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This study aimed at investigating the influence of the process environment and raw materials as sources of
microorganisms during Nyons black table olive fermentations. Fermented olives and/or brine from spoiled
fermentation tanks were analyzed and compared to good quality samples from fermentations collected during 3
consecutive harvest years. Fresh olives, salt and different process environment samples were also analyzed.
Microbial diversity of all samples was analyzed using 16S and ITS2 amplicon sequencing and SourceTracker tool
was used to investigate links between environment, raw materials and fermentation samples. First, comparison of
microbial diversity in control and most spoiled fermentations revealed striking differences in bacterial compo-
sition with an overall higher diversity in spoiled fermentations especially for lactic acid bacteria with Lenti-
lactobacillus buchneri, Lentilactobacillus parafarraginis dominating in brine and Pediococcus parvulus, Pediococcus
ethanolidurans dominating in olive fruits. Fungal communities were similar in composition although higher
abundances of Pichia membranifaciens and Penicillium carneum/roqueforti were observed in spoiled samples.
Secondly, process environment samples were characterized by high bacterial and fungal diversity, especially
compared to fresh olive fruits. Overall, dominant fungal species in control fermentations were also found in most
environmental samples revealing a “house mycobiota”. SourceTracker analysis further highlighted the contri-
bution of brine and water from the optical sorter as a source of fungi. Most interestingly, spoilage fungi and most
bacteria were retrieved in brine and environmental samples while others such as P. ethanolidurans were only
found in environmental samples indicating that the studied spoilage originated from a fermentation deviation
rather than a punctual contamination. Taken altogether, these results highlighted the positive and negative
influence of the process environment and emphasized the relevance of studying it to better understand microbial
vectors occurring during food fermentations, especially natural ones.

SourceTracker

1. Introduction

Table olives are among the most consumed fermented vegetables
worldwide with nearly 2.6 million tons produced in 2019 (International
Olive Council, 2019). Although native to the Mediterranean region, they
are produced and consumed worldwide. Table olives are highly appre-
ciated by consumers for their pleasant tastes and aromas as well as for
their health benefits (Conte et al., 2020). Table olives can be prepared
using three main processes described as either the Spanish-style process
(Iye treated green olives prior to fermentation in brine), Californian-
style preparation (ripe olives chemically oxidized) or Greek-style pro-
cess (naturally fermented black olives in brine) (Romeo, 2012).

Nyons table olives are black table olives with PDO status produced in
southern France. They are prepared using the Greek-style process and
according to PDO specifications: Tanche variety olives, harvested at full
maturity during the winter season, are directly submerged in 10% salt
brine and slowly fermented for up to 1.5 years. Nyons table olives
microbiota was recently explored (Penland et al., 2020) and as often
observed in many spontaneous or natural fermentations, harbored a
very rich and complex microbiota. A core mycobiota, composed of
Wickerhamomyces anomalus, Citeromyces nyonsensis, Zygotorulaspora
mrakii, Pichia membranifaciens and Candida boidinii, was determined
while the bacterial microbiota was less complex and dominated by
Celerinatantimonas  diazotrophica  throughout all the studied
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fermentations.

Although the complex microbial diversity of naturally fermented
table olives is often related to complex organoleptic characteristics, it
can also harbour unwanted microorganisms which may compromise
both product safety and quality. Bacteria-associated defects in fer-
mented olives are most frequently linked to off-flavours and off-odors
(Lanza, 2013) while fungal defects are often associated with visual de-
fects such as cloudy brines or gas pocket formations under the olive skin,
especially when fermentative yeast abundances are too high (Arroyo-
Lopez et al., 2012). So far, three main sensorial spoilage phenomena
have been described in table olives: “Zapateria”, putrid, and butyric
defects which are linked to Propionibacterium, Desulfovibrio and Clos-
tridium genera metabolisms, respectively.

Process environment has also been shown to be a major reservoir of
microorganisms involved in the fermentation process of many foods.
This has been particularly explored in cheese. It has now been well
established that vats, milking materials and ripening trays all harbour
microbial biofilms that can enrich the cheese microbiota (Calasso et al.,
2016; Montel et al., 2014). In line with this, Bokulich & Mills (2013) also
showed that dairy-plant surfaces contributed to the cheese microbiota.
In addition, artisanal and/or spontaneous fermentation processes imply
higher exposition to contaminants through the process environment
compared to automated industrial ones. Investigating the links between

Table 1
Description of the samples used in this study.
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the microbial communities encountered during fermentation and the in-
house microbiota is clearly of interest to better manage and control
fermentation processes. Despite this fact, and to our best knowledge, no
study has yet investigated the influence of the processing environment
on table olive fermentations.

Recent studies on microbial communities in many foods have greatly
benefited from state-of-the-art DNA-based and Next Generation
Sequencing (NGS) techniques (De Filippis et al., 2018; Frigerio et al.,
2020). Indeed, they provide in-depth and accurate data on microbial
composition in a given sample and at a given time during fermentation
without the fastidious need to cultivate microorganisms on a wide range
of media and identify massive numbers of individual isolates (Galim-
berti et al., 2020; Pasolli et al., 2020). Thus, these techniques are used
more and more frequently to compare food communities, monitor mi-
crobial changes during fermentation but also investigate potential mi-
crobial vectors. SourceTracker (Knights et al., 2011) is a relatively
recent bioinformatic tool based on Bayesian approach that aims at
predicting the source of microbial communities in designated sink
samples. It actually traces and proposes sources of microorganisms.

In this context, our study aimed at (i) identifying microbial species
linked to spoiled Nyons table olives by comparing spoiled and control
fermentation samples and (ii) investigating the impact of raw materials
and process environment on these samples using high-throughput

Sample code Harvest period

Description (Tank — sample type and age -spoilage profile)

Control fermentations Normal fermentations with final product
characteristics complying with PDO and

producer requirements

C1.D64 2018
C2_D64 2018
C1.D183 2018
C2 D183 2018
C1_End 2018
C2_End 2018
C2017_End 2017
C2016_End 2016

Olive fermentation tanks identified as
spoiled by the producer based on olfactive
and visual criteria

Spoiled fermentations

S1_End 2016
S2 End 2016
S3_End 2016
S4_End 2016
S5_End 2016
S6_End 2016
S7_End 2016
$2016_End 2016
Raw materials
Salt A 2018
Salt B 2018
FF_1 2018
FF2 2018
FB_1 2018
FB_2 2018
Process environment
Optical_sorter_surf 2018
PF_treadmill_surf 2018
Wall_surf 2018
DrainingS_A 2018
DrainingS_B 2018
Cond_treamill 2018
Filtered_brine 2018
St water A 2018
St_water B 2018
Optical_water 2018
DS_water 2018
Washing-water 2018

C1 - Olive fruits (O) and brine (B) at day 64

C2 - Olive fruits (O) and brine (B) at day 64

C1 - Olive fruits (O) and brine (B) at day 183

C2 - Olive fruits (O) and brine (B) at day 183

C1 - Olive fruits (O) and brine (B) at the end of fermentation
C2 - Olive fruits (O) and brine (B) at the end of fermentation
C2017 - Brine sample at the end of fermentation

C2016 - Brine sample at the end of fermentation

S1 - Brine (B) and olives fruit (O) at the end of fermentation - Profile 1*
S2 - Brine (B) and olives fruit (O) at the end of fermentation - Profile 1*
S3 - Brine (B) and olives fruit (O) at the end of fermentation - Profile 1*
S4 - Brine (B) and olives fruit (O) at the end of fermentation - Profile 1*
S5 - Brine (B) and olives fruit (O) at the end of fermentation - Profile 1*
S6 - Brine (B) and olives fruit (O) at the end of fermentation - Profile 1*
S7 - Brine (B) and olives fruit (O) at the end of fermentation - Profile 1*
Tank S2016 — Brine at the end of fermentation - Profile 2

Organic dry sea salt (1/10 diluted)
Conventional dry sea salt (1/10 diluted)
Tank C1 - Fresh olives fruits

Tank C2 - Fresh olives fruits

Tank C1 - Fresh brine (10% salt)

Tank C2 - Fresh brine (10% salt)

Optical sorter surface
Post-fermentation sorting treadmill
Wall surface

Draining sytem grill A

Draining sytem grill B

Conditionning sorting treadmill
Filtered brine used for olive packaging
Stagnant water in storage area A
Stagnant water in storage area B
Water on optical sorter

Water from draining system in tank preparation area
Washing water

* Spoilage profile 1 - Strong acetic smell, friable olives and cloudy, thick brine.

