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Abstract: Lactic acid bacteria (LAB) decisively influence the technological, nutritional, organoleptic
and preservation properties of bakery products. Therefore, their use has long been considered an
excellent strategy to improve the characteristics of those goods. The aim of this study was the
evaluation of microbial diversity in different doughs used for the production of a typical Apulian
flatbread, named focaccia. Leavening of the analyzed doughs was obtained with baker’s yeast or
by applying an innovative “yeast-free” protocol based on a liquid sourdough obtained by using
Leuconostoc citreum strain C2.27 as a starter. The microbial populations of the doughs were studied by
both a culture-dependent approach and metagenetic analyses. The flours used for dough preparation
were also subjected to the same analyses. The metagenetic analyses were performed by sequencing the
V5–V6 hypervariable regions of the 16S rRNA gene and the V9 hypervariable region of the 18S rRNA
gene. The results indicate that these hypervariable regions were suitable for studying the microbiota
of doughs, highlighting a significant difference between the microbial community of focaccia dough
with baker’s yeast and that of the dough inoculated with the bacterial starter. In particular, the dough
made with baker’s yeast contained a microbiota with a high abundance of Proteobacteria (82% of
the bacterial population), known to be negatively correlated with the biochemical properties of the
doughs, while the Proteobacteria in dough produced with the L. citreum starter were about 43.5% lower
than those in flour and dough prepared using baker’s yeast. Moreover, the results show that the
L. citreum C2.27 starter was able to dominate the microbial environment and also reveal the absence
of the genus Saccharomyces in the dough used for the production of the “yeast-free” focaccia. This
result is particularly important because it highlights the suitability of the starter strain for obtaining
an innovative “yeast-free” product.

Keywords: yeast-free dough; baker’s yeast; liquid sourdough; metagenetic analysis; lactic acid
bacteria; microbiota

1. Introduction

Traditionally, dough leavening of bakery products has been obtained using sour-
dough, but with the development of industrial baking at the beginning of the 20th century,
baker’s yeast (Saccharomyces cerevisiae) almost completely replaced sourdough as a more
rapid leavening agent, which also occurred in several traditional productions [1]. In fact,
baker’s yeast is a ready-to-use starter able to produce high amounts of CO2 and flavor
compounds [2,3]. The typical Apulian focaccia flatbread has recently been included in the
Italian list of unprotected typical/local products (PAT, Prodotti Agroalimentari Tradizion-
ali) [4]. Its production is characterized by a fermentation process using baker’s yeast on
a blend of soft and durum wheat flours and water, extra-virgin olive oil and salt [5]. The
nutritional values of a commercial Apulian focaccia (100 g) are approximately the following:
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305 kcal, carbohydrates 44.28 g of which sugars 2.39 g, fats 11 g of which saturates 1.36 g,
proteins 6.9 g, salt 0,74 g [6].

Although the use of baker’s yeast as a starter shortens the leavening time, it does not
provide products with high-quality standards [7,8]. Therefore, the use of sourdough is once
again increasing, especially in retail or artisanal bakeries, due to its characteristics [9,10]. In
fact, sourdough fermentation may improve the functional/nutritional features of leavened
baked goods by lowering the glycemic index, increasing mineral bioavailability, decreasing
the gluten content, masking the decreased salt content and/or enriching bakery products
with functional antihypertensive compounds [11,12], in addition to determining a better
flavor, an extended shelf life and a reduction in additives [13]. The abundant studies in
the literature show the features of sourdough fermentation and the need to develop new
products based on the use of selected or novel sourdoughs and on targeted processes in
relation to the desired characteristics of food products [12,14,15]. In fact, sourdough is
a mixture of flour and water, fermented with lactic acid bacteria (LAB) and yeast, and
the traditional sourdough fermentation is generally a long process involving interactions
among many factors such as microbiota and related metabolic activities, fermentation
parameters and raw materials [7,16]. Sourdough standardization is difficult due to its
complexity, and this constitutes a problem for the bakery industry, which requires product
stability and reproducibility, and short leavening times [15]. To overcome these limitations,
liquid sourdough (type II) fermentation with single or mixed starter cultures has recently
been introduced in bakeries [13,15,17,18]. Liquid sourdough offers several advantages
compared to traditional sourdough, such as great flexibility of use, easier fermentation
control, easier management and reproducibility [7]. Moreover, tailored biotechnological
protocols can be used to modify the nutritional and/or functional features of the products.
In fact, the growing consumer interest in foods with improved nutritional and functional
quality has prompted food producers to adapt protocols for upgrading product attributes,
including those of traditional products [19]. Product labels often include nutritional claims,
such as “low fat”, “high fiber”, “light”, “sugar-free”, “source of protein” and “low salt”.
Similarly, there is an increasing interest of the market in “yeast-free” leavened foods, due to
the recent concern about the role of S. cerevisiae (particularly its anti-antibodies) in several
pathologies, including Crohn’s disease, gastro-esophageal reflux, acne inversa and gut
fermentation syndrome [20–23]. In this context, processes to develop “yeast-free” bakery
products have been formulated and applied at the industry level [24–26]. In particular, we
developed a protocol based on the use of a liquid sourdough started with a single bacterial
strain for “yeast-free” bread and focaccia production, obtaining products with improved
functional/nutritional characteristics compared to those made with baker’s yeast [24,27].
The strain L. citreum C2.27 was selected for its technological characteristics, particularly its
leavening capacity, thus allowing the production of doughs without using baker’s yeast.

The aim of this study was to characterize the bacterial and fungal microbiota of
doughs used for focaccia production made with liquid sourdough inoculated with L. cit-
reum C2.27 or with baker’s yeast. The microbial community was investigated by using
culture-dependent and culture-independent approaches. Several studies have investigated
the bacterial microbiota associated with traditional sourdough [28,29], but only a few meta-
genetic studies have been concerned with the characterization of the fungal microbiota of
sourdoughs [30–32]. The absence of metagenetic studies on fungal communities is probably
due to non-standardized metagenetic analysis of yeast, including selection of the optimal
region to amplify [33,34], or to a lower general interest in the yeast composition [35]. To
our knowledge, this is the first study that explores, also using an in-depth metagenetic ap-
proach, the bacterial and fungal microbiota of doughs leavened with baker’s yeast or with
a type II sourdough (started with a selected bacterial strain) used to obtain an innovative
“yeast-free” product.
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2. Materials and Methods
2.1. Bacterial Starter Strain and Culture Conditions

The strain L. citreum C2.27 (ITEM 17404) belongs to the ITEM Culture Collection of
the Institute of Sciences of Food Production of the National Research Council (ISPA-CNR)
and was isolated from Italian durum wheat semolina [36]. The cell culture was routinely
propagated (2% v/v) in de Man Rogosa Sharpe (MRS) broth (Oxoid Ltd., Basingstoke, UK)
and incubated at 30 ◦C for 24 h.

2.2. Liquid Sourdough and Dough Fermentation

Two different doughs were used for the production of focaccia: (a) dough using
the liquid sourdough started with lactic acid bacteria; (b) dough using baker’s yeast
as described below. L. citreum C2.27, which belongs to a species included in the list of
biological agents with Qualified Presumption of Safety (QPS) [37], was used as starter to
produce the liquid sourdough as previously described [24].

