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Abstract

In order to contribute to the description of sourdough LAB composition, MiSeq sequencing and gPCR
methods were performed in association with cultural methods. A panel of 16 French organic bakers
and farmer-bakers were selected for this work. The lactic acid bacteria (LAB) diversity of their
organic sourdoughs was investigated quantitatively and qualitatively combining (i) Lactobacillus.
sanfranciscensis-specific qPCR, (ii) global sequencing with MiSeq Illumina technology and (iii)
molecular isolates identification. In addition, LAB and yeast enumeration, pH, Total Titratable
Acidity, organic acids and bread specific volume were analyzed. Microbial and physico-chemical data
were statistically treated by Principal Component Analysis (PCA) and Hierarchical Ascendant
Classification (HAC). Total yeast counts were 6 log;, to 7.6 log;g CFU/g while LAB counts varied
from 7.2 logy, to 9.6 logyy CFU/g. Values obtained by L. sanfranciscensis-specific gPCR were
estimated between 7.2 and 10.3 log;, CFU/g, except for one sample at 4.4 log;o CFU/g. HAC and
PCA clustered the sixteen sourdoughs into three classes described by their variables but without links
to bakers’ practices. L. sanfranciscensis was the dominant species in 13 of the 16 sourdoughs analyzed
by Next Generation Sequencing (NGS), by the culture dependent method this species was dominant
only in only 10 samples. Based on isolates identification, LAB diversity was higher for 7 sourdoughs

with the recovery of L. curvatus, L. brevis, L. heilongjiangensis, L.xiangfangensis, L. koreensis, L.



pontis, Weissella sp. and Pediococcus pentosaceus, as the most representative species. L. koreensis,
L. heilongjiangensis and L. xiangfangensis were identified in traditional Asian food and here for the
first time as dominant in organic sourdough. This study highlighted that L. sanfranciscensis was not
the major species in 6/16 sourdough samples and that a relatively high LAB diversity can be observed
in French organic sourdough.

Keywords: organic sourdough, Lactic Acid Bacteria, molecular characterization, g°PCR, MiSeq

1. Introduction

Bread is a staple in many European countries and the production of sourdough breads is part of a
cultural and geographical identity (De Vuyst and Neysens, 2005). Despite a number of technical
constraints, natural sourdough has advantages such as enhancing bread flavor, prolonging the shelf
life, improving the dough structure as well as increasing the nutritional value (Minervini et al., 2014).
The microbiota of a stable sourdough principally consists of lactic acid bacteria (LAB) and yeasts
(Huys et al., 2013). New species of the genus Lactobacillus have been isolated from traditional
sourdoughs and various studies on sourdough from different countries have been conducted to isolate
a wide range of LAB (De Vuyst and Vancanneyt, 2007). Although they mostly belong to the genus
Lactobacillus, other genera such as Leuconostoc, Weissella, Pediococcus and Enterococcus have also
been identified (Gobbetti and Géanzle, 2012). Many species have been found, such as L.sakei, L.
crustorum, L. nantensis, L. mindensis, L. reuteri,, L. brevis, L. plantarum, L. buchneri, L. curvatus, L.
panis, L. pontis, L. sanfranciscensis, L. spicheri, L. kimchi, L. amylovorus, L. casei, W. cibaria, and W.
confusa (De Vuyst et al., 2014; Gobbetti and Génzle, 2012). For yeasts, the six most common yeast
species found in stable sourdoughs are S. cerevisiae, Kazachstania exigua, Candida humilis, Pichia
kudriavzevii, Torulaspora delbrueckii, and Wickerhamomyces anomalus (De Vuyst et al., 2014).
Regarding French ones, L. plantarum and Pediococcus pentosaceus were found to be dominant
(Robert et al., 2009). Other studies revealed a higher diversity with species such as L.hammesii and
L.nantensis (Valcheva et al., 2006, 2005). For French organic and conventional sourdoughs, recent
studies demonstrated that their microbiota contain mainly L. sanfranciscensis (Lhomme et al., 2015a,
2015b) and Kazachstania bulderi and K. unispora as dominant yeast species (Lhomme et al., 2016).
Recently, the rise in culture-independent methods has provided additional data to culture-dependent
techniques. Several culture-independent techniques such as pyrosequencing (Bessmeltseva et al.,
2014; Ercolini et al., 2013; Lattanzi et al., 2013; Lhomme et al., 2015b), MiSeq ((Minervini et al.,
2015), HRM-gPCR (quantitative High Resolution Melting PCR) (Lin and Génzle, 2014), and
guantitative PCR (Lee et al., 2015; Scheirlinck et al., 2009) have been used to study sourdough
microbial diversity. The aim of this paper was to analyze quantitatively and qualitatively the LAB

relative abundance of organic sourdoughs. A panel of 16 bakers using natural sourdough and organic
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flours were selected for this study. They were characterized by their practices (farmer-bakers, artisan-
bakers and industrial-bakers) and their geographical location. To describe LAB diversity, we
combined (i) sourdough isolate identification, (ii) L. sanfranciscensis quantitative PCR and (iii) global
sequencing with MiSeq Illumina technology.

2. Materials and Methods

2.1. Sourdough and bread sampling
Sixteen bakers located in different regions of France were selected (Table 1). They were also chosen
because of their bakers’ status and related practices: farmer-bakers who produce their own flour (B15,
B20, B21, B22, B25 and B27), artisan bakers (B16, B17, B18, B19 and B24) or industrial bakers
(B23, B26, B28, B29 and B30). Sourdoughs were collected at the end of the last backslopping as
mature sourdoughs (final leavened dough) and final breads were also sampled. Both were stored in

sterile vials and conserved at 4 °C until analyses.