" Spoilage profile 2 - Olives with brown spots and small gas pockets on the surface.
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screening (HTS) metagenetic analyses and SourceTracker tool.
2. Material & methods

2.1. Olive fermentation process and sampling campaign

All samples were obtained from the same producer and were
collected from the same facilities. Fermentation tanks were prepared
with the same traditional process described by Nyons table olives PDO
requirements and treated in the same conditions: fresh olive fruits were
washed in water, sorted on treadmills before being put in tanks (300 kg)
and submerged in 10% salt brines (200 L). Tanks were then closed with a
heavy lid for the remaining of the fermentation and stored in the same
area at a temperature below 18 °C.

Samples consisted of olives and/or brines from spoiled fermentation
tanks and normal ones (used as controls) as well as raw materials and
process environment samples. The samples were collected over three
different harvest periods from 2016 to 2018. Details regarding the
choice and description of these samples are provided below and sum-
marized in Table 1.

2.1.1. Spoiled Nyons table olive fermentation samples

Spoiled samples corresponded to eight different olive tanks from the
2016 harvest period. Samples S1_End to S7_End were singled out at the
end of fermentation among the other tanks from the 2016 harvest period
based on their abnormal profile. They were all characterized by a strong
acetic and overripe-fruit smell. Brines were thicker and cloudier, while
olive fruits were more friable or brittle (when cut) than control fruits. No
visual defects such as discoloration or gas pockets were noticeable on
fruits. S2016_End sample was characterized by the presence of brownish
spots and gas pocket on the surface of the olive fruit skin but no olfactive
defect was noticeable.

2.1.2. Control Nyons table olive fermentation samples

Control samples were collected from three different harvest period
fermentations: 2016 (C2016), 2017 (C2017) and 2018 (C1 & C2 tanks).
All tanks were sampled and analyzed at the end of fermentation. C1 and
C2 tanks corresponded to both olive and brine samples from previously
studied Nyons olive fermentations as reported by Penland et al. (2020).
These tanks were included as controls since they were fully character-
ized and the fermentation outcomes were consistent with PDO re-
quirements. In addition, samples collected at 3 intermediary stages of C1
and C2 fermentations (corresponding to raw materials at day 1, day 64
and day 183 of fermentation) were analyzed in order to reflect microbial
diversity and dynamics at other fermentation stages.

2.1.3. Process environment and raw materials samples

Sampling was performed at different places in the production and
storage facilities to track potential microbial sources. These samples
were collected at the start (day 8) of the 2018 harvest fermentations
(control fermentations) from different zones in the Nyons olive pro-
duction facility. Four surfaces were also analyzed by streaking swabs
moistened with Tryptone Salt diluent (TS) over a 71 cm? area in
different working zones. Finally, two dry sea salt samples, used as raw
materials for brine preparation, were taken. All samples were analyzed
according to the protocol described below and within 24 h.

2.2. pH and microbial monitoring by culture-dependent approach

2.2.1. Fermentation brine pH measurement
pH values were measured for each fermentation sample using a pH
meter (Hanna Instruments HI 2020-02).

2.2.2. Enumeration of microbial populations in spoiled and control
fermentations or environmental samples
Microbial populations were monitored for both control and spoilage
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samples. Brine and olive fruits were treated together in a 1:1 ratio (w/
w): 12.5 g of olive flesh and 12.5 mL of brine were mixed with 225 mL
Buffered Peptone Water and blended with a stomacher for 3 min at high
speed. Serial dilutions were then prepared in Tryptone Salt diluent (TS;
sodium chloride 8.5 g/L, tryptone 1 g/L) and plated on seven different
media to enumerate total fungal populations (Yeast extract Glucose
Chloramphenicol medium, YGC, 25 °C, 5 days), halotolerant fungi (YGC
+ 5% NaCl, 25 °C, 5 days), total microbial populations (PCA, 30 °C, 72
h), halotolerant microbial populations (PCA + 5% NaCl, 30 °C, 72 h),
enterobacteria (VRBG,30 °C, 48 h), lactic acid bacteria (LAB) (MRS +
0.01% cycloheximide, 30 °C, 48 h ; anaerobiosis) and halotolerant lactic
acid bacteria (MRS + 5% NaCl + 0.01% cycloheximide, 30 °C, 48 h ;
anaerobiosis).

In addition, hygiene and safety quality of both control and spoiled
olives was assessed in compliance with EC Regulation n°2073/2005
(Commission Regulation (EC) No 2073/2005 of 15 November 2005 on
Microbiological Criteria for Foodstuffs, 2005). Escherichia coli (TBX,
42 °C, 24 h) and coagulase-positive staphylococci (Baird Parker sup-
plemented with Rabbit Plasma Fibrinogen, 37 °C, 48 h) were enumer-
ated while Listeria monocytogenes and Salmonella spp. absence in 25 g
was verified, following ISO 11290-1:2017 and ISO 6579-1:2017 guide-
lines, respectively.

Regarding environmental samples, mesophilic aerobic microorgan-
isms were enumerated on PCA (30 °C, 72 h) and fungi on YGC (25 °C; 5
days) after initial serial dilutions in Tryptone-Salt diluent.

2.3. Microbial community analyses using metagenetics

2.3.1. DNA extraction

DNA was extracted from both brine and olive fruit samples for
control and spoiled fermentations. Cell pellets were prepared as
described in Penland et al. (2020). Regarding environmental samples,
pellets were obtained from liquid samples by centrifuging 1 mL (9000g,
15 min, 4 °C), whereas for surface samples, swabs were placed in 1 mL of
TS diluent prior to centrifugation (9000g, 15 min, 4 °C) to obtain cell
pellets. All DNA extractions were performed using NucleoSpin Soil DNA
kit (Macherey-Nagel, Germany) following the protocol previously
described in Penland et al. (2020). DNA extracts were stored at —20 °C.

2.3.2. Amplification and sequencing

DNA extracts were used to study bacterial and fungal diversity in all
samples. DNA extracts were first submitted to PCR amplification. For
bacteria, V3-V4 region of the 16S rDNA gene was targeted using S-D-
Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 primers and using PCR
conditions described by Klindworth et al. (2013). For fungi, ITS3f/
ITS4 Kyol primers targeting ITS2 region and PCR conditions as
described by Toju et al. (2012) were used. Sequencing was performed at
GATC sequencing platform (Eurofins, Germany). All ITS2 and V3-V4
amplicons were sequenced in the same run using Illumina Miseq
PE300 technology generating 2x300 bp reads.

2.3.3. Bioinformatics

Sequencing data were then analyzed using the FROGS pipelines
developed by Escudié et al. (2018) under Galaxy (Afgan et al., 2018).
Briefly, raw paired-end reads were first assembled and filtered based on
the following criteria: only sequences with amplicon size between 370
and 490 bp for V3-V4 contigs and 100-530 bp for ITS2 contigs were kept
while the ones with a mismatch rate above 0.1 and the sequences with
NNN were filtered out for both data types. Then, for each data type,
remaining sequences were respectively clustered using the Swarm al-
gorithm (Mahé et al., 2015) with an aggregation distance of 3 into
Operational Taxonomic Units (OTUs). Sequences underwent some
filtering steps: chimeras were detected and removed using Uparse
(Edgar, 2013) using ‘de novo parameter’, then sequences with a relative
abundance below 5 x 10~ or present in only one sample were excluded.
For ITS2 data, ITSx was used prior to affiliation to extract and select ITS2
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sequences (Bengtsson-Palme et al., 2013). Finally, affiliation step was
performed using SILVA (V138) and UNITE 8.2 fungi databases for 16S
and ITS2 data, respectively. When species identification by blastn + and
identification was below 97%, affiliation was manually corrected to the
genus level. In the same manner, when sequences were multi-affiliated
by FROGS, because the targeted V3-V4 region or ITS2 were unable to
discriminate species, the resulting species or genus-level assignations
were implemented into the final OTU table. OTUs affiliated to chloro-
plasts or mitochondrial sequences in the 16S data set were excluded
from the analyses.