Liquid sourdough (S) (500 g) was prepared by mixing wheat flour (17% w/w), sterile
tap water (58% v/w) and bacterial suspension (25% v/w). The cell density in the sourdough
was ca. 8 log cfu/g and dough yield (DY) was 600. The mixture was incubated at 30 ◦C for
16 h (Figure 1).
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Figure 1. Schematic representation of the production of two different doughs: (A) dough with the liquid sourdough started
with L. citreum C2.27 (DS), and (B) dough with baker’s yeast (DB).

Focaccia dough (DY ca. 172) with liquid sourdough (DS) was prepared by mixing
durum wheat semolina (27% w/w, Divella, Rutigliano, ITA), soft wheat flour type “00”
(27% w/w; Casillo, Corato, ITA), tap water (18.36% v/w), extra-virgin olive oil (2.1% v/w;
Agridè, Bitonto, ITA), malt barley flour (0.54% w/w; Antico Molino Rosso, Buttapietra,
ITA) and S (25% v/w). DS was compared with focaccia dough (DB) prepared using baker’s
yeast (2% w/w, corresponding to a final yeast density of ca. 8 log cfu/g) and without
liquid sourdough. Three independent tests were carried out. Dough portions of 180 g were
placed in round non-stick pans and fermented at 30 ◦C for 6 h for DS or 1 h for DB. After
fermentation, the microbial communities were analyzed, together with the pH drop (∆pH,
pH units) and total titratable acidity (TTA, ml di NaOH 0.1 N/10 g) for S, DS and DB [30].

2.3. Microbiological Analyses of Doughs

After fermentation, liquid sourdough (S) was immediately subjected to decimal di-
lutions and plating, while 20 g aliquots of focaccia doughs (DS and DB) or of a mixture
(1:1 ratio) of durum wheat semolina and soft wheat flour type “00” (F) were each ho-
mogenized with 180 mL of sterile NaCl solution (0.85%, w/v) in a Stomacher (Seward,
London, UK) for 2 min. After serial dilutions, the microbial suspensions were plated on
an mMRS agar (Oxoid, UK) [38] supplemented with 100 mg/l of cycloheximide (EMD
Millipore Corp., Billerica, MA, USA) for the determination of lactic acid bacteria (LAB),
and on a Sabouraud Dextrose Agar (SDA, Oxoid, UK) supplemented with 200 mg/l chlo-
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ramphenicol (Sigma, Milan, Italy) for the enumeration of yeasts and molds. Moreover, an
aliquot of each microbial suspension was heat treated for 20 min at 90 ◦C, plated on a Plate
Count Agar (PCA, Difco, Franklin Lakes, NJ, USA) and incubated for 24 h at 30 ◦C for
spore-forming bacteria counts. A total of 20% of the colonies from the countable mMRS
agar and SDA plates (incubated at 30 ◦C for 48 h and at 25 ◦C for 72 h, respectively) were
randomly taken, purified and stored at −80 ◦C.

2.4. Characterization and Identification of LAB and Yeasts

Bacterial DNA was extracted from overnight cultures grown in mMRS broth (Oxoid,
UK) at 30 ◦C, using a Clonsaver Card Kit (Whatman, Maidstone, UK) and analyzed by
Repetitive Extragenic Palindromic-PCR (REP-PCR) [39]. The identification of L. citreum
C2.27 was based on the comparison of its strain-specific REP-PCR profile with that of each
LAB isolate from liquid sourdough and doughs. Bacterial isolates showing an REP-PCR
profile different from that of the starter strain were identified by the sequencing of the
almost complete 16S rRNA gene as previously described [24,39], using an ABI Prism
3730 × l DNA Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The species Lacti-
plantibacillus paraplantarum (basonym, Lactobacillus paraplantarum) [40] and Lacticaseibacillus
paracasei (basonym Lactobacillus paracasei) were also identified by multiplex-PCR methods
as described by Torriani et al. [41] and Ventura et al. [42], respectively.

The DNA of yeast isolates was extracted from 1.5 mL cultures grown in YEPG (Yeast
Extract 1% w/v, Peptone 1% w/v and Dextrose 2% w/v) at 25 ◦C for 24 h, using the Wizard
Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA), and amplified
by the oligonucleotide (GTG)5 [43]. The isolates were identified by amplification and
sequencing of the D1/D2 domain of the 26S rDNA using the primers NL1 and NL4 [44].
Bacterial and yeast strains were assigned to the species on the basis of the highest scores
of alignment and percentage of identity (>99%) between their 16S rRNA/26S rRNA gene
sequences and those of type strains in the NCBI Nucleotide database [24].

2.5. Culture-Independent Community Identifications

Ninety milliliters of saline solution was added to 10 g of flour mixture (F) or doughs
DS and DB and homogenized for 3 min. Homogenates were centrifuged (1000× g for 5 min
at 4 ◦C) and the supernatants were recovered and centrifuged (5000× g for 15 min at 4 ◦C).
Each pellet was suspended in 0.5 mL of saline solution and the suspension was subjected to
DNA extraction. Total genomic DNA was extracted using the FastDNA Pro Soil-Direct kit
(MPBiomedicals, Santa Ana, CA, USA) coupled to the Retsch MM301 instrument (Retsch
Gmbh, Germany), according to the manufacturer’s instructions. Quality and quantity of
DNA extracts were estimated using NanoDrop ND1000 (NanoDrop Technologies, Inc.,
Wilmington, NC, USA) and by 1% (w/v) agarose gel electrophoresis in TAE buffer. DNA
extraction was carried out in triplicate on each sample.

2.6. Library Preparation and Sequencing

The total DNA extracted from the flour mixture and dough samples was used as
template for 16S and 18S metagenetic analyses. All DNA samples were equalized at a
final concentration of 10 ng/µL for NGS library preparation. Library preparation was
performed using a bidirectional fusion primer set to specifically amplify the target re-
gions. This was accomplished by combining primers targeting the regions of interest to
the Ion Torrent sequencing adapters Ion A and truncated P1 (trP1). Adapter A included
unique Ion Xpress Barcode sequences for sample multiplexing. Bidirectional sequenc-
ing was achieved by swapping adapter sequences A and trP1. Therefore, the V5–V6
hypervariable region of the16S rRNA gene was amplified with primers 785F (GGATTA-
GATACCCTGGTA) and 1100R (GGGTTGCGCTCGTTG). For 18S libraries, the V9 hyper-
variable region was amplified with primers 1380F (CCCTGCCHTTTGTACACAC) and
1510R (CCTTCYGCAGGTTCACCTAC). The PCR reactions were carried out in triplicates
using Platinum SuperFi DNA Polymerase (Invitrogen, USA) with the following conditions:
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98 ◦C for 30 min, 25 cycles of 98 ◦C for 10 s, 58 ◦C for 20 s and 72 ◦C for 30 s and a final
extension of 72 ◦C for 5 min. Amplified libraries were verified on 2% agarose gel, and
PCR products were purified using Agencourt AMPure XP magnetic beads (Agencourt
Bioscience, Beverly, MA, USA). Purified libraries were quantified with Qubit dsDNA HS
Assay Kit (Invitrogen, Carlsbad, CA, USA) and pooled at a final concentration of 100 pM.
Libraries were sequenced on an Ion S5 Sequencing System (Thermofisher, Waltham, MA,
USA). Following the sequencing run, a FASTQ file was generated for each sample and
demultiplexed by using the built-in software of Torrent Suite.