2.2. Microbial analysis
For each sample, sourdough was ten-fold diluted in TS (0.1% tryptone, 0.85% NaCl) and mixed for 2
min with a Stomacher (AES Laboratoire, France). Cascade dilutions were performed from 10 to 10°®
and then plated with a spiral plater (Interscience, Saint-Nom-la-Breteche, France) on MRS5
characterized by a vitamin mix addition (Meroth et al., 2003; Vera et al., 2009) for LAB enumeration
and YPD (4 g/L Yeast Extract, 8 g/L glucose, 6.8 g/L agar) for yeast enumeration. Plates were
incubated for 48 h at 30 °C under anaerobic conditions (Anaerocult A, Merck, Darmstadt, Germany)
for LAB and at 26 °C under aerobic conditions for yeast. After LAB enumeration, approximately 15
bacterial colonies from each sample were selected and, after overnight culture on MRS, maltose
(0.05%) and cysteine (1%), these were stored at -80 °C with 40% glycerol. LAB isolates were
identified by partial or whole 16S rDNA sequencing. The 16S rDNA (about 1500 bp) of the pure LAB
isolates was amplified by PCR as described previously (Jaffrés et al., 2009) from chromosomal DNA
using primers fD1 and rD1 (Weisburg et al., 1991). The sequencing primers SP1, SP2, SP3, and SP5
targeting two conserved regions of the 16S rRNA gene were used (Lhomme et al., 2015a). The partial
nucleotide sequence (about 700 bp) of the amplified 16S rDNA gene was determined using the
sequencing primer SP1. To confirm species group identity, the whole 16S rDNA gene was sequenced
(about 1500 bp) using sequencing primers SP. Forward and reverse sequences obtained with SP1 and
SP2 or with SP3 and SP5 (Table 2) were concatenated with BioEdit. A similarity of at least 97.6% to
16S rDNA gene sequences of type strains was used as the criterion for identification (Stackebrandt
and Ebers, 2006). As the 16S rDNA sequence did not discriminate Lactobacillus plantarum,
Lactobacillus paraplantarum and Lactobacillus pentosus, a multiplex PCR targeting the recA gene

(Torriani et al., 2001) was performed. Three forward primers (para-F, pent-F and F-Plan) specific for
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each species and a common reverse primer (pPREV) were used (Table 2), expecting an amplicon size
depending on the species: 107, 218 and 318 bp for L. paraplantarum, L. pentosus and L. plantarum,
respectively. In addition, a PCR targeting the katA gene (407 bp) was used (Ammor et al., 2005) to
discriminate 16S rDNA identification of Lactobacillus sakei and Lactobacillus curvatus (Table 2).
Similarly, as the 16S rDNA sequence did not discriminate all lactic acid bacteria, rpoA and pheS genes
sequencing was performed for L. koreensis and L.heilongjiangensis identification, using the
sequencing primers (Table 2) rpoA-21-F/rpoA-23-R and pheS-21-F and pheS-23-R (Naser et al.,
2007). ldentification queries were fulfilled by a BLAST search against the National Center for
Biotechnology Information (NCBI, Bethesda, USA), the BIBI (Devulder et al., 2003) and the
Ribosomal Data Project (Cole et al., 2011) databases.

Single colonies from pure bacterial cultures grown on MRS plates were transferred onto Biolog
universal growth (BUG™) agar (Biolog Inc., Hayward,CA) and incubated at 28°C for 24 h. Colonies
were picked using a sterile moistened Biolog cotton swab, suspended in sterile inoculating fluid, IF-A
(Biolog Inc., Hayward, CA) and concentration adjusted to match Biolog GEN Il turbidity standards.
Aliguots of100uL of bacterial suspensions were loaded into each well of the Microplates. Each
bacterial isolate was inoculated on a separate Biolog GEN 111 MicroPlates™. Readings of inoculated
Biolog GEN 11l microplates was performed at 580nm (Tecan Infinite Pro 200, Salzburg, Austria) after
24-48 h of incubation at 30°C. All the wells start out colorless when inoculated. During incubation,
there was increased respiration in the wells where cells could use a carbon source and/or grow.
Increased respiration causes reduction of the tetrazolium redox dye, forming a purple color. Negative
wells remain colorless as did the negative control well with no carbon source. A positive control well

was also used as reference for the chemical sensitivity assays.

2.3.Determination of TTA (Total Titratable Acidity), pH, bread mass density and organic
acids

Sourdough samples were ten-fold diluted with distilled water and mixed with a Stomacher for 2 min
(AES Laboratoire, France). Each sample was analyzed in triplicate with an automatic titrator (pH-
Matic 23, Grosseron, Saint-Herblain, France), using a 10-mL volume and N/10 NaOH solution
concentration. The results of the TTA assay were expressed in volume of 0.1 M sodium hydroxide
used to neutralize a 10 g sample (Romanian Standard Methods 90/2007). To measure the bread
specific volume, rapeseed density was used. The bread was added in the same container and the excess
seed mass was calculated, expressed in dm*/kg. To measure organic acids, 6 ml of the homogenized
mixture was centrifuged at 13,000 rpm for 5 min at room temperature. The samples were clarified by
Carrez reagents | and 11 (250 pL) and centrifuged at 13,000 rpm for 5 min. The supernatant (water-
soluble extract) was then analyzed for its organic acid concentration; it was diluted with 10 mM
H,SO, and analyzed by liquid chromatography using an HPLC system (Zeppa et al., 2001). Acid

amounts were expressed as g/kg of sourdough, dough or bread.