2.4. Metagenetic statistical data analyses

Processing and statistical analyses of microbial communities were
performed using Phyloseq package (McMurdie & Holmes, 2013) under R
software. Alpha and beta-diversity analyses were performed on control
and spoiled fermentation sample datasets. Data were first normalized
based on the sample that had the lowest number of sequences. Taxo-
nomic composition and abundance distribution were then determined
and alpha-diversity indexes (Observed, Chaol and Shannon) calculated.
Kruskal-Wallis test was used to compare values between spoiled and
control fermentation samples. When differences were significant (P <
0.05), the Wilcoxon test was performed to explore differences within the
variable. Weighted UniFrac distance and Bray-Curtis distance were
calculated to analyze beta-diversity within fungal and bacterial com-
munities. Multidimensional Scaling (MDS) and Adonis test (999 per-
mutations) in R vegan package (Oksanen et al., 2013), were then used to
assess the impact of the same variables than for alpha-diversity. More-
over, OTU abundance difference analysis between control and spoiled
samples was performed on the non-rarefied OTU count table using
Deseq2 package (Love et al., 2014; McMurdie & Holmes, 2014; Safari
et al., 2020). Differences were expressed as log2 fold changes and their
significance levels were tested using Wald test followed by Benjamini-
Hochberg False Discovery Rate correction with alpha value set at 0.05
(Benjamini & Hochberg, 1995). Statistical tests (ANOVA, Kruskal-
Wallis, Wilcoxon and Adonis test) were performed under R software
using FactoMiner (Le et al., 2008) and Hmisc (Hmisc: Harrell Miscella-
neous. R package version 4.5-0, 2021) packages and XLSTAT software
(Addinsoft, Paris, France). Representations were obtained using R
ggplot2 package (Wickham, 2016).

2.5. Source tracker analyses

SourceTracker algorithm (Knights et al., 2011) was used to investi-
gate possible sources of contamination (environmental sources and raw
materials, i.e. salt, olive fruits, brine) in spoiled and unspoiled brines and
olives during fermentation. The analysis was carried out on samples
with more than 1000 reads at a rarefaction depth of 1159 reads for 16S
rRNA and 1961 for ITS amplicons, with 100 burn-ins and 10 restarts.
Venn diagrams were built from non-rarefied OTU tables using jvenn
online tool (Bardou et al., 2014).

3. Results
3.1. Sequencing performance

Regarding ITS2 sequencing data, a total of 1 478 832 quality-filtered
contigs (average length of 291 bp) were obtained through ITS2 Illumina
sequencing. After chimera and singleton removal, sequences were
clustered into 165 OTUs belonging to Ascomycota (94.2%), Basidio-
mycota (5.6%) while 0.2% were unidentified. After normalization, 1961
sequences per sample were kept for diversity analyses.

V3-V4 16S rDNA gene Illumina sequencing resulted in 1 556 969
reads which passed quality filtering with an average length of 427 bp.
After assignation and contaminant removal, 524 958 sequences were left
and clustered into 144 OTUs that were assigned at the genus or species
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level (96% sequences with a coverage at 100% and identity between 95
and 100%). However, sequence numbers highly differed between sam-
ples and were particularly low for environmental and raw material
samples. For this reason, control and spoilage fermentation sample di-
versity analysis was conducted separately from environment samples.
Alpha and beta-diversity analyses were performed after rarefaction at
1159 sequences per sample.

3.2. Microbiota of spoiled and control Nyons table olive fermentations

3.2.1. Microbial populations and pH determinations in control and spoiled
fermentations

Safety and hygienic quality of both control and spoiled olive
fermentation samples at the end of fermentations were tested according
to EU regulation 2073/2005. All criteria were satisfied: no Salmonella or
Listeria were detected in 25 g of sample, Escherichia coli, coagulase-
positive staphylococci and enterobacteria populations were below
detection level (<100 CFU/g) in all samples.

Based on the microbial populations enumerated and pH values
determined for samples, major differences were observed between
spoiled and control fermentations (Table 2). At the end of fermentation,
pH values were significantly lower (P < 0.001) for spoiled samples, with
values near ~ 3.8 versus ~ 4.4 in control samples. Moreover, lactic acid
bacteria (LAB) and halotolerant LAB were at significantly higher counts
in spoiled samples. Levels reached 4.5 to 5 log CFU/g in the analyzed
brine/olive mixtures while they were undetected (<2.3 log;o CFU/g)
during control fermentations (P < 0.001). No significant differences in
fungal counts were observed. Populations ranged between 3.85 and 4.80
logip CFU/g in spoiled samples and were close to 4.5 log;o CFU/g in
control samples at the end of fermentation.

3.2.2. Comparison of fungal communities between spoiled and control
fermentations

Alpha-diversity indexes (Observed and Chaol for richness, Shannon
for evenness) did not show any significant differences between spoiled
and control fermentation samples regardless of the matrix type (brine or
olive fruit). The only significant difference was observed for Shannon
evenness index between olives and brines (P < 0.05) with higher values
observed for olive fruits compared to brine samples (Supplementary
Fig. S1).

To assess beta-diversity, MDS analysis based on weighted UniFrac
distance was chosen as it explained the highest variance with nearly
71% on the first two dimensions compared to Bray Curtis distance
(42.3%) (Fig. 1). Axis 1 (38.6%) clearly separated spoiled fermentation
samples (no distinction was made between the type of sample: brine, dry
salt, and olive samples) from control samples, while on axis 2 (32.3%),
raw material and control fermentation samples were opposed. Inter-
estingly, process environment samples were not homogeneously
distributed with most of surface samples grouped close to control fer-
mentations along axis 2. Adonis tests performed on the different vari-
ables (category and type of samples) confirmed these observations with
significant differences (P < 0.001 and RZ= 0.47) between communities
from spoiled and control fermentations. Overall, alpha and beta-
diversity suggested that fungal communities from spoiled fermenta-
tions differed more by the relative abundances of shared OTUs rather
than the presence of OTUs specific to one community.

Further analyses were therefore performed to investigate differences
in fungal community compositions between spoiled and control samples
as well as according to matrix type (brine versus olive fruits). Based on
the relative species abundances observed between samples (Fig. 2) and
differences in species OTU abundances determined by Deseq analysis,
similar conclusions could be made. Similarities in species composition
were identified in all samples at the end of fermentation and Pichia
membranifaciens dominated in all cases. However, control fermentations
were also dominated by Candida boidinii and Saccharomyces cerevisiae
while these species were subdominant in S1 to S7 spoiled fermentation
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Enterobacteria

Halotolerant fungi

Fungi

Halotolerant anaerobic LAB*

Anaerobic LAB*

Halotolerant aerobic microorganisms

Mesophilic aerobic microorganisms

pH in brine

Code

Microbial population counts (log;o CFU/g of mixed olive and brine) and pH (Units) in spoiled and control fermentation samples. For control or spoiled samples, different letters in a row indicate a significant

difference (P < 0.05) according to Tukey’s LSD test.

Table 2

0.001

0.001

<0.0001

<0.0001

0.08

0.02

<0.0001

P value

Control samples

<DT
<DT
<DT
<DT
<DT
<DT
<DT
<DT

2.3°

3.01°

<DT
<DT
<DT
<DT
<DT
<DT
<DT
<DT

<DT?

2.79°

279

7.53%

FF_2 &FB_2

FF.1 & FB_1

3.71%

3.92%

<DT?

3.88%

3.63%

7.64%

C1.D64

5.07°

5.36¢
5.68¢

<DT?

4.91%

5.39"

4.56"

C2.D64

5.48"

<DT?

5.13°

5.63"
4.1°

458"
4.5°

C1.D183

5.04"

5.19%
5.564¢

<DT?

4.57°

C2.D183

5.46"

<DT?