2.7. Bioinformatics

Quality-filtered reads were aligned using MALT (v0.4.1) [45], in BlastN mode, against
the SILVA ribosomal RNA sequence database (SSURef_NR99, release 128), with default
settings and alignment type set to “SemiGlobal”. For taxonomic binning, MEGAN software
(MEGAN 6 v6.18.1) [46] was used. For 16S libraries, the LCA algorithm was set with the
following settings: minScore = 500, maxExpected = 1.0, minIdentity= 0.01, topPercent = 10
and minSupport = 10. For 18S libraries, the LCA algorithm was set with the following
settings: minScore = 250, maxExpected = 1.0, minIdentity= 0.01, topPercent = 10 and
minSupport = 10. Sequences were assigned at the taxonomic level with at least 97% identity
for genus and 99% for species in the reference database.

2.8. Statistics

Analysis of variance (ANOVA) combined with the Tukey–Kramer method as a post
hoc test was applied for microbiological analysis. Significant differences (p < 0.05) among
focaccia dough samples are marked with different letters. Rank abundance and alpha and
beta diversity indexes were estimated using Microbiome Analyst [47]. Moreover, principal
coordinate analysis (PCoA) was calculated using the Bray–Curtis index. Hypothesis testing
was conducted by the analysis of molecular variance (AMOVA) test (p < 0.05) [48]. Statistical
comparison among taxonomic categories was performed using STAMP software [49].
Differences between groups were analyzed using Welch’s t-test (p < 0.05) [50], and the
Benjamini–Hochberg false discovery rate (FDR) method (q-value < 0.05) was used [51].

2.9. Data Availability

The sequence data are available at NCBI SRA under BioProject ID: PRJNA668040.

3. Results
3.1. Culture-Dependent Microbiological Analyses

Durum wheat semolina and soft wheat flour type “00” in a 1:1 ratio (F) and, at the
end of fermentation, S, DS and DB doughs were subjected to microbiological analyses to
assess the cell load of LAB, yeasts, molds and spore-forming bacteria (Table 1). The use
of sourdough influenced the pH values of DS, which, after fermentation, showed pH 4.2
and ∆pH 1.3, while DB presented a pH value (5.38) that was significantly higher (p < 0.05).
Moreover, S showed pH and TTA values lower than DS. This apparently contrasting result
is due to the higher value of DY in S than in DS. In fact, it is known that a low DY value, as
in DS, increases the buffering capacity of the flour, lowering the rate of acidification, even
if organic acids are present at higher levels [52].

S and DS showed cell densities of LAB (9 log cfu/g) that were significantly higher than
DB (4 log cfu/g). LAB isolates from liquid sourdough and doughs (20% of the colonies from
countable plates) were characterized by REP-PCR. The analysis of their electrophoretic
profiles revealed the presence of only the starter strain in S and DS, while four LAB
strains were detected in DB, belonging to Leuconostoc mesenteroides, Furfurilactobacillus
rossiae (basonym Lactobacillus rossiae), Lp. paraplantarum and Lc. paracasei. These species are
typically contained in sourdough [17] and are among the species found in doughs made
with different flours from the same geographical area [24]. In addition to the absence of
LAB strains isolated from DB, the only strain isolated directly from the flours, belonging to
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Loigolactobacillus coryniformis (basonym Lactobacillus coryniformis), was also absent in DS. It
is probable that this strain was no longer found in the doughs because it was dominated
during fermentation by the starter strain or by the other strains, the latter evidently present
in the flours in quantities lower than the detection limit.

The presence of spore-forming bacteria in the doughs was also evaluated. Bacterial
counts were very low (<1 log cfu/g) and therefore below the quantities which could cause
product alteration (ropy bread) (≥2 log cfu/g) or constitute a risk for consumer health
(>5 log cfu/g) [53].

Yeasts were absent in S and DS, while molds were present in very low quantities. On
the contrary, DB contained a high density of yeasts (8.25 log cfu/g), while molds were
not detected. The REP-PCR analysis of the yeasts showed the presence of only one strain
belonging to S. cerevisiae. Finally, only one yeast strain belonging to Cryptococcus victoriae
was isolated from the flours but was not subsequently found in the doughs, probably due
to the characteristics of the ecosystem and the presence of the starters. Overall, the results
show the capacity of the L. citreum C2.27 strain to dominate the microbiota in DS, and, at
the same time, the ability of S. cerevisiae to dominate the mycobiota in DB.

3.2. Bacterial and Fungal Microbiota in Flour and Doughs

After quality filtering, a total of 3,201,028 and 7,194,310 reads were generated and
3,055,906 (95.5%) and 6,648,063 (92.4%) were assigned to a taxon for 16S and 18S, respectively.

The abundance-based coverage estimators (ACE) and the alpha diversity index Chao1
indicated that the richness of the samples was DB > F > DS (Figure 2A). The inoculum of
L. citreum reduced the abundance of OTUs, if compared with DB and F samples. The loss of
OTUs also reduced both richness (Chao1 and ACE) and diversity (Shannon and Simpson)
indexes in DS samples, indicating that the use of L. citreum as a bacterial starter had a
strong effect on microbial community diversity. Considering the same population indexes,
even the mycobiota diversity was strongly influenced by the presence of S. cerevisiae in the
DB sample (Figure 2B).

Table 1. Acidification (∆pH, pH units), total titratable acidity (TTA, ml di NaOH 0.1 N/10 g) and microbiological character-
istics of durum wheat semolina and soft wheat flour type “00” in a 1:1 ratio (F), liquid sourdough (S), doughs started with
the liquid sourdough (DS) and dough made with baker’s yeast (DB).

Sample pH ∆pH TTA LAB
(log cfu/g)

Other LAB
Species Isolates

Spore-Forming
Bacteria (log cfu/g)

Yeasts
(log cfu/g)

Molds
(log cfu/g) Yeast Species

F - - - 0.46 ± 0.28 Ll. coryniformis 0.8 ± 0.72 0.7 ± 1.15 2.59 ± 0.12 Cr. victoriae

S 3.53 ± 0.07 2.42 ± 0.14 4.15 ± 0.21 9.47 ± 0.13 nd nd nd 1.57 ± 0.04 nd

DS 4.23 ± 0.04 b 1.35 ± 0.09 a 8.17 ± 0.55 a 9.09 ± 0.01 a nd 0.54 ± 0.08 nd 2.70 ± 0.36 nd

DB 5.38 ± 0.02 a 0.25 ± 0.01 b 3.55 ± 0.21 b 4.48 ± 0.08 b
Fl. rossiae

L. mesenteroides
Lp. paraplantarum

Lc. paracasei
nd 8.25 ± 0.01 nd S. cerevisiae

Data represent means of three independent experiments ± standard error. a–b Values referring to focaccia dough in the same column
with different letters differ significantly (p < 0.05). Ll., Loigolactobacillus; Fl., Furfurilactobacillus; L., Leuconostoc; Lp., Lactiplantibacillus; Lc.,
Lacticaseibacillus; Cr., Cryptococcus; S., Saccharomyces. nd: not detected (<LOD, limit of detection).
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The PCoA analysis showed that the microbial communities in DB, DS and F samples
were distinct from each other. The sample triplicates resemble each other very closely
(Figure 3). The results were also validated with analysis of molecular variance (AMOVA).
This confirmed that the inoculum of L. citreum or S. cerevisiae significantly affected microbial
consortia in DS and DB samples, respectively.