2.4. Statistical analysis
LAB and yeast microbial counts, L. sanfranciscensis concentration estimation and biochemical
characteristics were used as variables for statistical analyses. Principal Component Analysis (PCA)
was carried out to describe the relations between sourdough, bread physico-chemical and
microbiological variables. Hierarchical Ascendant Classification (HAC) was carried out to cluster
sourdoughs and build a partition into homogeneous clusters. These tests were performed using XLstat
(Addinsoft, 2007) and Rstudio Version 3.2.5 http://www.rstudio.com/ (Team, 2015).

2.5. Sourdough DNA extraction
Sourdough samples were five-fold diluted in TS (0.1% tryptone, 0.85% NaCl), then Tween80 was
added and mixed for 2 min in a stomacher (AES Laboratoire, France). The matrix was transferred to a
NucleoSpin® tube. After centrifugation at 8500 rpm for 10 min, the bacterial pellet was taken up in a
lysis solution (1 M Tris-HCI, pH 8, 0.1 M Na-EDTA, Triton X100, 100 mg lysozyme/ml, mutanolysin
200 U/ml).The solution was then incubated at 37 °C and a vibratory lysis step using glass beads was
performed (mini BeadBeater-8®, Biospec, California, USA). The samples were placed in an ice tray
to burst the cells by thermal shock. After addition of 25 uL of proteinase K and 200 uL of AL buffer,
the samples were incubated at 56 °C for 1 h then centrifuged for 3 min at 20000 rpm. Two hundred pL
of ethanol was added and the mix was transferred to a Qiagen column. Two successive steps of
washing with 500 pL of Buffer AW1 and Buffer AW2 were carried out. After each centrifugation
(8000 rpm for 1 min), the filtrates were discarded. DNA was eluted in 100 pL of elution solution by
centrifugation at 8000 rpm for 1 min. DNA was stored at -20 °C and its concentration and purity were

checked using a spectrophotometer (Nanodrop ND-100; Nanodrop Technologies).

2.6. Quantitative PCR to detect L. sanfranciscensis
The pheS gene was amplified from sourdough DNA with primers LS-1F and LS-1R, as described by
Scheirlinck et al. (2009). Previously, a standard curve was constructed on a target strain L.
sanfranciscensis ATCC 43332, in the range 4-10 log CFU/g (Lhomme et al., 2015b). In addition, one
non-inoculated dough was used as the negative control. The different bacterial cell densities were
plotted against the corresponding CT values (Opticon Monitor Software 3®). Amplification efficiency
(E) was calculated as E = 10 Y/slope (Klein, 2002). L. sanfranciscensis in the sourdough samples was

guantified by gPCR, using the mean values of CT obtained in three independent gPCR experiments.

2.7.Sequencing on MiSeq Illumina
After sourdough DNA extraction, amplicon libraries were constructed following two rounds of PCR
amplification. The first step was performed with the PCR primers 515f and 806r (Caporaso et al.,
2011) which target the V4 region of the 16S rRNA gene. Forward and reverse primers carried the
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following 5’-CTTTCCCTACACGACGCTCTTCCGATCT-3’and 5’-
GGAGTTCAGACGTGTGCTCTTCCGATCT-3" tails, respectively. All PCR reactions were
performed with a high-fidelity polymerase (AccuPrime Tag DNA Polymerase System; Invitrogen)
using the manufacturer’s protocol and x pl of environmental DNA (approximately x ng). Cycling
conditions for 515f/806r were adapted from Caporaso et al. (2011). Briefly, reactions were held at 94
°C for 2 min, followed by 30 cycles of amplification at 94 °C (30 s), 50 °C (60 s) and 68 °C (90 s)
with a final extension step of 10 min at 68 °C. All amplicons were purified with the Agencourt
AMPure XP system and quantified with QuantlT PicoGreen. A second round of amplification was
performed with 5 pl of purified amplicons and primers containing the lllumina adapters and indexes.
PCR cycling conditions were: 94 °C (2 min), followed by 12 cycles of amplification (94 °C for 1 min,
55 °C for 1 min, 68 °C for 1 min) and a final extension step at 68 °C (10 min). All amplicons were
purified and quantified as previously described. The purified amplicons were then pooled in equimolar
concentrations and the final concentration of the library was determined using a Kapa gPCR
Quantification Kit. Amplicon libraries were mixed with 5% PhiX control according to the Illumina
protocols. The sequencing run was performed with MiSeq Reagent Kit v3 (600 cycles) (Barret et al.,
2015).

2.8. Sequence analyses

Raw reads were analyzed using the steps described in the standard operating procedure of Mothur at
http://www.mothur.org/wiki/MiSeq_SOP (Kozich et al., 2013). Briefly, 16S rRNA gene sequences
were aligned against the 16S rRNA gene SILVA alignment using Mothur v1.33 (Schloss et al., 2009).
Chimeric sequences were detected with UCHIME (Edgar et al., 2011) and subsequently removed from
the dataset. Taxonomic affiliation of 16S rRNA genes was performed with a Bayesian classifier
(Wang et al., 2007) (80% bootstrap confidence score) against the 16S rRNA gene training set (v9) of
the Ribosomal Database Project (Cole et al., 2011). Unclassified sequences or sequences belonging to
Eukaryota, Archaea, chloroplasts or mitochondria were discarded. Sequences were assigned to
operational taxonomic units (OTUSs) at 97% identity. Only abundant OTUs representing at least 0.1%
of the library size were conserved for microbial community analyses (Barret et al., 2015). Taxonomic
affiliation of these OTUs was done using BLAST+ and RDP against the different databases: NCBI,
BIBI and RDP (Cole et al., 2011; Devulder et al., 2003; The NCBI Handbook, 2013).