5.25%

5.29"

4.54°

C1.End

453"

4.42b¢

<DT?

4.447

4.49° 4.69"

€2 End

4.62°

4.87>

<DT?

4.67°

4.86"

4.43°

Spoiled samples

<DT
<DT
<DT
<DT
<DT
<DT
<DT

3.85"

4.06"

5.94°

5.84"

3.78°

454"

3.79¢
3.83¢
3.78°
3.78¢
3.72¢
3.85°¢

S1_End

S2_End

4.78"

4.91°

5.92°

6.06"

4.95%

5.19"
5.3%

$3 End

458"

4.86"

6.16°

6.08"

5.26%

S4 End

4.34°

4.48°

6.10°

6.05"

4.96°

5.11°

S5_End

4.19°

4.85°

5.96"

5.91°

4.09°

4.84°

S6_End

4.39°

4.31°

5.97°

5.93"

5.33%

5.49"

S7_End

4.41°

4.45°

6.21°

6.22"

5.65%

5.55"

4.41°¢

Abbreviations: LAB Lactic acid bacteria - DT Detection threshold (no colony on plate at the lowest dilution).
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tanks. In these spoiled samples, higher abundances of some fungal
species such as Botrytis sp. were also identified. Focusing on olive fruit
communities, Deseq analyses were performed to determine OTU abun-
dance differences and strong differences were observed for nine species
with log2 fold change values ranging from 5 to 32 (Fig. 3). For instance,
Pichia membranifaciens (log2 fold change |32|, P < 0.001), Candida
spencermartinsiae (log2 fold change |24|, P < 0.001) and Penicillium
carneum/roqueforti (log2 fold change |7|, P < 0.001) were at signifi-
cantly higher abundances in spoiled fermentation samples as compared
to control ones by the end of fermentation. Similar results were observed
in brines for P. membranifaciens (log2 fold change |24|, P < 0.001) and
Penicillium carneum/roqueforti (log2 fold change |24], P < 0.001)
although it was less pronounced in brines. In addition, other species
(mostly filamentous fungi) were found at significantly higher abun-
dances, i.e., Neoascochyta graminicola (log2 fold change |41|, P < 0.001),
Alternaria sp. (log2 fold change |35|, P < 0.001), Botrytis sp. (log2 fold
change |31|, P < 0.001) and Epicoccum hordei/nigrum/proteae (log2 fold
change |39|, P < 0.001). However, for these latter species, it should be
noted that although their relative abundances were significantly higher,
most of them remained, overall, subdominant (<0.3% in average) in the
spoiled brine and olive fruit fungal communities.

3.2.3. Bacterial community comparison between spoiled and control
fermentations

Alpha-diversity analysis revealed significant differences within bac-
terial communities of spoiled and control fermentations (Supplemen-
tary Fig. S2). All three calculated indexes were significantly higher in
spoiled olives and brines compared to their respective control counter-
parts (P < 0.05 for observed richness and P < 0.01 for Chaol and
Shannon indexes). Overall, the highest alpha-diversity values, all in-
dexes considered, were observed for spoiled fermentation brines indi-
cating that these samples were characterized by a more diverse and
evenly distributed species community compared to control
fermentations.

Beta-diversity was analyzed using MDS analysis on both Bray-Curtis
and weighted UniFrac distances. MDS analysis based on Bray-Curtis
distance explained the most variance on the first two axis (79.7%). It
showed a clear separation of spoiled and control fermentation samples
on axis 1 and further separated spoiled brines and olives on axis 2
(Fig. 4). Complementary Adonis test confirmed that the bacterial com-
munity structure in spoiled and control fermentations was significantly
different (P < 0.001; R? = 0.55). However, differences between brines
and olive fruits were not statistically significant and associated with a
low R? value, therefore showing a lower impact of this variable on the
bacterial communities (P = 0.12; R* = 0.07).

Differences in bacterial community profiles between control and
spoiled samples were further explored by composition and OTU abun-
dance difference analyses. Bacterial community composition at the
species- and OTU-level confirmed trends observed through MDS anal-
ysis. Striking differences were observed with these two analyses. Com-
munities from spoiled samples differed from control fermentations by
both the species present and the dominant species abundances (Fig. 5)
except for S2016_End sample. Control samples and surprisingly spoiled
sample S2016_End showed similar profiles. Indeed, the bacterial com-
munity composition was stable during (at days 64, 183) and at the end of
fermentation for all three considered harvest periods (C2016, C2017, C1
and C2 in 2018). For both olive fruits and brines, bacterial communities
were largely dominated by Celerinatantimonas diazotrophica (relative
abundances ranging from 85 to 100%) followed by Marinobacterium
litorale.

Although both species were identified in S1 to S7 spoiled fermenta-
tion samples, they were sub-dominant and instead lactic acid bacteria
(LAB) species dominated. In olive fruits, Pediococcus parvulus was clearly
the most abundant LAB (30 to 85%), followed by Lentilactobacillus
buchneri and Lentilactobacillus parafarraginis. Other LAB including Ped-
iococcus ethanolidurans, Lactiplantibacillus pentosus/plantarum as well as
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Fig. 1. Beta-diversity analysis of fungal communities by Multidimensional Scaling using weighted UniFrac distance. The four sample categories are considered:
spoiled fermentations, control fermentations, process environment and raw materials and differentiated according to the type of samples.
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Fig. 2. Fungal community composition comparison of spoiled and control fermentation samples. Relative abundances of the 25 most abundant species are presented
for brine and olive fruits separately, based on ITS2 region metagenetic analysis.

Suttonella indologenes (from the Proteobacteria phylum) were also found
in most samples, but at lower abundances. In spoiled brines, bacterial
communities were dominated by L. parafarraginis except for two sam-
ples. The previously identified species in olive fruit, namely P. parvulus
and L. buchneri, were the second and third most dominant species.

samples.

(log2 change value

Overall, higher species diversity was observed in spoiled versus control

Interestingly, for these seven samples, comparison of OTU abun-
dances revealed significantly higher abundances for 79 and 31 OTUs

s between 8 and 31) in spoiled brine and olive fruit,
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Fig. 3. OTUs differential abundances between spoiled and control fermentations (A) olive fruit and (B) brine. Log2 fold changes were calculated using Deseq2 tool.
Only OTUs with a Pvalue < 0.05 (after adjustment by BH correction) are displayed.

respectively, when compared to control counterparts (data not shown).
When looking at the OTU distribution for the different conditions, dif-
ferences between control and spoiled samples were even more striking
as most OTUs were completely absent in control fermentations (Sup-
plementary Fig. $3). This included the dominant LAB species observed
in spoiled fermentation samples as well as other species such as
Escherichia coli and S. indologenes. Overall, bacterial communities in
spoiled fermentations strongly differed in species composition and di-
versity, especially for LAB which were dominant in spoiled fermenta-
tions, and in the abundances of dominant species found in brines and
olive fruits.

3.3. Tracking of microbial sources in process environment and raw
materials

3.3.1. Fungal diversity analysis

Mycobiota in process environment samples and raw materials
collected during control olive fermentations were analyzed by meta-
genetic analyses. The 25 most abundant species that were identified in
the different samples are presented in Fig. 6. High fungal diversity was
encountered in the process environment for both surface and liquid
samples in comparison to raw materials. Highest OTU diversity was
observed in liquid samples, such as the Optical water sample (77 OTUs

detected), which was also previously identified as a main contributor in
fermentation samples. A similar trend was observed for samples
belonging to the surface of the draining systems. Among raw materials,
salt used to prepare brines showed the highest diversity.

Focusing on the distribution of fungal species, some of the most
dominant throughout fermentation were Pichia membranifaciens, Zygo-
torulaspora mrakii, Wickerhamomyces anomalus, Citeromyces nyonsensis
and Candida boidinii. They were widespread among environmental
samples (i.e., liquids, surfaces) and brines for raw materials. Fungal
communities encountered in process environment samples were mostly
dominated by filamentous fungi. Penicillium and Cladosporium genera
were particularly represented as well as some yeast species such as
Candida spencermartinsiae and Candida norvegica. Both Candida species
were present at high abundances in several surface and liquid process
environment samples.