Considering the absolute number of assigned reads, the phyla of Proteobacteria
(1,508,548 assigned reads) and Firmicutes (1,322,874 assigned reads) were the most rep-
resentative in all the samples. The DB microbial consortium was composed mainly of
ten different genera belonging to the Proteobacteria phylum. Stenotrophomonas (relative
abundance of 30.0%) was predominant, followed by Pseudomonas (16.6%), Acinetobacter
(15.5%), Sphingomonas (5.0%), Agrobacterium (2.5%), Siccibacter (2.3%), Cronobacter (1.4%),
Enterobacter (1.3%), Gluconobacter (1.2%) and Brevundimonas (1.0%). Within the Firmicutes
phylum, the relative abundance was mainly represented by Lactococcus (6.8%), Lactobacillus
(2.9%), Paenibacillus (2.7%), Pediococcus (2.0%) and Leuconostoc (1.9%). From the DS sample,
the genera belonging to the Proteobacteria phylum were Stenotrophomonas (11.5%), Acine-
tobacter (10.7%), Pseudomonas (10.3%), Sphingomonas (3.2%), Siccibacter (2.0%), Cronobacter
(1.7%), Gluconobacter (1.2%), Enterobacter (1.1%) and Xanthomonas (1.1%). Within Firmicutes,
the genus Leuconostoc (41.4%) was dominant, followed by Lactococcus (7.1%), Pediococcus
(3.7%), Paenibacillus (1.0%) and Lactobacillus (<1%). From the F sample, the genera belonging
to the Proteobacteria phylum were Pseudomonas (49.1%), Rosenbergiella (7.9%), Xanthomonas
(6.4%), Sphingomonas (5.4%), Stenotrophomonas (2.5%), Enterobacter (2.3%), Novosphingobium
(2.0%) and Siccibacter (1.3%). Within Firmicutes, Paenibacillus (8.0%), Staphylococcus (4.4%),
Lactobacillus (2.1%) and Leuconostoc (1.1%) were detected (Figure 4).
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The relative abundances of identified genera were further compared between sample
groups, as shown in Figures 5 and 6.
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In addition to the dominance of the genus Leuconostoc (relative abundance 39.6%
higher than in DB), DS showed a reduction in abundance of 18.5% for Stenotrophomonas,
6.3% for Pseudomonas, 4.8% for Acinetobacter and 1.7% for Paenibacillus, compared to DB.
Furthermore, within LAB, Lactobacillus was significantly lower and Pediococcus was signif-
icantly higher in DS than in DB (Figure 5). In terms of relative abundance, flour (F) had
significantly higher percentages of genera Pseudomonas (up to 39%), Paenibacillus, Enter-
obacter and Xanthomonas than both doughs (Figure 6), while Sphingomonas and Lactobacillus
were higher in F than in DS. Novosphingobium, Rosenbergiella and Staphylococcus genera were
present only in F.

The metagenetic analysis of mycobiota revealed that the Saccharomyces genus dom-
inated the mycobiota in DB and was not detected in other samples (Figures 7 and 8).
Considering the absolute number of reads assigned to a taxon, in DB, the overall number
of reads assigned to the Ascomycota phylum was 6805, while it was 933 in DS and 992 in
F. In detail, in the DB samples, 91.5% of reads were assigned to the Saccharomyces genus,
followed by Saturnispora (3.7%), Geotrichum (2.0%), Wickerhamomyces (2.0%) and Penicillium
(0.7%). In DS, the reads were predominately assigned to Saturnispora (69.3%), followed by
Wickerhamomyces (27.6%) and Geotrichum (3.1%), while in F, the reads were assigned to gen-
era belonging to Aspergillus (45.4%), Hyphopichia (30.2%), Cryptococcus (10.2%), Penicillium
(9.3%) and Cladosporium (4.9%).
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4. Discussion

The use of selected starter cultures for dough fermentation is useful to obtain products
with determined characteristics and to standardize the production processes [12,13,54].
Starters are known to have a strong impact on the microbial populations of doughs, con-
sequently affecting product features. Therefore, the present work used the metagenetic
method and the culture-dependent approach to analyze the biodiversity of doughs started
with sourdough (type II) or baker’s yeast. It is well known that during traditional sour-
dough (type I) fermentation, the bacterial evolution is characterized by a decrease in
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Gram-negative and an increase in Gram-positive biota [55]. Ercolini et al. [29] observed
flours with great diversity, mainly contaminated by genera (Acinetobacter, Pantoea, Pseu-
domonas, Comamonas, Enterobacter, Erwinia and Sphingomonas) belonging to the phylum
Proteobacteria, although this population was almost completely inhibited after 1 day of
sourdough propagation. On the contrary, although the phylum Firmicutes (mainly repre-
sented by LAB) was present at low relative abundances in the flours, it already became
dominant after the first fermentation [29,55]. These microbial dynamics from flour to
mature sourdough are well known and are in accordance with the microbial ecology of
other fermented foods [16]. Flours analyzed in the present study were also found to be
strongly contaminated by Proteobacteria (ca. 82%), and Pseudomonas dominated (49%) this
microbiota. Contaminating bacteria originate from grain milling or are epiphytic and
endophytic populations of wheat. In this study, sourdough type II (25%) or baker’s yeast
(2%) was used as a single starter for dough leavening. The metagenetic analysis highlighted
that, after fermentation, the Proteobacteria in DS were about 43.5% lower than in F and DB.
At the same time, the flour population was replaced mainly by the starter strain. In fact,
the metagenetic analysis showed that the Leuconostoc genus constituted 78.6% of LAB in
DS. Moreover, as supported by the identification of cultivable LAB, L. citreum C2.27 was
the only LAB strain isolated from DS.

On the contrary, Proteobacteria was the dominant phylum in F and DB samples. This
phylum represents metabolically active populations, and the abundance of species be-
longing to the phylum Proteobacteria was mostly negatively correlated with dough and
sourdough qualities [29,56]. It can be hypothesized that in dough with baker’s yeast, the
fermentation conditions and the autochthonous microbiota of wheat flour, characterized, in
particular, by the low LAB density, did not cause the reduction in Proteobacteria, which con-
stituted, as in F, 82% of the bacterial population. In fact, the activity of the acid-producing
bacterial starter during fermentation caused a rapid increase in the acidity of DS. Such
an increase, together with other ecological parameters [16], may influence the microbial
succession favoring LAB. On the other hand, LAB showed an increase within Firmicutes
also in DB; in particular, Lactococcus, Lactobacillus, Pediococcus and Leuconostoc increased
compared with F, but this was not sufficient to decrease the pH.

As described in other studies, Staphylococcus, Streptococcus and Paenibacillus had low
ability to survive and colonize the doughs, especially DS. In fact, these genera are not
generally found in doughs [17,31]. Regarding the presence of the genus Leuconostoc in F
and DB detected by the metagenetic approach, it should be noted that this is probably due
to the species L. mesenteroides isolated from DB together with Fb. rossiae, Lp. paraplantarum
and Lc. paracasei. Metagenetic analysis also showed the presence of Lactococcus in the
doughs, although it was not isolated from DS, probably due to the high starter load, or
from DB, due to competition with other genera. In this regard, it should be considered that
differences can be noted between metagenetic analysis and plating, especially for those
LAB species that are generally difficult to cultivate [35].

