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ABSTRACT: Quorum sensing (QS) is a cell-to-cell signaling system that takes place at a key concentration (quorum) of signal
molecules and via a peculiar signaling pathway. Both bacteria and yeasts possess QS mechanisms, mediated by specific molecules
(farnesol, tyrosol, 2-phenylethanol, tryptophol) in yeasts, and N-acylhomoserine lactones (AHLs) and modified oligopeptides in
bacteria. Here, we report the first chemical evidence of bacterial QS activity in yeast Saccharomyces cerevisiae (OS3 and V5 strains) by
UPLC-MS/MS identification of N-octanoyl- and N-decanoyl-L-homoserine lactones in cell-free culture media extracts. The AHLs'
presence was unexpected, as they are produced exclusively by bacteria. Tyrosol, a yeast signal molecule, was identified and quantified
by NMR analysis. Metataxonomic analysis suggested the existence inside S. cerevisiae cells of bacteria, including Firmicutes,
Bacteroidota, and Proteobacteria. Our study paves the way for investigations into bacterial detection within S. cerevisiae cells and their
role in biotechnological performance in the food fermentation fields.
KEYWORDS: Saccharomyces cerevisiae, tyrosol, N-acylhomoserine lactones, quorum sensing, metataxonomic analysis

1. INTRODUCTION
Yeasts and bacteria can coexist in the same habitat. Several
studies have investigated their interactions, and the existence of
yeast endosymbiotic bacteria has been described in a few
cases.1 Bacillus tequilensis was reported to establish an
endosymbiontic relationship with a peculiar strain of
Kluyveromyces marxianus, which was isolated from Agave
durangensis fermentation processes. B. tequilensis easily uses
the intracellular microaerobic cell environment and protects its
nitrogenase complex from oxidative damage.2 The pathogenic
Helicobacter pylori enters eukaryotic cells of humans or other
species, including yeasts of the genus Candida, when subjected
to stress conditions (such as pH changes or scarce nutrients):
Candida cells harbor this bacterium and become transmission
vehicles for it.3 Staphylococcus hominis and Staphylococcus
hemolyticus were localized inside the vacuole of two C. albicans
yeasts, and for the first time, the release and cultivability of
these intracellular bacterial cells from yeast were described.4

Inside the yeast cytoplasm of C. tropicalis was thought to
catabolize starch due to the presence of Microbacterium sp.
growing in its cytoplasm and providing a stable habitat for
Microbacterium sp.5 All the above reports demonstrated the
endosymbiotic relationship by localizing the guest bacteria
inside the yeast host cells, and eventually defining the benefit
that this coexistence could provide each other; however, to
date, the occurrence of a molecular signaling regulating yeast
and endobacteria communities involved in the consortia has
been not disclosed. More precisely, two questions are
unanswered: (i) do yeast and bacteria use a chemical language

to communicate? and (ii) would this knowledge be relevant in
biotechnological applications?
In this paper, our attention was focused on Saccharomyces

cerevisiae yeast: it is a budding yeast with a recognized
Generally Regarded as Safe (GRAS) status by the FDA.6 It is
the best-studied eukaryotic experimental model organism, and
it is used in industrial fermentations for producing a broad
range of fermented foods (bakery and dairy products),
beverages (wine, beer, and cider), biofuel, and pharmaceutical
products.7,8 During grape maceration for wine production,
several interactions take place between S. cerevisiae and other
microorganisms (e.g., non-Saccharomyces yeast, filamentous
fungi, lactic acid, and acetic acid bacteria) involved in the
fermentation process. These interactions are mainly due to the
production of small molecules, namely quorum-sensing
molecules (QSMs), which act on cellular density and could
affect the quality of the final product.9 It is known that QS is a
specific form of intercellular signaling (IS) that can facilitate
communication, chemical cues, or chemical manipulation
between microorganisms. It involves a cell-density-dependent
regulation of gene expression triggered by the attainment of a
critical concentration of small diffusible molecules, named
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autoinducers (AIs).10,11 In bacteria, different AIs are reported:
(i) N-acylhomoserine lactones (AHLs), mainly produced by
Gram-negative; (ii) modified peptides, mainly produced by
Gram-positive; and (iii) autoinducer-2 (AI-2), produced by
bothGram-positive and Gram-negative bacteria, which acts as a
potentially “universal” signal for regulating intraspecies and
interspecies communication.12−14

The existence of QS systems in fungi has been recently
discovered in C. albicans: farnesol and tyrosol were identified
as QSMs, and both are able to regulate growth, morphogenesis,
biofilm production, cell adhesion, and motility.15,16 Other
fungal QSMs include 2-phenylethanol and tryptophol.17,18 In
S. cerevisiae, the QS usually controls morphogenesis. In fact, S.
cerevisiae can exist in different multicellular forms depending
on its environment, which include sessile and planktonic cells,
colonies, biofilms, filaments, mats, flocs, and floes.19 Recent
studies have suggested that S. cerevisiae is able to secrete the
aromatic alcohols 2-phenylethanol, tryptophol, and tyrosol as
QSMs that regulate control morphogenetic changes in
nitrogen starvation conditions.9,17,20,21 Together with their
relevant biological role, 2-phenylethanol, tryptophol, and
tyrosol show important biotechnological applications, espe-
cially in wine quality assessment, aroma production in food
and drinks, and they can also act as antioxidants, antimicro-
bials, and/or disinfectants.22,23 In the search for new selected
wine yeasts, Hanseniaspora uvarum, Torulaspora pretoriensis,
Zygosaccharomyces bailii, and the commercially used starter
culture S. cerevisiae Lalvin EC1118 were also investigated for
the production of 2-phenylethanol, tryptophol, and tyrosol as
QSMs in peculiar fermentation conditions.21