For raw materials, high diversity was observed in salt samples used
for brines as more than 30 OTUs were identified. Highest species
abundances mainly corresponded to the dominant yeasts encountered
during fermentation. In comparison, fungal diversity on fresh olive fruits
mainly consisted of Alternaria alternata/tenuissima and Aureobasidium
pullulans. Neither species was found in high abundances in olives during
fermentation.

Using the SourceTracker tool and ITS2 metagenetic data, nine
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Fig. 5. Bacterial communities of spoiled and control Nyons olive fermentations as revealed by V3-V4 region of rRNA gene metabarcoding analysis. The 25 most
abundant species are presented for control and spoiled fermentation samples with brine and olive fruit separated.

potential sources were analyzed and seven were shown to contribute to 15.4% (C2016_Brine). Overall, the salt used for brining was identified as
fungal community composition of at least one sample (Fig. 7). Moreover, the main contributor to fungal communities as observed in the different
the percentage of unknown sources ranged from 0.07% (C2017_Brine) to fermentation samples regardless of whether they were spoiled and the
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Fig.7. Potential contributors to fermentation fungal community based on SourceTracker analysis of ITS2 metagenetic sequencing data.

matrix type (brines versus olive fruits). Surprisingly, the second poten-
tial contributor that was identified corresponded to the draining system
grids, especially for control fermentations. For these samples, in
particular during the intermediary stages of fermentation (day 64 and
day183 samples), stagnant water near the optical sorting treadmill was
also identified as an important microbial source (2 to 70% depending on
the samples). In general, fresh fruits did not seem to impact fermentation
mycobiota and their contribution was restricted to three fermentation
samples.

3.3.2. Bacterial diversity analysis

Bacterial composition was analyzed for process environment and
raw material samples. Different profiles, based on the 35 most abundant
species, are shown in Fig. 8. As illustrated, higher species diversity was
clearly observed among process environment samples when compared
to raw materials. More precisely, among process environment samples,
up to 73 OTUs were identified in draining systems and 17 on the optical
sorter surface, while <15 OTUs were identified in either raw materials
(Supplementary Table S1). Regarding bacterial community profiles,
although C. diazotrophica represented more than 80% of sequences in
some samples (i.e. filtered brine, treadmill samples), high variability
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V3-V4 16S rRNA gene metagenetic analysis. For each sample, proportion of sequences affiliated at the species level are presented.
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between surface and liquid samples was observed. Enterobacteria such
as E. coli and Enterobacter sp., as well as other species belonging to the
Halomonas and Pseudomonas genera, represented altogether between 26
and 40% of all sequences in most environmental samples. Bacterial di-
versity in raw materials was lower with <15 OTUs identified in salt
samples and fresh olive fruits. Surprisingly, salt and fresh fruits had very
similar profiles composed of C. diazotrophica, Enterobacter sp. and, to a
lesser extent, E. coli; these three species being the most frequently
identified in these samples. However, a main difference between both
sample types was the presence of Lactiplantibacillus pentosus/para-
plantarum in fresh olive fruits. In contrast, among raw material samples,
higher diversity was observed in fresh brines as observed for Idiomarina,
Marinobacter and Alcanivorax species.

SourceTracker was also implemented on 16S metagenetic data to
determine potential bacterial sources in the process environment and
among raw materials. However, most samples that could be considered
as potential sources had insufficient read numbers to include them in the
SourceTracker analysis. As a result, among the proposed microbial
sources, none were identified to contribute to half of the studied
fermentation samples (mainly spoiled samples) while stagnant water
samples from the storage zones in the production facility were identified
as the unique microbial contributor to all control fermentation samples
(Supplementary Fig. S4).

3.4. Qualitative overview of environmental and fermentation microbiota

To study further the relationships between the in-house and spoiled
and unspoiled olive microbiota, bacterial and fungal taxa (OTUs affili-
ated at the genus or species level) that were specific or shared among the
different samples, i.e. process environment, raw materials, control fer-
mentations and spoiled fermentations, were represented using Venn
diagrams (Fig. 9).

Regarding fungal distribution (Fig. 9A), and as previously observed,
highest diversity was found (represented by 148 OTUs) in process
environment samples followed by spoiled fermentation samples (102
OTUs). In the case of raw materials and control samples, around 80
OTUs were observed when considering all samples in each group. Pro-
cess environment was characterized by 31 specific OTUs, while for the
other studied components, this number was lower. For instance, only 1
and 5 specific OTUs were observed in control and spoiled samples,
respectively. When all components were considered, 42 OTUs were
common. Interestingly, among these OTUs, the dominant yeasts (e.g.
W. anomalus, C. nyonsensis, Z. mrakii, C. boidinii) were found throughout
control fermentations as well as P. membranifaciens, P. carneum and
C. spencermartinsiae, previously found in higher proportions in spoiled
samples (see 3.1.2). In addition, 28 OTUs were found to be common to
process environment samples as well as control and spoiled fermenta-
tions. Twelve other OTUs were only common to spoiled fermentations
and process environment samples and included Rhodosporidiobolus
colostri and Starmerella apicula. Both were found in significant abun-
dances in the spoiled fermentation samples. Finally, 28 OTUs were
shared by both control and spoiled fermentations and were mostly
affiliated to the dominant species involved in control fermentations.

Regarding the distribution of bacterial species, as shown in Fig. 9B, a
high number of OTUs (n = 40) were specific to process environment
samples although they mainly belonged to subdominant species. On the
other hand, no specific OTUs were identified for raw materials and
control fermentation samples. Twenty-seven OTUs were shared by all
four components and included bacteria found in control fermentations,
namely C. diazotrophica and M. litorale, but also some LAB identified as
dominant species in spoiled fermentations, especially P. parvulus, L.
parafarraginis, L. buchneri and S. indologenes. Most interestingly, 31 OTUs
were only shared between spoiled fermentation samples and those from
the processing environment. Among these OTUs, P. ethanolidurans, L.
acidipiscis and L. paracollinoides were identified. Finally, 12 OTUs (spe-
cific to spoiled fermentations) and three OTUs (shared by control and
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spoiled fermentations) were not found among the studied raw materials
and environmental samples.

4. Discussion

Food spoilage is responsible for safety and quality defects that lead to
important food losses for producers. In the case of traditional and arti-
sanal fermented foods, process conditions are often less standardized
than industrial ones, especially for small scale productions, and often
involve indigenous microorganisms. These productions are thus more at
risk to potential microbial contaminants and/or variations in microbial
community structure (Capozzi et al., 2017). Microbial contaminations
can be linked to raw materials or environmental origins although it
should be emphasized that environmental sources can be both beneficial
(potential reservoir of microorganisms for fermentations) or detrimental
(food spoilers) (Hernandez et al., 2018). In this study, both aspects were
investigated for spoiled and unspoiled PDO Nyons table olives produced
in the same facility.

Previous work on microbial dynamics during Nyons table olive
fermentation revealed that the process was dominated by yeast pop-
ulations and characterized by a rapid pH decrease in the first weeks of
fermentation to around 4.4 (Penland et al., 2020). Table olives are most
often linked to microbial spoilers that increase brine pH and this is
typically caused by yeast or filamentous fungi growth (Lanza, 2013). On
the contrary, in the present study, most spoiled fermented olives were
characterized by a significant decrease in pH that was approximately 0.6
units lower than control fermentations as well as acidic sensory prop-
erties. These findings corroborated the microbial markers identified in
bacterial communities. Indeed, high LAB counts were found in all
spoiled fermentations while they were below the detection limit in
control fermentations. Similarly, low levels of LAB were already
observed in other tanks of Nyons table olives produced at two different
harvesting times. Using 16S rRNA metagenetic analyses, diversified LAB
populations were identified in spoiled olives and included P. parvulus
and P. ethanolidurans in brines and L. parafarraginis (ex- Lactobacillus
parafarraginis) and L. buchneri in olive fruits. These species undeniably
dominated bacterial communities of spoiled samples and completely
supplanted the species usually found, namely C. diazotrophica and
M. litorale. It is not clear why these two species were inhibited in spoiled
samples but a more acidic pH associated with higher organic acid con-
centrations as well as competition-exclusion could be responsible,
among other factors, for this inhibition.