Therefore, the flour plays a key role in establishing microbial consortia, but only
species and/or strains adapted to the sourdough environment in relation to the nutrient
availability and physic-chemical parameters of the process will grow and dominate in
this ecosystem [17]. In type II sourdough, fermentation occurs after the inoculation of a
starter culture. This starter culture can dominate and inhibit the growth of autochthonous
dough microbiota because it is added in a high density [13]. However, the starter strain
should be well adapted to the cereal environment in order to compete with the endogenous
microbiota and be suitable for the process [57]. L. citreum C2.27, which was selected for
its good leavening capacity, was isolated from durum wheat semolina and was suitable
for the production process of yeast-free bread in the bakery [24]. In fact, it was the only
strain isolated from liquid sourdough and DS, and the present study also confirmed its
dominance by culture-independent analysis. This result is fundamental to guarantee the
technological characteristics of the product made without using baker’s yeast, resulting, at
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the same time, in positive chemical-physical and nutritional characteristics of the dough
and final product, as determined in a previous work [27].

The results show that yeasts were present in very low quantities in DS and F. They
are normally associated with flours up to 3.3 log cfu/g [57], and the genera were those
typically found in flours and doughs [17,24,58]. Ascomycota was the only phylum present
in doughs, but not in the flours evaluated. The mycobiota changed from flour to doughs; in
fact, the genera Hyphopichia and Cryptococcus were found only in F, and the latter was also
the only genus isolated directly from F. Considering the mycobiota of flours, molds were
dominant in F, but, overall, in very low quantities. Therefore, the metagenetic approach
made it possible to obtain more information on the mycobiota composition even if present
in small numbers.

The absence of Saccharomyces in F and DS was interesting. S. cerevisiae is the species of
yeast most frequently isolated in sourdoughs from central and southern Italy [52]. However,
several studies have shown different compositions of yeast species between artisanal bakery
and spontaneous laboratory sourdoughs and, in particular, have hypothesized the presence
of S. cerevisiae in bakery sourdoughs due to contamination of the bakery environment
with commercial baker’s yeast [58,59]. Conversely, as observed in the present study,
yeasts detected in sourdough and doughs made in the laboratory could only come from
flours [24,60].

Finally, the results for DS, which was dominated by L. citreum C2.27, also show a
reduction in the fungal diversity, probably related to the antifungal properties of the
starter strain [36], while DB, with a S. cerevisiae-dominated mycobiota, presented a greater
bacterial diversity.

5. Conclusions

This study showed how the use of a microbial starter deeply affects the composition
of the dough microbiota, which is directly responsible for the quality of the product. To
our knowledge, this work is the first that analyzes, also using the metagenetic method, the
bacterial and fungal microbiota of doughs leavened with baker’s yeast or type II sourdough
(started with a selected bacterial strain), also making it possible to verify the absence of
S. cerevisiae in the latter used to obtain an innovative “yeast-free” product.

Metagenetic analyses indicated that the V5–V6 hypervariable regions of the 16S rRNA
gene and the V9 hypervariable region of the 18S rRNA gene were suitable for studying the
microbiota of doughs, providing a comprehensive overview of the microbial community.
The culture-independent approach allowed gaining deeper and wider knowledge of the
starter impact on the microbial populations of the doughs, even if the association with the
culture-dependent analysis is still very useful to obtain more precise information at the
species level on certain microbial categories. This study highlighted that, differently from
doughs produced with the L. citreum starter, the dough made with baker’s yeast contained
a microbiota with a high abundance of Proteobacteria (82% of the bacterial population),
which were negatively correlated with the biochemical properties of the doughs [27,56].
Furthermore, the analyses showed the ability of the L. citreum C2.27 starter to dominate the
microbiota, also inhibiting the growth of S. cerevisiae. This result is particularly important
because L. citreum C2.27 has been adopted for its leavening abilities in a biotechnological
protocol for the production of “yeast-free” bakery products.

Author Contributions: Conceptualization, P.D.B.; formal analysis, M.F.; investigation, M.F. and
P.D.B.; supervision, P.D.B.; visualization, M.F.; writing—original draft, M.F. and P.D.B.; writing—
review and editing, A.S., G.M., P.L. and P.D.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by CNR project NUTR-AGE (FOE-2019, DSB.AD004.271).

Data Availability Statement: The sequence data are available at NCBI SRA under BioProject ID:
PRJNA668040.



Foods 2021, 10, 1189 14 of 16

Acknowledgments: The authors thank Lisa Lonigro for her technical assistance in REP-PCR anal-
ysis, Domenico Genchi for his IT support and Sarah Jane Christopher for the English editing of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Catzeddu, P. Sourdough Breads. In Flour and Breads and Their Fortification in Health and Disease Prevention; Preedy, V.R., Watson,

R.R., Patel, V.B., Eds.; Academic Press: Cambridge, MA, USA; Elsevier: London, UK; Burlington, VT, USA; San Diego, CA, USA,
2011; pp. 37–46. [CrossRef]

2. Liu, T.; Li, Y.; Sadiq, F.A.; Yang, H.; Gu, J.; Yuan, L.; Lee, Y.K.; He, G. Predominant yeasts in Chinese traditional sourdough and
their influence on aroma formation in Chinese steamed bread. Food Chem. 2018, 242, 404–411. [CrossRef] [PubMed]

3. Suo, B.; Nie, W.; Wang, Y.; Ma, J.; Xing, X.; Huang, Z.; Xu, C.; Li, Z.; Ai, Z. Microbial diversity of fermented dough and volatile
compounds in steamed bread prepared with traditional Chinese starters. LWT Food Sci. Technol. 2020, 126, 109350. [CrossRef]

4. Decreto Ministeriale 7 Febbraio 2019. Aggiornamento Dell’elenco Nazionale Dei Prodotti Agroalimentari Tradizionali Ai Sensi
Dell’articolo 12, Comma 1, Della Legge 12 Dicembre 2016, N. 238. Gazzetta Ufficiale N. 60 Del 12 Marzo 2019–Supplemento Ordinario
N. 9. Available online: http://www.gazzettaufficiale.it/eli/gu/2019/03/12/60/so/9/sg/pdf (accessed on 3 May 2021).

5. Pasqualone, A.; Delcuratolo, D.; Gomes, T. Focaccia Italian flat fatty bread. In Flour and Breads and Their Fortification in Health and
Disease Prevention; Preedy, V.R., Watson, R.R., Patel, V.B., Eds.; Academic Press: Cambridge, MA, USA; Elsevier: London, UK;
Burlington, VT, USA; San Diego, CA, USA, 2011; pp. 47–58. [CrossRef]

6. Calorie in Focaccia Pugliese e Valori Nutrizionali. Available online: https://www.fatsecret.it/calorie-nutrizione/generico/
focaccia-pugliese (accessed on 3 May 2021).