3. Results and discussion

3.1. Enumeration of total LAB and yeast microflora
The number of total LAB enumerated on MRS5 medium ranged from 7.19 logy, to 9.62 log;, CFU
with a mean value of 8.92 (Table 3). Sourdough B29 presented a low concentration, 7.19 log;s CFU/g

of LAB, in comparison with other sourdoughs. The yeast population ranged from 5.92 log;, to 7.68
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logyo CFU/g, with a mean value of 7.19. The yeast/LAB ratio ranged from 0.15% to 66.07%. The vast
majority of sourdoughs present a low ratio < 10%, except for B22 and B29 (38.9% and 66.07%
respectively). These results are consistent with those previously found for French and European
sourdoughs (Gobbetti et al., 1994; Lhomme et al., 2015b).

3.2.Physical and chemical characteristics
TTA acidity, pH and bread specific volume are presented in Table 3. The pH of the sourdoughs ranged
from 3.62 to 4.03, the breads from 3.98 to 4.96. Similarly, the TTA varied from 13.3 to 21.3 and 6.9 to
10.5 mL NaOH 0.1N for sourdoughs and bread, respectively. These are expected values. Dough
acidity is mostly due to the metabolic activity of LAB (Génzle and Gobbetti, 2015). This lower bread
acidity is related to the dilution of the sourdough during its incorporation into the dough. The short
fermentation time of the final dough (approximately 4 hours) prevents sufficient production of organic
acids and a part is lost by volatilization during baking. TTA values vary depending on the nature of
flours (Banu et al., 2011; Katina et al., 2005) and the fermentation temperature: at higher temperature,
LAB produce organic acids more efficiently (Minervini et al., 2014). The bread specific volume varied
between 1.81 and 2.80 dm*/kg. These variations are due to the amount and activity of yeasts present in
the sourdough and gas production. However, the dough retention capacity and the final volume are
also related to flour properties, proteolytic activity (Thiele et al., 2002) and baking practices. Lactic
acid values varied from 3.37 to 11.96 g/kg and acetic acid values from 0.91 to 4.44 g/kg. The
fermentative quotient varied from 1.06 to 5.66; these are expected values consistent with previous
observations (Lhomme et al., 2015a; Valmorri et al., 2010). The sourdough and bread samples studied
here come from different bakers using different flours, with different baking practices in terms of
temperature and the proportion of sourdough used in the final dough. These variable conditions

explain the physico-chemical differences observed.

3.3. Estimated number of L. sanfranciscensis in sourdough by quantitative PCR
Because of the predominance of L. sanfranciscensis in French organic sourdough (Lhomme et al.,
2015Db), the gPCR technique was used to assess the L. sanfranciscensis population in sourdoughs
(Gobbetti and Corsetti, 1997; Lee et al., 2015). Scheirlinck et al. (2009) showed the value of this
method to estimate quickly the presence and amount of this species in a sample. Here, L.
sanfranciscensis qPCR estimates varied from 4.41 to 10.29 log,, CFU/g (Table 4). For 13/16
sourdoughs (all but B23, B25, B28), the number of L. sanfranciscensis estimated by gPCR represented
more than 90% (gPCR / total LAB ratio > 0.9) of the total number of LAB (Table 4), showing that L.
sanfranciscensis was the main LAB species in these sourdoughs. These results are consistent with
those found by Lhomme et al. (2015b), in which L. sanfranciscensis was predominant in 10/15

sourdoughs analyzed.



The observed overestimation (ratio > 1) of L. sanfranciscensis by gPCR compared to the total number
of LAB for 7/16 samples (Tables 3 and 4), may be related to an underestimation of the LAB
enumeration due to the selectivity of the medium MRS5. However, this medium is the most suitable to
enable isolation of specific LAB species in bread sourdough (Vera et al., 2009). Alternatively, the
gPCR method can enumerate viable and non-cultivable L. sanfranciscensis cells, i.e. living and dead
bacteria. In order to differentiate living and dead cells specific PCR and sample treatment with PMA
(propidium monoazide) may be combined to determine the viable population quantitatively (Macé et
al.; 2013). For Hierro et al. (2006), RT-gPCR could be an alternative method to rule out the counting
of dead cells.

3.4.Sourdough isolate identification

To complete and investigate LAB diversity, isolates were identified using 16S rDNA and rpoA
sequence analysis. The results are shown in Table 4. For 7 sourdoughs (B17, B18, B19, B20, B22,
B24 and B27) 100% of isolates belonged to L. sanfranciscensis species. For 3 sourdoughs (B26, B21
and B1), L. sanfranciscensis represented more than 50% of isolates. For 6 sourdoughs of the 16
studied, L. sanfranciscensis was not dominant or absent (B16, B23, B25, B28, B29 and B30).
Sourdough B16 isolates belonged to L. curvatus (90%) and L. plantarum (10%) species. For
sourdough B25, isolates were identified as L. brevis (69%), L. plantarum (15%), L. sanfranciscensis
(8%) and L. paralimentarius (8%). Sourdough B28 isolates were classified as L. sanfranciscensis
(40%), L. pontis (33%), L. diolivorans (13%), L. paracasei (7%), and L. parabuchneri (7%). Greater
genera diversity was observed in the sourdough B30 with P. pentosaceus and Weissella confusa as the
dominant species. In sourdough B29, L. xiangfangensis was isolated for the first time in sourdough as
the prevailing LAB species.