In most table olive preparations, LAB are usually considered as the
main microorganisms responsible for the fermentation process and
ensure rapid acidification in brines via lactic acid production (Hurtado
et al., 2012). Some of the identified LAB species, such as L. plantarum,
are commonly observed in table olives. P. parvulus was already identi-
fied in natural green olive fermentations after 6 months although as a
subdominant species (Abriouel et al., 2012) as well as P. ethanolidurans
(Lucena-Padros et al., 2014). Nevertheless, in our study, their presence
and known metabolism correlate with the observed sensory defects.
Indeed, P. parvulus has been previously associated to wine-making and
cider-making defects due to its ability to produce exopolysaccharides
(Dols-Lafargue & Lonvaud-Funel, 2009; Ibarburu et al., 2010) and, in
the current spoilage scenario, can be linked to the abnormal viscosity of
spoiled brine samples (Wade et al., 2019). Regarding L. parafarraginis
and L. buchneri species, their presence or spoilage activity has not been
reported to date for table olives. However, these two heterofermentative
LAB were associated with quality defects in cucumber fermentations
(Franco et al., 2012). L. buchneri was shown to degrade lactic acid into
acetic and propionic acids during cucumber fermentation (Johan-
ningsmeier et al., 2012) and the same metabolism was reported for
L. parafarraginis in silage (Xu et al., 2017). Considering the high levels of
lactic acid previously quantified during Nyons table olive fermentations
(Penland et al., 2020), this scenario is highly probable. Moreover,
Johanningsmeier et al. (2012) further demonstrated that these
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metabolic activities were highly dependent on pH but also salt con-
centration as lactic acid degradation increased as salt content decreased
to 4 or 6% NaCl. For Nyons table olives fermented in brines, salt con-
centration is set to 10% as stipulated by PDO requirements. However, it
is possible for this concentration to decrease over time as salt in brines
slowly diffuses into olive fruits.

Regarding fungal communities in spoiled samples, counts were
similar and the same species were identified although at different
abundances. For example, P. membranifaciens dominated in most spoiled
samples as well as several other filamentous fungi including Penicillium
carneum/roqueforti, thus suggesting that these species were particularly
adapted to the acidified environment. P. membranifaciens is known to
grow at low pH, around 4 (Aguiar & Lucas, 2000), and is also resistant to
high acetate concentrations (Oliveira et al., 2004).

Although some fungal species appear to be linked to spoilage in our
study, complementary analyses would be necessary to confirm their
spoilage behaviour (by artificially inoculating these species during
fermentation) and to pinpoint the environmental determinants and
outcomes. For the latter, salt quantification in brines could indicate if a
strong deviation from usual salt concentration is the cause. Determina-
tion of volatile profiles of olive fruits could also be performed and
compared to control fermentations in order to clearly identify spoilage
biochemical markers. However, using the data obtained in the present
study, source tracking analyses and the distribution of the different
species in spoiled and control samples provided some leads.

Metagenetic analyses and source tracking were performed to identify
potential microbial sources among raw materials, including fresh fruits,
brine and dry salt, and process environment samples from different
zones in the factory. Microbiota distribution comparison between these
samples and spoiled, control fermentation revealed a “house micro-
biota” as the dominant yeast and bacterial species encountered during
Nyons table olive fermentations were omnipresent in the process envi-
ronment (on surfaces, draining systems), in brines and in dry salt. Sur-
prisingly, fresh olive fruits only weakly contributed to both bacterial and
fungal communities of Nyons table olives, although it was more pro-
nounced for fungi than bacteria. Noteworthy, the highest diversity was
observed in the process environment. Many OTUs and species, specific
to these samples, showed that only a minority of microorganisms from
the environment were able to settle in the fermentation. Interestingly,
when comparing microbial distributions, most spoilage-associated LAB
were present in raw materials (salt) and the process environment,
although at low frequencies. P. ethanolidurans was only found in the
process environment. Interestingly, the presence of these species in the
environment in 2018 was not linked with any quality defect during
fermentation. Although this cannot be generalized, the dominance of
these species in spoiled fermentations further concurs with inappro-
priate fermentation conditions. It could be linked to the observed quality
defects rather than punctual microbial contaminations. Noteworthy, the
sources of some microorganisms remained unknown. This can be linked
to either technical or sampling biases. Metagenetic analyses could be
biased if too low sequence numbers are obtained to efficiently perform
the analysis while a more thorough sampling campaign could be con-
ducted to investigate other environmental sources.

Overall, the present study highlighted the positive and negative
impact of the process environment and raw materials in shaping Nyons
table olive microbial communities. On one hand, the revealed “house
microbiota” was composed of the main microorganisms found in Nyons
table olives. On the other hand, lactic acid bacteria, usually regarded as
beneficial in table olive fermentations were associated with spoilage,
and were found in low abundances in the environment. This further adds
to the specificity of table olives microbiota existing from one prepara-
tion to another and further strengthens the importance of studying the
in-house microbiota as potential microbial vectors linked to spoilage. In
our case, it was clearly relevant to better comprehend fermentation
outcomes, and provided more knowledge about these microbial vectors.
Moreover, in the future, it could help adjusting the fermentation without
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compromising the traditional character of this process.
Data availability
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accession numbers PRJEB40674 (fungal ITS2 sequencing run data) and
PRJEB40675 (bacterial 16S rRNA sequencing run data).

CRediT authorship contribution statement

MC, JM and SD obtained the funding and supervised the study. MC,
JM and MP designed the experiments. MP performed the experiments
and analyzed all the data except for SourceTracker analysis that was
performed by JM. AP and ST provided technical assistance for micro-
biological analyses. MP drafted the manuscript and MC, JM and SD
edited and proofread the manuscript.

All authors contributed to the article and approved the present
version.

Declaration of Competing Interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Acknowledgements

We would like to thank our table olive producer partner for accepting
to be part of our project, for welcoming us at their facilities for collecting
environmental samples and providing the samples throughout the fer-
mentations. We would like to thank Geraldine Pascal and Olivier Rué for
their technical support and advice for the FROGS bioinformatic pipe-
lines. Finally, we are grateful to the INRAE MIGALE bioinformatics fa-
cility (MIGALE, INRAE, 2020. Migale bioinformatics Facility, doi:
10.15454/1.5572390655343293E12) for providing computing and
storage resources.

Funding

This work, which was conducted in the framework of the ProM-
edFoods project ‘Promotion of local Mediterranean fermented foods
through a better knowledge and management of microbial resources’,
was funded through the ARIMNet2 2016 Call by the following funding
agencies: ANR (France), MESRS (Algeria), ELGO-DEMETER (Greece),
MIPAF (Italy), INIA (Spain) and MHESR (Tunisia). ARIMNet2 (ERA-
NET) has received funding from the European Union’s Seventh Frame-
work Programme for research, technological development and demon-
stration under grant agreement [618127].

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodres.2021.110344.

References

Abriouel, H., Benomar, N., Cobo, A., Caballero, N., Fernandez Fuentes, M.A., Pérez-
Pulido, R., & Galvez, A. (2012). Characterization of lactic acid bacteria from
naturally-fermented Manzanilla Alorena green table olives. Food Microbiology, 32(2),
308-316. https://doi.org/10.1016/j.fm.2012.07.006.

Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M., Chilton, J.,
Clements, D., Coraor, N., Griining, B. A., Guerler, A., Hillman-Jackson, J.,
Hiltemann, S., Jalili, V., Rasche, H., Soranzo, N., Goecks, J., Taylor, J.,
Nekrutenko, A., & Blankenberg, D. (2018). The Galaxy platform for accessible,
reproducible and collaborative biomedical analyses : 2018 update. Nucleic Acids
Research, 46(W1), W537-W544. https://doi.org/10.1093/nar/gky379.


https://doi.org/10.1016/j.foodres.2021.110344
https://doi.org/10.1016/j.foodres.2021.110344
https://doi.org/10.1016/j.fm.2012.07.006
https://doi.org/10.1093/nar/gky379

M. Penland et al.

Aguiar, C., & Lucas, C. (2000). Yeasts killer/sensitivity phenotypes and halotolerance.
http://repositorium.sdum.uminho.pt/.