7. Carnevali, P.; Ciati, R.; Leporati, A.; Paese, M. Liquid sourdough fermentation: Industrial application perspectives. Food Microbiol.
2007, 24, 150–154. [CrossRef] [PubMed]

8. Li, Z.; Song, K.; Li, H.; Ma, R.; Cui, M. Effect of mixed Saccharomyces cerevisiae Y10 and Torulaspora delbrueckii Y22 on dough
fermentation for steamed bread making. Int. J. Food Microbiol. 2019, 303, 58–64. [CrossRef]

9. Lattanzi, A.; Minervini, F.; Di Cagno, R.; Diviccaro, A.; Antonielli, L.; Cardinali, G.; Cappelle, S.; De Angelis, M.; Gobbetti, M. The
lactic acid bacteria and yeast microbiota of eighteen sourdoughs used for the manufacture of traditional Italian sweet leavened
baked goods. Int. J. Food Microbiol. 2013, 163, 71–79. [CrossRef] [PubMed]

10. Reale, A.; Di Renzo, T.; Boscaino, F.; Nazzaro, F.; Fratianni, F.; Aponte, M. Lactic Acid Bacteria Biota and Aroma Profile of Italian
Traditional Sourdoughs from the Irpinian Area in Italy. Front. Microbiol. 2019, 10, 1621. [CrossRef] [PubMed]

11. Gobbetti, M.; Rizzello, C.G.; Di Cagno, R.; De Angelis, M. How the sourdough may affect the functional features of leavened
baked goods. Food Microbiol. 2014, 37, 30–40. [CrossRef]

12. Gobbetti, M.; De Angelis, M.; Di Cagno, R.; Calasso, M.; Archetti, G.; Rizzello, C.G. Novel insights on the functional/nutritional
features of the sourdough fermentation. Int. J. Food Microbiol. 2019, 302, 103–113. [CrossRef]

13. Siepmann, F.B.; Ripari, V.; Waszczynskyj, N.; Spier, M.R. Overview of sourdough technology: From production to marketing.
Food Bioprocess Technol. 2018, 11, 242–270. [CrossRef]

14. Belz, M.C.E.; Axel, C.; Arendt, E.K.; Lynch, K.M.; Brosnan, B.; Sheehan, E.M.; Coffey, A.; Zannini, E. Improvement of taste and
shelf life of yeasted low-salt bread containing functional sourdoughs using Lactobacillus amylovorus DSM 19280 and Weissella
cibaria MG1. Int. J. Food Microbiol. 2019, 302, 69–79. [CrossRef]

15. Mantzourani, I.; Plessas, S.; Odatzidou, M.; Alexopoulos, A.; Galanis, A.; Bezirtzoglou, E.; Bekatorou, A. Effect of a novel
Lactobacillus paracasei starter on sourdough bread quality. Food Chem. 2019, 271, 259–265. [CrossRef]

16. Minervini, F.; De Angelis, M.; Di Cagno, R.; Gobbetti, M. Ecological parameters influencing microbial diversity and stability of
traditional sourdough. Int. J. Food Microbiol. 2014, 171, 136–146. [CrossRef] [PubMed]

17. De Vuyst, L.; Van Kerrebroeck, S.; Harth, H.; Huys, G.; Daniel, H.M.; Weckx, S. Microbial ecology of sourdough fermentations:
Diverse or uniform? Food Microbiol. 2014, 37, 11–29. [CrossRef] [PubMed]

18. Valerio, F.; Bavaro, A.R.; Di Biase, M.; Lonigro, S.L.; Logrieco, A.F.; Lavermicocca, P. Effect of Amaranth and Quinoa Flours on
Exopolysaccharide Production and Protein Profile of Liquid Sourdough Fermented by Weissella cibaria and Lactobacillus plantarum.
Front. Microbiol. 2020, 11, 967. [CrossRef]

19. Papadimitriou, K.; Zoumpopoulou, G.; Georgalaki, M.; Alexandraki, V.; Kazou, M.; Anastasiou, R.; Tsakalidou, E. Sourdough
Bread. In Innovations in Traditional Foods; Galanakis, C.M., Ed.; Woodhead Publishing: Cambridge, UK; Elsevier: Amsterdam, The
Netherlands, 2019; pp. 127–158. [CrossRef]

20. Zhang, Z.; Li, C.; Zhao, X.; Lv, C.; He, Q.; Lei, S.; Guo, Y.; Zhi, F. Anti-Saccharomyces cerevisiae Antibodies Associate with
Phenotypes and Higher Risk for Surgery in Crohn’s Disease: A Meta-Analysis. Dig. Dis. Sci. 2012, 57, 2944–2954. [CrossRef]

21. Caselli, M.; Lo Cascio, N.; Rabitti, S.; Eusebi, L.H.; Zeni, E.; Soavi, C.; Cassol, F.; Zuliani, G.; Zagari, R.M. Pattern of food
intolerance in patients with gastro-esophageal reflux symptoms. Minerva Med. 2017, 108, 496–501. [CrossRef] [PubMed]

22. Cannistrà, C.; Finocchi, V.; Trivisonno, A.; Tambasco, D. New perspectives in the treatment of hidradenitis suppurativa: Surgery
and brewer’s yeast–exclusion diet. Surgery 2013, 154, 1126–1130. [CrossRef]

23. Cordell, B.; Kanodia, A. Auto-Brewery as an Emerging Syndrome: Three Representative Case Studies. J. Clin. Med. Case Rep.
2015, 2, 5.

http://doi.org/10.1016/B978-0-12-380886-8.10004-2
http://doi.org/10.1016/j.foodchem.2017.09.081
http://www.ncbi.nlm.nih.gov/pubmed/29037707
http://doi.org/10.1016/j.lwt.2020.109350
http://www.gazzettaufficiale.it/eli/gu/2019/03/12/60/so/9/sg/pdf
http://doi.org/10.1016/B978-0-12-380886-8.10005-4
https://www.fatsecret.it/calorie-nutrizione/generico/focaccia-pugliese
https://www.fatsecret.it/calorie-nutrizione/generico/focaccia-pugliese
http://doi.org/10.1016/j.fm.2006.07.009
http://www.ncbi.nlm.nih.gov/pubmed/17008158
http://doi.org/10.1016/j.ijfoodmicro.2019.05.009
http://doi.org/10.1016/j.ijfoodmicro.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23558189
http://doi.org/10.3389/fmicb.2019.01621
http://www.ncbi.nlm.nih.gov/pubmed/31396170
http://doi.org/10.1016/j.fm.2013.04.012
http://doi.org/10.1016/j.ijfoodmicro.2018.05.018
http://doi.org/10.1007/s11947-017-1968-2
http://doi.org/10.1016/j.ijfoodmicro.2018.07.015
http://doi.org/10.1016/j.foodchem.2018.07.183
http://doi.org/10.1016/j.ijfoodmicro.2013.11.021
http://www.ncbi.nlm.nih.gov/pubmed/24355817
http://doi.org/10.1016/j.fm.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24230469
http://doi.org/10.3389/fmicb.2020.00967
http://doi.org/10.1016/B978-0-12-814887-7.00006-X
http://doi.org/10.1007/s10620-012-2244-y
http://doi.org/10.23736/S0026-4806.17.05379-4
http://www.ncbi.nlm.nih.gov/pubmed/28884564
http://doi.org/10.1016/j.surg.2013.04.018


