanding the
growth and development of complex prokaryotic ecosystems, whose individual compo-
nents interact and condition each other.

For simplicity, the different microorganisms of the cheese microbiota can be arbitrarily
clustered into three parts (Figure 2). Many of these parts are only occasionally present, likely
without any (or minimal) technological significance, or are not yet understood (supporting
actors) (Figure 2, area A). The size of this area can vary according to the type of milk used to
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produce the cheeses. As in the case of raw milk, the more complex the milk microbiota, the
larger the area. Another area (Figure 2, area B) includes all microorganisms (biotypes and
variants) that are functional in the survival of the whey starter’s ecosystem itself and its
ability to adapt and survive/evolve. This part of the microbiota determines the resilience of
the NWS ecosystem [82]. As suggested by Charles Darwin, this component determines the
continuity and survival of the ecosystem [71]. The third part (Figure 2, area C) represents
a core microbiota that is not needed for natural whey starter fermentation but remains
necessary for curd fermentation. This part represents the microbial core responsible for
the cheese-making process and can change during the different moments (or zones) of the
cheese-making process. Unlike part B, part C does not represent the biological element
of stability and continuity in the whey starter ecosystem itself but only the part that is
functional for the transformation of the cheese. This component is capable of adapting
to stress factors induced by technology. Starting from this part of the microbiota alone,
unlike with part B, there is no certainty that the NWS ecosystem will survive. Therefore,
it cannot be excluded that even small variations in the preparation of the starter cultures
can significantly influence the dominance of otherwise minority bacterial populations that
influence the functional properties of the NWS ecosystem [63].
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C does not represent the biological element of stability and continuity in the whey starter 
ecosystem itself but only the part that is functional for the transformation of the cheese. 
This component is capable of adapting to stress factors induced by technology. Starting 
from this part of the microbiota alone, unlike with part B, there is no certainty that the 
NWS ecosystem will survive. Therefore, it cannot be excluded that even small variations 
in the preparation of the starter cultures can significantly influence the dominance of 
otherwise minority bacterial populations that influence the functional properties of the 
NWS ecosystem [63]. 

 Figure 2. Schematic representation of the microbial complexity observed in the NWS ecosystem.
Assuming an environment where different abiotic or biotic stresses (Stress a, b, c) are faced by the
NWS microbial community, it is likely that the majority of components (Part A) are superfluous and
not relevant to the functionality of the microbial community itself, while different subsets (Part B,
Part C) could better adapt to different steps in the cheese-making process. The existence of microbial
interactions, within-species biodiversity, and phenotypic variability makes it difficult to disentangle
and characterize the contribution of each microbial population to the complex NWS microbiome.

Studying NWS to produce Parmigiano Reggiano cheese, Bertani et al. [36] observed a
large number of microorganisms present in the natural culture mixed with raw milk (part
A). These microorganisms mainly came from raw milk, a core microbiota useful for the
persistence of the ecosystem, and adapted, in turn, to a mixture of raw milk and whey or
non-acidified/acidified whey (part B). A minority of the microorganisms adapted to the
curd ecosystem (part C). This minority component of the natural whey microbiota (part
C) could be considered essential for the cheese-making process. Bertani et al. [36] also
showed that it is not possible to develop a natural whey starter useful for cheese making
with only part C because part B is able to maintain the complex culture, adapt to vat milk,
and produce the natural whey starter fermentation. Even if these bacteria (species and/or
biotypes) had found ideal conditions to grow in the NWS, only a minority of them could
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have better adapted to the curd ecosystem compared to cooked non-acidified whey and
the NWS ecosystem [29,38,53,106].

In part A, there are other microorganisms not involved in the persistence or resilience
of NWS. Such microorganisms likely come from environmental raw milk contamination.
We believe that the interactions between microorganisms belonging to these different parts
of the microbiota, not only their presence and amount, are key factors in understanding
their technological functionality, ability to adapt to stress, ability to survive, and ability to
evolve and express phenotypes in the final cheese.

It can be assumed that a core microbiota would be useful for the persistence of the
ecosystem. This microbiota could adapt to the mixture of raw milk and NWS in the vat,
to sweet whey after curd separation, or to acidified whey after preparation of the NWS.
The majority of LAB present in acidified whey is necessarily adapted to this substrate and
capable of reaching the desired level of acidification.

This factor is likely related to the difficulties sometimes encountered when selecting
starter cultures with technological and aromatic performance like that achieved using
natural starters. Indeed, isolating and using mixtures of strains obtained from milk or a
natural starter seems insufficient to obtain starters with good dairy performance. Rather, it
is necessary to identify the biotypes, which may represent a minority in the natural starter,
with the ability to develop into the curd. Consequently, minority populations or even
apparently non-viable strains could be necessary to maintain cell interactions.

5. Conclusions

The biological complexity of the LAB consortium characterizing the NWS is both a
strength and a weakness of these natural cultures. Indeed, this biological complexity and
biodiversity guarantee the LAB consortium’s ability to adapt to artisanal production tech-
nologies based on its intrinsic ability to evolve in response to external factors such as the
microbiota of raw milk, the presence of any compounds that might inhibit bacterial growth,
and the manufacturing conditions. On the other hand, the presence of different species and
numerous biotypes makes it more difficult to standardize the daily propagation of the starter.
Consequently, the activity of this consortium can vary slightly from day to day.

Despite the findings provided by previous studies, the composition of these natural
microbial cultures adapted to the selective pressure of dairy processing is not yet fully under-
stood. It will be necessary for future studies to explore individual players and, especially, the
relevant complex ecosystem communities and bacterial interactions.

The ability of all living species to colonize an ecosystem includes their interactions with
other species living in the ecosystem. Biotic and abiotic effects determine the evolution of this
interaction. NWS seems to represent a good example of this complexity and functionality.
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