Arroyo-Lopez, F. N., Romero-Gil, V., Bautista-Gallego, J., Rodriguez-Gomez, F., Jiménez-
Diaz, R., Garcia-Garcia, P., Querol, A., & Garrido-Fernandez, A. (2012). Yeasts in
table olive processing : Desirable or spoilage microorganisms? International Journal
of Food Microbiology, 160(1), 42-49. https://doi.org/10.1016/j.
ijfoodmicro.2012.08.003.

Bardou, P., Mariette, J., Escudié, F., Djemiel, C., & Klopp, C. (2014). jvenn : An
interactive Venn diagram viewer. BMC Bioinformatics, 15(1), 293. https://doi.org/
10.1186/1471-2105-15-293.

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., Godhe, A., ...
Nilsson, R. H. (2013). Improved software detection and extraction of ITS1 and ITS2
from ribosomal ITS sequences of fungi and other eukaryotes for analysis of
environmental sequencing data. Methods in Ecology and Evolution, 4(10), 914-919.
https://doi.org/10.1111/2041-210X.12073.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society.
Series B (Methodological), 57(1), 289-300. JSTOR.

Bokulich, N. A., & Mills, D. (2013). Facility-Specific « House » Microbiome Drives
Microbial Landscapes of Artisan Cheesemaking Plants. Applied and Environmental
Microbiology, 79. https://doi.org/10.1128/AEM.00934-13.

Calasso, M., Ercolini, D., Mancini, L., Stellato, G., Minervini, F., Di Cagno, R., De
Angelis, M., & Gobbetti, M. (2016). Relationships among house, rind and core
microbiotas during manufacture of traditional Italian cheeses at the same dairy
plant. Food Microbiology, 54, 115-126. https://doi.org/10.1016/j.fm.2015.10.008.

Capozzi, V., Fragasso, M., Romaniello, R., Berbegal, C., Russo, P., & Spano, G. (2017).
Spontaneous Food Fermentations and Potential Risks for Human Health.
Fermentation, 3(4), 49. https://doi.org/10.3390/fermentation3040049.

Commission Regulation (EC) No 2073/2005 of 15 November 2005 on microbiological
criteria for foodstuffs (Text with EEA relevance), Pub. L. No. 32005R2073, 338 OJ L
(2005). http://data.europa.eu/eli/reg/2005/2073/0j/eng.

Conte, P., Fadda, C., Del Caro, A., Urgeghe, P. P., & Piga, A. (2020). Table Olives : An
Overview on Effects of Processing on Nutritional and Sensory Quality. Foods, 9(4).
https://doi.org/10.3390/foods9040514.

De Filippis, F., Parente, E., & Ercolini, D. (2018). Recent Past, Present, and Future of the
Food Microbiome. Annual Review of Food Science and Technology, 9, 589-608.
https://doi.org/10.1146/annurev-food-030117-012312.

Dols-Lafargue, M., & Lonvaud-Funel, A. (2009). Polysaccharide Production by Grapes,
Must, and Wine Microorganisms. In H. Konig, G. Unden, & J. Frohlich (Eds.), Biology
of Microorganisms on Grapes, in Must and in Wine (p. 241-258). Springer. https://
doi.org/10.1007/978-3-540-85463-0_13.

Edgar, R. C. (2013). UPARSE : Highly accurate OTU sequences from microbial amplicon
reads. Nature Methods, 10(10), 996-998. https://doi.org/10.1038/nmeth.2604.

Escudié, F., Auer, L., Bernard, M., Mariadassou, M., Cauquil, L., Vidal, K., Maman, S.,
Hernandez-Raquet, G., Combes, S., & Pascal, G. (2018). FROGS : Find, Rapidly, OTUs
with Galaxy Solution. Bioinformatics (Oxford, England), 34(8), 1287-1294. https://
doi.org/10.1093/bioinformatics/btx791.

Franco, W., Pérez-Diaz, 1. M., Johanningsmeier, S. D., & McFeeters, R. F. (2012).
Characteristics of Spoilage-Associated Secondary Cucumber Fermentation. Applied
and Environmental Microbiology, 78(4), 1273-1284. https://doi.org/10.1128/
AEM.06605-11.

Frigerio, J., Agostinetto, G., Galimberti, A., De Mattia, F., Labra, M., & Bruno, A. (2020).
Tasting the differences : Microbiota analysis of different insect-based novel food.
Food Research International, 137, Article 109426. https://doi.org/10.1016/j.
foodres.2020.109426.

Galimberti, A., Bruno, A., Agostinetto, G., Casiraghi, M., Guzzetti, L., & Labra, M. (2020).
Fermented food products in the era of globalization : Tradition meets biotechnology
innovations. Current Opinion in Biotechnology, 70, 36-41. https://doi.org/10.1016/j.
copbio.2020.10.006.

Hernandez, A., Pérez-Nevado, F., Ruiz-Moyano, S., Serradilla, M. J., Villalobos, M. C.,
Martin, A., & Cérdoba, M. G. (2018). Spoilage yeasts: What are the sources of
contamination of foods and beverages? International Journal of Food Microbiology,
286, 98-110. https://doi.org/10.1016/j.ijfoodmicro.2018.07.031.

Hurtado, A., Reguant, C., Bordons, A., & Rozes, N. (2012). Lactic acid bacteria from
fermented table olives. Food Microbiology, 31(1), 1-8. https://doi.org/10.1016/j.
fm.2012.01.006.

Ibarburuy, 1., Aznar, R., Elizaquivel, P., Garcia-Quintans, N., Lopez, P., Munduate, A.,
Irastorza, A., & Duenas, M. T. (2010). A real-time PCR assay for detection and
quantification of 2-branched (1,3)-p-d-glucan producing lactic acid bacteria in cider.
International Journal of Food Microbiology, 143(1), 26-31. https://doi.org/10.1016/j.
ijfoodmicro.2010.07.023.

International Olive Council (2019). Economic Affairs and Promotion Unit “World
Table Olives Exports & Imports” International Olive Council Website. Available
online at: https://www.internationaloliveoil.org/wp-content/uploads/2020/04/
HO-W901-29-11-2019-P.pdf (accessed August, 2020).

13

Food Research International 144 (2021) 110344

Johanningsmeier, S. D., Franco, W., Perez-Diaz, 1., & McFeeters, R. F. (2012). Influence of
sodium chloride, pH, and lactic acid bacteria on anaerobic lactic acid utilization
during fermented cucumber spoilage. Journal of Food Science, 77(7), M397-M404.
https://doi.org/10.1111/j.1750-3841.2012.02780.x.

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., &

Glockner, F. O. (2013). Evaluation of general 16S ribosomal RNA gene PCR primers
for classical and next-generation sequencing-based diversity studies. Nucleic Acids
Research, 41(1), Article el. https://doi.org/10.1093/nar/gks808.

Knights, D., Kuczynski, J., Charlson, E. S., Zaneveld, J., Mozer, M. C., Collman, R. G.,
Bushman, F. D., Knight, R., & Kelley, S. T. (2011). Bayesian community-wide culture-
independent microbial source tracking. Nature Methods, 8(9), 761-763. https://doi.
org/10.1038/nmeth.1650.

Lanza, B. (2013). Abnormal fermentations in table-olive processing : Microbial origin
and sensory evaluation. Frontiers in Microbiology, 4. https://doi.org/10.3389/
fmicb.2013.00091.

Lé, S., Josse, J., & Husson, F. (2008). FactoMineR : An R Package for Multivariate
Analysis. Journal of Statistical Software, 25(1), 1-18. https://doi.org/10.18637/jss.
v025.i01.

Love, M. L., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology, 15(12), 550. https://doi.
org/10.1186/s13059-014-0550-8.

Lucena-Padrés, H., Caballero-Guerrero, B., Maldonado-Barragan, A., & Ruiz-Barba, J. L.
(2014). Microbial diversity and dynamics of Spanish-style green table-olive
fermentations in large manufacturing companies through culture-dependent
techniques. Food Microbiology, 42(Supplement C), 154-165. https://doi.org/
10.1016/j.fm.2014.03.020.