Foods 2021, 10, 1189 15 of 16

24. De Bellis, P.; Rizzello, C.G.; Sisto, A.; Valerio, F.; Lonigro, S.L.; Conte, A.; Lorusso, V.; Lavermicocca, P. Use of a selected Leuconostoc
citreum strain as a starter for making a “yeast-free” bread. Foods 2019, 8, 70. [CrossRef]

25. Musatti, A.; Cappa, C.; Mapelli, C.; Alamprese, C.; Rollini, M. Zymomonas mobilis in Bread Dough: Characterization of Dough
Leavening Performance in Presence of Sucrose. Foods 2020, 9, 89. [CrossRef]

26. Bottani, M.; Brasca, M.; Ferraretto, A.; Cardone, G.; Casiraghi, M.C.; Lombardi, G.; De Noni, I.; Cattaneo, S.; Silvetti, T. Chemical
and nutritional properties of white bread leavened by lactic acid bacteria. J. Funct. Foods 2018, 45, 330–338. [CrossRef]

27. De Bellis, P.; Montemurro, M.; D’Imperio, M.; Rizzello, C.G.; Sisto, A.; Lavermicocca, P. Production of a yeast-free focaccia with
reduced salt content using a selected Leuconostoc citreum strain and seawater. LWT Food Sci. Technol. 2020, 134, 109918. [CrossRef]

28. De Angelis, M.; Minervini, F.; Siragusa, S.; Rizzello, C.G.; Gobbetti, M. Wholemeal wheat flours drive the microbiome and
functional features of wheat sourdoughs. Int. J. Food Microbiol. 2019, 302, 35–46. [CrossRef] [PubMed]

29. Ercolini, D.; Pontonio, E.; De Filippis, F.; Minervini, F.; La Storia, A.; Gobbetti, M.; Di Cagno, R. Microbial ecology dynamics
during rye and wheat sourdough preparation. Appl. Environ. Microbiol. 2013, 79, 7827–7836. [CrossRef]

30. Coda, R.; Kianjam, M.; Pontonio, E.; Verni, M.; Di Cagno, R.; Katina, K.; Rizzello, C.G.; Gobbetti, M. Sourdough-type propagation
of faba bean flour: Dynamics of microbial consortia and biochemical implications. Int. J. Food Microbiol. 2017, 248, 10–21.
[CrossRef]

31. Minervini, F.; Lattanzi, A.; De Angelis, M.; Celano, G.; Gobbetti, M. House microbiotas as sources of lactic acid bacteria and yeasts
in traditional Italian sourdoughs. Food Microbiol. 2015, 52, 66–76. [CrossRef] [PubMed]

32. Raimondi, S.; Amaretti, A.; Rossi, M.; Fall, P.A.; Tabanelli, G.; Gardini, F.; Montanari, C. Evolution of microbial community and
chemical properties of a sourdough during the production of Colomba, an Italian sweet leavened baked product. LWT Food Sci.
Technol. 2017, 86, 31–39. [CrossRef]

33. Bokulich, N.A.; Mills, D.A. Improved selection of internal transcribed spacer-specific primers enables quantitative, ultra-high-
throughput profiling of fungal communities. Appl. Environ. Microbiol. 2013, 79, 2519–2526. [CrossRef]

34. De Filippis, F.; Laiola, M.; Blaiotta, G.; Ercolini, D. Different amplicon targets for sequencing-based studies of fungal diversity.
Appl. Environ. Microbiol. 2017, 83, e00905-17. [CrossRef]

35. Weckx, S.; Van Kerrebroeck, S.; De Vuyst, L. Omics approaches to understand sourdough fermentation processes. Int. J. Food
Microbiol. 2019, 302, 90–102. [CrossRef]

36. Valerio, F.; Favilla, M.; De Bellis, P.; Sisto, A.; De Candia, S.; Lavermicocca, P. Antifungal activity of strains of lactic acid bacteria
isolated from a semolina ecosystem against Penicillium roqueforti, Aspergillus niger and Endomyces fibuliger contaminating bakery
products. Syst. Appl. Microbiol. 2009, 32, 438–448. [CrossRef]

37. EFSA BIOHAZ Panel (EFSA Panel on Biological Hazards); Koutsoumanis, K.; Allende, A.; Alvarez-Ordóñez, A.; Bolton, D.;
Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare, A.; Hilbert, F.; et al. Scientific Opinion on the update of the list of QPS-
recommended biological agents intentionally added to food or feed as notified to EFSA (2017–2019). EFSA J. 2020, 18, e05966.
[CrossRef] [PubMed]

38. Corsetti, A.; Lavermicocca, P.; Morea, M.; Baruzzi, F.; Tosti, N.; Gobbetti, M. Phenotypic and molecular identification and
clustering of lactic acid bacteria and yeasts from wheat (species Triticum durum and Triticum aestivum) sourdoughs of Southern
Italy. Int. J. Food Microbiol. 2001, 64, 95–104. [CrossRef]

39. De Bellis, P.; Valerio, F.; Sisto, A.; Lonigro, S.L.; Lavermicocca, P. Probiotic table olives: Microbial populations adhering on olive
surface in fermentation sets inoculated with the probiotic strain Lactobacillus paracasei IMPC2.1 in an industrial plant. Int. J. Food
Microbiol. 2010, 140, 6–13. [CrossRef] [PubMed]

40. Zheng, J.; Wittouck, S.; Salvetti, E.; Franz, C.M.A.P.; Harris, H.M.B.; Mattarelli, P.; O’Toole, P.W.; Pot, B.; Vandamme, P.; Walter, J.;
et al. A taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended description of the genus Lactobacillus
Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. Int. J. Syst. Evol. Microbiol. 2020, 70, 2782–2858. [CrossRef]

41. Torriani, S.; Felis, G.E.; Dellaglio, F. Differentiation of Lactobacillus plantarum, L. pentosus, and L. paraplantarum by recA gene
sequence analysis and multiplex PCR assay with recA gene-derived primers. Appl. Environ. Microbiol. 2001, 67, 3450–3454.
[CrossRef]

42. Ventura, M.; Canchaya, C.; Meylan, V.; Klaenhammer, T.R.; Zink, R. Analysis, characterization, and loci of the tuf genes in
Lactobacillus and Bifidobacterium species and their direct application for species identification. Appl. Environ. Microbiol. 2003, 69,
6908–6922. [CrossRef]

43. Gadanho, M.; Almeida, J.M.G.C.F.; Sampaio, J.P. Assessment of yeast diversity in a marine environment in the south of Portugal
by microsatellite-primed PCR. Ant. Van Leeuwenhoek 2003, 84, 217–227. [CrossRef] [PubMed]

44. Kurtzman, C.P.; Robnett, C.J. Identification and phylogeny of ascomycetous yeasts from analysis of nuclear large subunit (26S)
ribosomal DNA partial sequences. Ant. Van Leeuwenhoek 1998, 73, 331–371. [CrossRef]

45. Herbig, A.; Maixner, F.; Bos, K.I.; Zink, A.; Krause, J.; Huson, D.H. MALT: Fast alignment and analysis of metagenomic DNA
sequence data applied to the Tyrolean Iceman. BioRxiv 2016. [CrossRef]

46. Huson, D.H.; Beier, S.; Flade, I.; Górska, A.; El-Hadidi, M.; Mitra, S.; Ruscheweyh, H.J.; Tappu, R. MEGAN Community
Edition-Interactive Exploration and Analysis of Large-Scale Microbiome Sequencing Data. PLoS Comput. Biol. 2016, 12, e1004957.
[CrossRef] [PubMed]