Finally, sourdough B23 was unique here because of its low value of L. sanfranciscensis (4.41 logi
CFU/qg) estimated by gPCR compared to a total of 9.02 log;o LAB. Isolates were sorted into 4 distinct
groups according to their rDNA 16S sequence homology. The first group was identified as L.
curvatus by rDNA 16S and katA gene absence by PCR amplification (Ammor et al., 2005). For the
second group, three species were identified on the basis of 16S sequencing (L. plantarum, L. pentosus,
L. paraplantarum). Using recA amplicon size variation (Torriani et al., 2001), the isolates were
identified as being L. plantarum (amplicon size of 318 bp). Isolates from group 3 were identified by
rDNA 16S sequencing as belonging to L. heilongjiangensis (100%). Using rpoA and pheS genes (Gu
et al., 2013; Naser et al., 2007), L. heilongjiangensis identity was confirmed with 99% and 96%
homology respectively and distinguished from closely-related LAB species as L. nantensis, L.
mindensis, L. crustorum or L. farciminis. Finally, for group 4, rDNA 16S sequences showed 97% of
homology with L. koreensis and 95% of homology with L. parabrevis using RDP database. With BIBI

database, the closest sequence based on patristic distances was Lactobacillus koreensis T FJ904277



with 100% of identity. Adding sequencing of rpoA gene and pheS gene, the presence of L. koreensis in

sourdough B23 was confirmed.

For 7 sourdough samples (B16, B21, B23, B25, B28, B29 and B30), LAB diversity was higher than
previously found in French organic sourdoughs (Lhomme et al., 2015a).

The sourdough LAB diversity observed here was characterized by new species isolated in sourdough:
L. xiangfangensis, L. heilongjiangensis and L. koreensis. Regarding L. xiangfangensis, it has been
isolated in Chinese pickles (Gu et al., 2012). Already identified in French sourdough (Lhomme et al.,
2015a), its occurrence was confirmed here in two sourdoughs (B21 and B29). It belongs to the
L.plantarum species group and produces acid from diverse carbohydrate substrates such as ribose, D
xylose, glucose, sucrose, fructose, and maltose. Its genome has been sequenced (Sun et al., 2015). L.
heilongjiangensis had previously been found in traditional Chinese pickles (Gu et al., 2013) and was
isolated here for the first time in sourdough (B23). It is a Gram-positive, catalase-negative, non-spore-
forming rod and produces acid from many carbon substrates. The metabolic profile of L.
heilongjiangensis strain revealed the use of mainly glucose, fructose, mannose and sucrose (Table S1).
The complete genome is 2.79 Mbp, devoid of plasmids, and with a GC content of 37.5%. Pathways
involved in the biosynthesis of riboflavin and folate were identified in the genome of L.
heilongjiangensis DSM 28069T, which are present in some other probiotic LAB strains (Zheng et al.,
2015). Considering L. koreensis, previously isolated from Kimchi (Bui et al., 2011), it was also
isolated in sourdough (B23) for the first time. Closely related to L. brevis, L. koreensis is an
heterofermentative species and metabolizes mainly fructose, glucose, and maltose (Table S2). Its
genome has been sequenced recently (Sun et al., 2015). The genomic diversity of L. xianfangensis, L.
heilongjiangensis and L. koreensis could be described by analyzing and comparing genome sequences.
Their genomes were sequenced with 210 other Lactobacillus strains by Sun et al., (2015): they

presented a robust phylogenomic framework of existing species and for classifying new species.

3.5. Relative abundance of LAB species estimated by Illumina MiSeq Sequencing
To complement the cultural and molecular approaches, the relative abundance of species in the 16
samples was determined by NGS with Illumina MiSeq technology. A total of 777,750 quality-trimmed
sequences of 16S RNA gene amplicons were obtained. The average number of sequences per sample
was 51,850. After analysis, a total of 20 OTUs were identified, with a range of 1 to 8 OTUs per
sourdough. Table 4 shows the OTUs found with a relative abundance of at least 0.1% for each
sourdough. For 12 sourdoughs, B15, B17, B18, B19, B20, B21, B22, B24, B26, B27, B29, and B30, L.
sanfranciscensis was present at more than 98%. This OTU was also detected at much lower abundance
in B25 and B28 sourdough samples (36.1% and 88.8%, respectively) and at very low abundance in
B23 and B16 samples (0.2% and 0.1%, respectively). With a relative abundance of 75.2%, L. curvatus
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was the predominant species in B16 sourdough. For sourdough B25, the predominant species (61.9%)
corresponded to an OTU that was identified only at the taxonomic genus level, Lactobacillus sp.
Similarly, other OTUs in sourdough B15 (0.1%), B16 (12.0%), B21 (0.1%), B26 (0.6%) and B30
(0.1%) were affiliated only to the genus Lactobacillus. Finally, the OTU corresponding to 80.07% in
B23 sourdough could not be formally related to a species, but was either L. koreensis or L. brevis. In
sourdoughs B21, B29 and B30, the same OTU was detected with a relative abundance of 0.1%, 0.2%
and 0.1%, respectively. In B23 sourdough, the OTU corresponding to 16.7% could not be related to a
species, but was either L. heilongjiangensis, L. farciminis or L. crustorum. Other sub-dominant species
detected in the sourdoughs (relative abundance of 0.1%-4.3%) were Weissella found in B16 (0.2%)
and B30 (0.4%), Pediococcus pentosaceus in B30 (0.2%), L. sakei in B16 (0.7%), L. brevis in B25
(0.9%), L. nantensis in B23 (0.8%), Leuconostoc in B23 (0.4%), and L. parabrevis in B25 (0.6%) and
B28 (2.4%). L. pontis was detected at a relative abundance of 4.3%, L. buchneri at 0.8% and L.
diolivorans at 2.3%, in B28 sourdough. These Miseq analysis observations could reveal a relatively

higher biodiversity considering subdominant LAB species.