Mahé, F., Rognes, T., Quince, C., de Vargas, C., & Dunthorn, M. (2015). Swarm v2:
Highly-scalable and high-resolution amplicon clustering. PeerJ, 3, Article €1420.
https://doi.org/10.7717 /peer;j.1420.

McMurdie, P. J., & Holmes, S. (2013). phyloseq : An R Package for Reproducible
Interactive Analysis and Graphics of Microbiome Census Data. PLOS ONE, 8(4),
Article e61217. https://doi.org/10.1371/journal.pone.0061217.

McMurdie, P. J., & Holmes, S. (2014). Waste Not, Want Not : Why Rarefying Microbiome
Data Is Inadmissible. PLOS Computational Biology, 10(4), Article e1003531. https://
doi.org/10.1371/journal.pcbi.1003531.

Montel, M.-C., Buchin, S., Mallet, A., Delbes-Paus, C., Vuitton, D. A., Desmasures, N., &
Berthier, F. (2014). Traditional cheeses: Rich and diverse microbiota with associated
benefits. International Journal of Food Microbiology, 177, 136-154. https://doi.org/
10.1016/j.ijfoodmicro.2014.02.019.

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P., O’Hara, R., Simpson, G.,
Solymos, P., Stevens, M., & Wagner, H. (2013). Vegan : Community Ecology
Package. R Package Version. 2.0-10. CRAN.

Oliveira, M., Brito, D., Catulo, L., Leitao, F., Gomes, L., Silva, S., Vilas-Boas, L., Peito, A.,
Fernandes, 1., Gordo, F., & Peres, C. (2004). Biotechnology of olive fermentation of
‘Galega’ Portuguese variety. Grasas y Aceites, 55(3), 219-226. https://doi.org/
10.3989/gya.2004.v55.i3.169.

Pasolli, E., De Filippis, F., Mauriello, L. E., Cumbo, F., Walsh, A. M., Leech, J.,

Cotter, P. D., Segata, N., & Ercolini, D. (2020). Large-scale genome-wide analysis
links lactic acid bacteria from food with the gut microbiome. Nature Communications,
11(1), 2610. https://doi.org/10.1038/s41467-020-16438-8.

Penland, M., Deutsch, S.-M., Falentin, H., Pawtowski, A., Poirier, E., Visenti, G., Le
Meur, C., Maillard, M.-B., Thierry, A., Mounier, J., & Coton, M. (2020). Deciphering
Microbial Community Dynamics and Biochemical Changes During Nyons Black Olive
Natural Fermentations. Frontiers in Microbiology, 11. https://doi.org/10.3389/
fmicb.2020.586614.

Romeo, F. V. (2012). Microbiological Aspects of Table Olives. Olive Germplasm - The Olive
Cultivation, Table Olive and Olive Oil Industry in Italy.. https://doi.org/10.5772/
51479.

Safari, Z., Bruneau, A., Monnoye, M., Mariadassou, M., Philippe, C., Zatloukal, K., &
Gérard, P. (2020). Murine Genetic Background Overcomes Gut Microbiota Changes
to Explain Metabolic Response to High-Fat Diet. Nutrients, 12(2), 287. https://doi.
0rg/10.3390/nu12020287.

Toju, H., Tanabe, A. S., Yamamoto, S., & Sato, H. (2012). High-Coverage ITS Primers for
the DNA-Based Identification of Ascomycetes and Basidiomycetes in Environmental
Samples. PLOS ONE, 7(7), Article e40863. https://doi.org/10.1371/journal.
pone.0040863.

Wade, M. E., Strickland, M. T., Osborne, J. P., & Edwards, C. G. (2019). Role of
Pediococcus in winemaking. Australian Journal of Grape and Wine Research, 25(1),
7-24. https://doi.org/10.1111/ajgw.12366.

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (2e éd.). Springer
International Publishing. https://doi.org/10.1007/978-3-319-24277-4.

Xu, Z., He, H., Zhang, S., & Kong, J. (2017). Effects of inoculants Lactobacillus brevis and
Lactobacillus parafarraginis on the fermentation characteristics and microbial
communities of corn stover silage. Scientific Reports, 7. https://doi.org/10.1038/
s41598-017-14052-1.


https://doi.org/10.1016/j.ijfoodmicro.2012.08.003
https://doi.org/10.1016/j.ijfoodmicro.2012.08.003
https://doi.org/10.1186/1471-2105-15-293
https://doi.org/10.1186/1471-2105-15-293
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1128/AEM.00934-13
https://doi.org/10.1016/j.fm.2015.10.008
https://doi.org/10.3390/fermentation3040049
https://doi.org/10.3390/foods9040514
https://doi.org/10.1146/annurev-food-030117-012312
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1128/AEM.06605-11
https://doi.org/10.1128/AEM.06605-11
https://doi.org/10.1016/j.foodres.2020.109426
https://doi.org/10.1016/j.foodres.2020.109426
https://doi.org/10.1016/j.copbio.2020.10.006
https://doi.org/10.1016/j.copbio.2020.10.006
https://doi.org/10.1016/j.ijfoodmicro.2018.07.031
https://doi.org/10.1016/j.fm.2012.01.006
https://doi.org/10.1016/j.fm.2012.01.006
https://doi.org/10.1016/j.ijfoodmicro.2010.07.023
https://doi.org/10.1016/j.ijfoodmicro.2010.07.023
https://doi.org/10.1111/j.1750-3841.2012.02780.x
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1038/nmeth.1650
https://doi.org/10.1038/nmeth.1650
https://doi.org/10.3389/fmicb.2013.00091
https://doi.org/10.3389/fmicb.2013.00091
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.fm.2014.03.020
https://doi.org/10.1016/j.fm.2014.03.020
https://doi.org/10.7717/peerj.1420
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1016/j.ijfoodmicro.2014.02.019
https://doi.org/10.1016/j.ijfoodmicro.2014.02.019
https://doi.org/10.3989/gya.2004.v55.i3.169
https://doi.org/10.3989/gya.2004.v55.i3.169
https://doi.org/10.1038/s41467-020-16438-8
https://doi.org/10.3389/fmicb.2020.586614
https://doi.org/10.3389/fmicb.2020.586614
https://doi.org/10.5772/51479
https://doi.org/10.5772/51479
https://doi.org/10.3390/nu12020287
https://doi.org/10.3390/nu12020287
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1371/journal.pone.0040863
https://doi.org/10.1111/ajgw.12366
https://doi.org/10.1038/s41598-017-14052-1
https://doi.org/10.1038/s41598-017-14052-1

	Use of metabarcoding and source tracking to identify desirable or spoilage autochthonous microorganism sources during black ...
	1 Introduction
	2 Material & methods
	2.1 Olive fermentation process and sampling campaign
	2.1.1 Spoiled Nyons table olive fermentation samples
	2.1.2 Control Nyons table olive fermentation samples
	2.1.3 Process environment and raw materials samples

	2.2 pH and microbial monitoring by culture-dependent approach
	2.2.1 Fermentation brine pH measurement
	2.2.2 Enumeration of microbial populations in spoiled and control fermentations or environmental samples

	2.3 Microbial community analyses using metagenetics
	2.3.1 DNA extraction
	2.3.2 Amplification and sequencing
	2.3.3 Bioinformatics

	2.4 Metagenetic statistical data analyses
	2.5 Source tracker analyses

	3 Results
	3.1 Sequencing performance
	3.2 Microbiota of spoiled and control Nyons table olive fermentations
	3.2.1 Microbial populations and pH determinations in control and spoiled fermentations
	3.2.2 Comparison of fungal communities between spoiled and control fermentations
	3.2.3 Bacterial community comparison between spoiled and control fermentations

	3.3 Tracking of microbial sources in process environment and raw materials
	3.3.1 Fungal diversity analysis
	3.3.2 Bacterial diversity analysis

	3.4 Qualitative overview of environmental and fermentation microbiota

	4 Discussion
	Data availability
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Funding
	Appendix A Supplementary material
	References