47. Dhariwal, A.; Chong, J.; Habib, S.; King, I.L.; Agellon, L.B.; Xia, J. MicrobiomeAnalyst: A web-based tool for comprehensive
statistical, visual and meta-analysis of microbiome data. Nucl. Acids Res. 2017, 45, W180–W188. [CrossRef]

http://doi.org/10.3390/foods8020070
http://doi.org/10.3390/foods9010089
http://doi.org/10.1016/j.jff.2018.04.030
http://doi.org/10.1016/j.lwt.2020.109918
http://doi.org/10.1016/j.ijfoodmicro.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30177230
http://doi.org/10.1128/AEM.02955-13
http://doi.org/10.1016/j.ijfoodmicro.2017.02.009
http://doi.org/10.1016/j.fm.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26338118
http://doi.org/10.1016/j.lwt.2017.07.042
http://doi.org/10.1128/AEM.03870-12
http://doi.org/10.1128/AEM.00905-17
http://doi.org/10.1016/j.ijfoodmicro.2018.05.029
http://doi.org/10.1016/j.syapm.2009.01.004
http://doi.org/10.2903/j.efsa.2020.5966
http://www.ncbi.nlm.nih.gov/pubmed/32874212
http://doi.org/10.1016/S0168-1605(00)00447-5
http://doi.org/10.1016/j.ijfoodmicro.2010.02.024
http://www.ncbi.nlm.nih.gov/pubmed/20226556
http://doi.org/10.1099/ijsem.0.004107
http://doi.org/10.1128/AEM.67.8.3450-3454.2001
http://doi.org/10.1128/AEM.69.11.6908-6922.2003
http://doi.org/10.1023/A:1026038213195
http://www.ncbi.nlm.nih.gov/pubmed/14574117
http://doi.org/10.1023/A:1001761008817
http://doi.org/10.1101/050559
http://doi.org/10.1371/journal.pcbi.1004957
http://www.ncbi.nlm.nih.gov/pubmed/27327495
http://doi.org/10.1093/nar/gkx295


Foods 2021, 10, 1189 16 of 16

48. Mengoni, A.; Bazzicalupo, M. The statistical treatment of data and the analysis of MOlecular VAriance (AMOVA) in molecular
microbial ecology. Ann. Microbiol. 2002, 52, 95–101.

49. Parks, D.H.; Beiko, R.G. Identifying biologically relevant differences between metagenomic communities. Bioinformatics 2010,
26, 715–721. [CrossRef]

50. White, J.R.; Nagarajan, N.; Pop, M. Statistical methods for detecting differentially abundant features in clinical metagenomic
samples. PLoS Comput. Biol. 2009, 5, e1000352. [CrossRef]

51. Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B Methodol. 1995, 57, 289–300. [CrossRef]

52. Di Cagno, R.; Pontonio, E.; Buchin, S.; De Angelis, M.; Lattanzi, A.; Valerio, F.; Gobbetti, M.; Calasso, M. Diversity of the lactic
acid bacterium and yeast microbiota in the switch from firm- to liquid-sourdough fermentation. Appl. Environ. Microbiol. 2014,
10, 3161–3172. [CrossRef]

53. Valerio, F.; De Bellis, P.; Di Biase, M.; Lonigro, S.L.; Giussani, B.; Visconti, A.; Lavermicocca, P.; Sisto, A. Diversity of spore-forming
bacteria and identification of Bacillus amyloliquefaciens as a species frequently associated with the ropy spoilage of bread. Int. J.
Food Microbiol. 2012, 156, 278–285. [CrossRef]

54. Montemurro, M.; Pontonio, E.; Gobbetti, M.; Rizzello, C.G. Investigation of the nutritional, functional and technological effects of
the sourdough fermentation of sprouted flours. Int. J. Food Microbiol. 2019, 302, 47–58. [CrossRef] [PubMed]

55. Gobbetti, M.; Minervini, F.; Pontonio, E.; Di Cagno, R.; De Angelis, M. Drivers for the establishment and composition of the
sourdough lactic acid bacteria biota. Int. J. Food Microbiol. 2016, 239, 3–18. [CrossRef] [PubMed]

56. Rizzello, C.G.; Cavoski, I.; Turk, J.; Ercolini, D.; Nionelli, L.; Pontonio, E.; De Angelis, M.; De Filippis, F.; Gobbetti, M.; Di Cagno,
R. Organic cultivation of Triticum turgidum subsp. durum is reflected in the flour-sourdough fermentation-bread axis. Appl.
Environ. Microbiol. 2015, 81, 3192–3204. [CrossRef] [PubMed]

57. De Vuyst, L.; Neysens, P. The sourdough microflora: Biodiversity and metabolic interactions. Trends Food Sci. Technol. 2005,
16, 43–56. [CrossRef]

58. De Vuyst, L.; Harth, H.; Kerrebroeck, S.V.; Leroy, F. Yeast diversity of sourdoughs and associated metabolic properties and
functionalities. Int. J. Food Microbiol. 2016, 239, 26–34. [CrossRef]

59. Vrancken, G.; De Vuyst, L.; Van der Meulen, R.; Huys, G.; Vandamme, P.; Daniel, H.M. Yeast species composition differs between
artisan bakery and spontaneous laboratory sourdoughs. FEMS Yeast Res. 2010, 10, 471–481. [CrossRef]

60. Minervini, F.; Lattanzi, A.; De Angelis, M.; Di Cagno, R.; Gobbetti, M. Influence of artisan bakery- or laboratory-propagated
sourdoughs on the diversity of lactic acid bacterium and yeast microbiotas. Appl. Environ. Microbiol. 2012, 78, 5328–5340.
[CrossRef] [PubMed]

http://doi.org/10.1093/bioinformatics/btq041
http://doi.org/10.1371/journal.pcbi.1000352
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.1128/AEM.00309-14
http://doi.org/10.1016/j.ijfoodmicro.2012.04.005
http://doi.org/10.1016/j.ijfoodmicro.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30115372
http://doi.org/10.1016/j.ijfoodmicro.2016.05.022
http://www.ncbi.nlm.nih.gov/pubmed/27240934
http://doi.org/10.1128/AEM.04161-14
http://www.ncbi.nlm.nih.gov/pubmed/25724957
http://doi.org/10.1016/j.tifs.2004.02.012
http://doi.org/10.1016/j.ijfoodmicro.2016.07.018
http://doi.org/10.1111/j.1567-1364.2010.00621.x
http://doi.org/10.1128/AEM.00572-12
http://www.ncbi.nlm.nih.gov/pubmed/22635989

	Introduction 
	Materials and Methods 
	Bacterial Starter Strain and Culture Conditions 
	Liquid Sourdough and Dough Fermentation 
	Microbiological Analyses of Doughs 
	Characterization and Identification of LAB and Yeasts 
	Culture-Independent Community Identifications 
	Library Preparation and Sequencing 
	Bioinformatics 
	Statistics 
	Data Availability 

	Results 
	Culture-Dependent Microbiological Analyses 
	Bacterial and Fungal Microbiota in Flour and Doughs 

	Discussion 
	Conclusions 
	References