3.6. Comparison of LAB diversity analyzed by the different approaches
Quantitative PCR showed that L. sanfranciscensis was the dominant species in 13 of the 16
sourdoughs studied. For 12 of the 13 samples, L. sanfranciscensis was also present at a high relative
abundance estimated by MiSeq analysis (98.6%), consistent with the gPCR quantification (Table 4).
Moreover, a significant correlation was observed between these two methods (R? =0.68, data not
shown) in PCA analysis (Figure 1C). For 10 sourdoughs, culture-dependent method confirmed
L.sanfranciscensis dominance (>50%) and were in agreement with culture-independent methods.
Likewise, in sourdough B16, L. curvatus was predominant by the molecular method and MiSeq
analysis confirming the possible occurrence of this species in sourdough as already described
(Lhomme et al., 2015b; Robert et al., 2009). For sample B28, MiSeq results were partly consistent
with the molecular characterization of isolates including L. sanfranciscensis dominance. Thus L.

pontis, L. diolivorans and L. buchneri related sp. were also identified by these two methods.

Regarding sourdough B25, the results were not totally consistent between MiSeq and the cultural
method. While L. sanfranciscensis and L. brevis were found by both methods, this was not the case for
L. plantarum and L.paralimentarius, only identified as isolates. However, these species might have
been classified as Lactobacillus species and could not be characterized more precisely by the MiSeq
method. The same analysis and comments can be made for B26 and B30. Surprisingly, sourdough B29
analysis revealed a discrepancy regarding MiSeq results and isolate identification. Bias in the DNA
extraction, sequence analyses or in sequencing might have occurred. Furthermore, the databases used
could be incomplete or may contain poor quality sequences (Ercolini, 2013). Medium composition and

strain- specific requirements could also contribute to this divergence.
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Finally, the most original sourdough of our study was sample B23. L. sanfranciscensis was found with
a relative abundance of 0.17% in MiSeq analyses, corresponding to the low population (log 4.41
CFU/g) estimated by qPCR. By molecular analysis of isolates, 37.5% of L. heilongjiangensis was
found, 25% of L. plantarum, 25% of L. koreensis and 12.5% of L. curvatus. This species might also
have been detected by MiSeq analysis. However, the MiSeq method could not discriminate between
three closely-related species, due to a too short sequence used. MiSeq analysis could be extended to
obtain more detailed and specific results by searching for primers amplifying a longer and more
discriminating 16S rDNA sequence, or using housekeepings genes as gyrB or rpoA.

The results obtained here by the three methods partially confirm previous studies for traditional Italian
sweet leavened baked goods (Lattanzi et al., 2013) and French organic sourdoughs (Lhomme et al.,
2015b). One major point of this work is that LAB species diversity was higher than previously
described (Lhomme et al. 2015a) for French organic sourdough. Our results are in agreement with the
observations of Rizzello et al. (2015), showing that Firmicutes diversity was the highest for sourdough

made with organic durum flours.

3.7. Relationships between bread and sourdough physico-chemical and microbiological
characteristics by Hierarchical Ascendant Classification

Hierarchical Ascendant Classification (HAC) was carried out to cluster sourdoughs according to
microbial counts, L. sanfranciscensis amount estimation (QPCR and MiSeq) and physico-chemical
characteristics (Table 3 and 4). Three clusters were differentiated (Figure 1B). Cluster 1 grouped 6
sourdoughs, B15, B22, B24, B26, B27 and B28. Compared to the other clusters, this cluster was
characterized by the lowest N LAB values counts and surprisingly the highest sourdough/bread acidity
characteristics TTA, pH, acetic acid (Table 3). Four sourdoughs were associated in cluster 2, B16,
B19, B23 and B25. They were characterized by the highest N LAB concentration counts, associated
with low values for L. sanfranciscensis estimation (qPCR, Miseq Relative Abundance). For this
cluster low acidity values were observed (sourdough /bread pH and TTA, lactic acid concentration).
Enumeration media selectivity and intraspecific LAB diversity could explain these results (Foschino et
al., 2001; Venturi et al., 2012). Finally cluster 3 grouped the remaining sourdoughs B17, B18, B20,
B21, B29 and B30. They were characterized by yeast counts, high L. sanfranciscensis estimation
(gPCR, Miseq Relative Abundance), low acetic acid concentration and high Fermentative Quotient.
Furthermore, in this cluster the low number of yeasts could be related to the low bread volume.
Regarding acetic acid concentration, the low number of yeasts for cluster 3 could have an impact on
fructose production through sucrose metabolism (Gobetti et al., 1994; Meignen et al., 2001; Stolz et
al., 1995). Overall, it is quite difficult to evaluate the relative contribution of LAB and yeasts for a

given sample in terms of lactic and acetic acids balance.
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HAC clustering (Table 5, Figure 1B) was completed by PCA analysis (Figure 1C). Miseq and qPCR
L. sanfranciscensis estimation are statistically linked and also correlated with sourdough TTA. These
results might be explained by the acidification capacity of L. sanfranciscensis in sourdough (Gobbetti
and Corsetti, 1997). Surprisingly, acetic acid concentration was not related to microbiological counts
and L. sanfranciscensis estimation. Yeast LAB interactions might explain these unexpected results.
Furthermore, bakers’ practices or status as defined in this study - farmer-bakers, industrial-bakers and
artisan-bakers — were not significantly different on the physicochemical or microbiological responses
considered here (Figure 1D). LAB diversity observed here, could partially explain these results.
However, backslopping frequency might influence microbiota and sourdough characteristics (Huys et
al., 2013). Moreover, Minervini et al. (2014) had observed relationships between bread physico-
chemical characteristics and sourdough microbiological data and baking practices during the

traditional sourdough process.

4. Conclusion
The aim of this study was to investigate the bacterial biodiversity of 16 French organic sourdoughs.
The lactic acid bacteria diversity of these sourdough was investigated quantitatively and qualitatively
combining (i) L. sanfranciscensis-specific gPCR, (ii) global sequencing with MiSeq Illumina
technology and (iii) molecular isolate identification. Although L. sanfranciscensis was still the
dominant species in 10 of the 16 sourdoughs studied, LAB species diversity was higher than
previously described for French organic sourdough, with 16 different species identified considering all
the methods used. Regarding both cultural and non-cultural methods, 6 samples showed a non L.
sanfranciscensis dominance, whatever the characteristics of baker’ practices. This study confirmed
that L. curvatus could be a predominant species in sourdough. Furthermore, L. xianfangensis, L.
heilongjiangensis and L. koreensis were highlighted for the first time in sourdough, having previously
only been found in traditional Asian food. Genomics experiments focusing on the genomic diversity of
these species will be performed. Finally, bakers® practices and status, as considered here, did not

appeared to be significantly related to LAB diversity and sourdough features.
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Figure captions

Figure 1: Principal Component Analysis and Hierarchical Ascendant Classification applied to
sourdoughs (SD) B15 to B30 and breads characteristics (physicochemical results, yeast and LAB
counts and Lactobacillus sanfranciscensis qPCR estimation and MiSeq relative abundance)

1A - Variables factor map of first and second principal components after Principal Component Analysis
(PCA)

1B - Hierarchical Ascendant Classification (HAC) of sixteen French organic sourdoughs based on physico-
chemical and microbiological criteria

1C - Score and loading plots of first and second principal components after Principal Component Analysis
(PCA).Underlined data represented centroids samples of HAC clusters: Cluster 1O, Cluster 20 and Cluster
30

1D - Confidence ellipses based on bakers’ groups
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Sourdough

Location of the bakery in
France

Bakers’ class

B15
B16
B17
B18
B19
B20
B21
B22
B23
B24
B25
B26
B27
B28
B29
B30

Hérault (South)
Yvelines (Paris area)
Somme (North)

Paris

Aveyron (South)
Alpes-Maritimes
Morbihan (West)
Lot-et-Garonne (South)
Bas-Rhin (East)
Vaucluse (South)
Haut-Rhin (East)
Cotes-d’ Armor (West)
Puy-de-Déme (Center)
Paris

Aude (South)

Savoie (East)

Farmer baker
Artisan baker
Artisan baker
Artisan baker
Artisan baker
Farmer baker
Farmer baker
Farmer baker
Industrial baker
Artisan baker
Farmer baker
Industrial baker
Farmer baker
Industrial baker
Industrial baker
Industrial baker

Table 1: Location and classification of the 16 French bakers selected
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Primer  Oligonucléotide sequence Target gene  Reference

set

fD1 5’-AGAGTTTGATCCTGGCTCAG-3’ 16SrRNA ~ Weisburg
gene et al., 1991

rD1 5’-TAAGGAGGTGATCCAGCC-3’

Spl 5’-ACTCCTACGGGAGGCAGCA-3’ rDNA 16S  Lhomme
position 338 et al.,
forward 2015a

Sp2 5’-ACCGCGGCTGCTGGCACG-3’ rDNA 16S
position 514
reverse

Sp3 5’-GATACCCTGGTAGTCCACG rDNA 16S
position 810
forward

Sp4 5’-CTCGTTGCGGGACTTAAC-3’ rDNA 16S
position
1100

SP5 5’-GGTACCTTGTTACGACTT-3’ rDNA 16S
position
1089
reverse

702-F 5’-AATTGCCTTCTTCCGTGTA-3’ katA Ammor et

al., 2005

310-R 5’-AGTTGCGCACAATTATTTTC-3’

paraF 5’-GTCACAGGCATTACGAAA AC-3’ recA Torriani et

al., 2001
planF 5’-CCGTTTATGCGGAACACC TA-3’

pentF 5’-CAGTGGCGCGGTTGATAT C-3’

pREV 5’-TCGGGATTACCAAACATCAC-3’

21-F 5’>-ATGATYGARTTTGAAAAACC-3’ rpoA Naser et

al., 2007

23-R 5’-ACYTTVATCATNTCWGVYTC-3’

LS-1F 5’-TGCAAGCACGTTCTCTAGAAA-3’ pheS Scheirlinck

etal., 2009
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LS-1R 5’>-GAGTTGGATCGTCGGTATCA-3’

515f 5’- MiSeq PCR  Caporaso
CTTTCCCTACACGACGCTCTTCCGATCT- 16S (V4) etal., 2011
3

806r 5’-
GGAGTTCAGACGTGTGCTCTTCCGATCT-
3

Table 2: Oligonucleotides primers used for PCR amplification and sequencing
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Ratio

Sg;?&ggh enurI;@rEtion enu:weeizttion Tj:‘g/ Sourdough pH SOL.JI.r.?.%gh Aigtl;;go(g?l?g) Li&i’[g?g%ﬁg) F?e?;;dn(}gg\be
(log CFU/q) (log CFU/g) (%) Quotient
B15 942 + 0.03 764 + 0.08 166 382 £+ 001 183 £ 6.12 157 = 008 337 = 0.02 1.28
B16 911 + 004 767 = 012 363 4.02 = 001 134 *= 245 ND ND ND
B17 9.16 + 010 6.70 + 008 035 384 = 001 150 £+ 007 091 = 002 871 =+ 0.38 5.66
B18 944 + 011 699 + 008 036 398 + 001 144 + 032 141 + 0.09 874 + 0.6 3.70
B19 962 + 019 701 + 004 025 403 + 001 133 + 031 153 * 0.07 529 + 0.07 2.06
B20 960 + 010 6.78 + 0.01 015 387 + 0.01 198 =+ 0.32 ND ND ND
B21 897 + 014 720 + 0.07 169 370 + 001 181 + 0.71 122 + 0.01 917 + 0.12 4.47
B22 809 + 003 768 + 010 389 370 + 001 149 + 03 444 + 005 7.62 <+ 0.04 1.06
B23 9.02 + 003 769 + 012 468 38 =+ 000 145 + 016 262 = 004 782 == 0.07 1.99
B24 881 + 004 758 + 014 589 38 £ 001 213 £+ 126 248 = 001 1196 =+ 0.07 2.87
B25 862 + 005 743 + 016 646 380 = 001 141 %+ 016 163 = 003 710 =+ 011 2.59
B26 929 + 004 745 + 013 145 377 + 001 180 + 0.00 219 + 0.09 10.89 + 0.13 2.97
B27 946 + 001 752 + 007 115 362 + 000 165 + 0.15 175 + 0.03 786 + 0.28 2.66
B28 854 + 009 674 + 002 158 364 + 000 192 + 0.16 334 + 033 831 + 0.79 1.48
B29 719 + 009 701 + 0.02 6607 383 + 000 148 + 0.15 162 + 0.07 809 + 0.01 2.97
B30 838 + 035 592 + 006 035 381 * 006 148 + 118 109 *+ 0.02 850 =+ 0.16 4.65

Table 3: Total LAB and yeast enumeration (log CFU/g); physicochemical characteristics of
sourdoughs and related breads (mean values + standard deviation). ND : Not determined

23



Sourdough  Quantification Ratio Species relative abundance (%) by NGS Miseq Species identified in
samples of gPCR sourdough
L. results/ by biomolecular method (%)
sanfranciscensis ~ LAB
(log CFU/g) by  count
gPCR
B15 10.29 L. sanfranciscensis (99.8 %), Lactobacillus sp. (0.1%) L. sanfranciscensis (86%), L.
109 plantarum (14%)
B16 8.41 0.92 L. sanfranciscensis (0.1%), Lactobacillus sp. (12.0%), L. curvatus (90%), L.
L .curvatus (75.2%), L. sakei (0.7%), Weissella plantarum (10%)
(0.2%)
B17 9.27 1.01 L. sanfranciscensis (99.8%) L.sanfranciscensis (100%)
B18 9.47 1.01 L. sanfranciscensis (99.9%) L.sanfranciscensis (100%)
B19 9.58 0.99 L. sanfranciscensis (99.9%) L.sanfranciscensis (100%)
B20 10.06 1.05 L.sanfranciscensis (99.7%) L.sanfranciscensis (100%)
B21 9.48 L. sanfranciscensis (99.8%), Lactobacillus sp. (0.1%),  L.sanfranciscensis (54%), L.
L. koreensis or L. brevis (0.1%) plantarum (8%), L.
105 xiangfangensis (15%), L.
brevis (23%)
B22 7.85 0.97 L. sanfranciscensis (99.9%) L.sanfranciscensis (100%)
B23 441 0.43 L. koreensis or L. brevis (80.0%), L. heilongjiangensis L. heilongjiangensis (37.5%),
or L. farminis or L. crustorum (16.7%), L. nantensis L. koreensis (25%), L.
(0.8%), Leuconostoc (order) (0.4%), L. plantarum (25%), L. curvatus
sanfranciscensis (0.2%), (12.5%),
B24 8.03 0.91 L. sanfranciscensis (99.9%) L sanfranciscensis (100%)
B25 7.40 0.85 Lactobacillus sp. (61.9%), L. sanfranciscensis L. brevis (69%), L. plantarum
(36.1%), L. brevis (0.9%) (15%), L.
sanfranciscensis (8%), L.
paralimentarius (8%)
B26 8.99 0.97 L. sanfranciscensis (98.6%), Lactobacillus sp. (0.6%), L.sanfranciscensis (75%), L.
L. parabrevis (0.6%) plantarum (25%)
B27 9.09 0.96 L. sanfranciscensis (99.8%) L.sanfranciscensis (100%)
B28 7.19 L. sanfranciscensis (88.8%), L. pontis (4.3%), L. L. sanfranciscensis (40%), L.
parabrevis (2.4%), L. buchneri (0.8%), L. diolivorans  pontis (33%), L.
084 (2.3%) diolivorans (13%), L.
paracasei (7%),
L. parabuchneri (7%)
B29 8.23 L. sanfranciscensis (99.6%), L. koreensis or L. brevis L. plantarum (9%) , L.
115  (0.2%) xiangfangensis (55%),
Leuconostoc citreum (36%)
B30 9.46 1.13 L. sanfranciscensis (99.2%), Weissella (0.4%), P. pentosaceus (55%),

Pediococcus pentosaceus (0.2%), Lactobacillus sp.
(0.1%), L. koreensis or L. brevis (0.1%)

Weisella confusa (27%),

L. sanfranciscensis (18%)

24



Table 4: Microbial diversity of 16 French organic sourdoughs. Estimation of L. sanfranciscensis by gPCR (log CFU/g),
relative abundance (expressed as %) of bacterial taxonomic units by the MiSeq method and isolate identification by 16S
rDNA sequencing (number of isolates per species / total number of isolates per sourdough expressed as %)
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gPCR

Relative Abundance

Sourdough  Sourdo

Class (|!)\l I(SQ‘E’ ) ({g T:EF?JS}) L. sanfranciscensis L. sanfranciscensis Sourd|_(|) ugh SOLJF.?.%gh Acetic acid  Lactic ¢
orr T (log CFU/g) (%) P (g/kg) (glke

1 8.34 7.44 8.57 97.8 3.73 18.03 2.63 8.3/

2 9.09 7.45 7.45 34.08 3.93 13.83 1.83 6.36
3 8.79 6.77 9.33 99.67 3.84 16.15 1.28 8.6¢€

Table 5: Cluster class centroids obtained by Hierarchical Ascendant Classification based on bread and sourdough
physico-chemical and microbiological criteria
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