Here we present for the first time the chemical evidence of
the possible existence in S. cerevisiae (OS3 and V5 strains) of
bacteria localized into their yeast cells: typical bacterial QSM
such as N-octanoyl-L-homoserine lactone (C8-HSL) and N-
decanoyl-L-homoserine lactone (C10-HSL) were unexpectedly
detected by highly sensitive TLC-overlay assay and sub-
sequently identified unequivocally by UPLC-MS from the cell-
free extract of S. cerevisiae OS3 and V5 strains. The typical
yeast QSM tyrosol was also identified by NMR analysis.
Further suggestions on the presence of bacteria inside the cells
of yeast were given by metagenomic analyses, DNA staining,
fluorescent microscopy, and a preliminary enzymatic screening
on OS3 and V5 yeast cellular systems.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. AHL standards (C8-HSL, 3-oxo-

C6-HSL, and 3-oxo-C10-HSL), mono- and polysaccharides, ethyl
acetate, acetonitrile, methanol, acetic acid, 2-propanol, formic acid, 5-
bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-gal), gentamycin
solution (30 �g mL−1), chloramphenicol, and cycloheximide were
purchased from Merk Life Science S.r.l (Milan, Italy). Reverse-phase
silica gel and TLC silica gel plates were purchased from VWR
International (Milan, Italy). Water for LC-MS analysis was obtained
by a Milli-Q apparatus (Millipore, Milan, Italy).
2.2. Yeast Strains. Saccharomyces cerevisiae OS3 (DBVPG 6765;

NCYC 3264)24 and S. cerevisiae V5 (M6−3)25 were the strains used
in this study.

Strains were stored in Malt Extract Broth (Oxoid) containing 20%
glycerol (Sigma) at −20 °C. Routine cultures were maintained in WL
Nutrient Agar (Oxoid) slants at 4−6 °C. Working cultures were
grown in YPD (10 g/L yeast extract, 20 g/L peptone, 20 g/L
dextrose). Purity was tested by streaking on WL Nutrient Agar and
simultaneously observing under a microscope.
2.3. Growth of S. cerevisiae OS3 and V5 in Chemically

Defined Medium. Growth was monitored in 0.67% Yeast Nitrogen

Base without amino acids (YNBwAA) (Sigma, Y0626) containing 20
g/L dextrose in triplicate. Water and dextrose solutions were sterilized
by autoclave treatment; 10 × YNBwAA solutions were sterilized by
filtration. Sterile solutions were mixed in sterile conditions to obtain
the final medium (3 × 2.8 L total volume in a 5.0 L sterile Duram
bottle containing a stirring bar). The strain OS3 was pre-grown in
YPD broth, containing 100 mg/L chloramphenicol, at 30 °C until the
OD600 nm (Honda spectrophotometer V10-Plus) reached 1.6−1.8,
and then was inoculated in YNBwAA at a rate of 1%. The growth was
monitored for 72 h at 30 °C under static conditions. Uninoculated
medium (CN), inoculated medium at the beginning of fermentation
(t0 h), and at different times during the growth (t = 6, 11, 24, 48, and
72 h) were sampled. Before each sampling, the cultures were stirred at
200 rpm for 5 min. The growth was monitored by evaluating the OD
and by total viable yeast counts on WL Nutrient Agar containing 100
mg/L chloramphenicol at 30 °C for 5 days. Bacterial contamination
was evaluated by plating 0.1 mL on PCA (Oxoid) and on MRS agar
(Oxoid) containing 40 mg/L of cycloheximide to inhibit Saccha-
romyces, and by simultaneously observing under a microscope (Nikon
Eclipse E400). During fermentation, the pH was monitored by using a
pH 60 VioLab (XS instruments), while residual glucose and produced
ethanol, succinic and acetic acids, and glycerol were determined by
high-performance liquid chromatography (HPLC) analyses as
previously described.25 Samples for chemical analyses (200 mL
each) were collected at t = 0, 1, 2, 3, 4, 5, 6, 12, 24, 48, and 72 h and
immediately centrifuged 6000 rpm (4800×g) for 10 min (Rotor A8−
50, Centrifuge NEYA8) to separate cells from fermented broth, and
both were stored at −80 °C.

S. cerevisiae V5 strain was cultured as described for the OS3 strain
(see above), but samples for chemical analyses were collected at the
key time points (t = 0, 6, and 24h) for the determination of tyrosol
content, the detection and identification of AHLs, and enzymatic
activities.
2.4. Microscope Observation. Two different approaches were

used for the microscope observations. Yeast cultures, stored at −20
°C, were grown in YPD medium containing 100 mg/L chloramphe-
nicol and then inoculated on different media: WL Nutrient Agar
(WLNA, Oxoid) supplemented with 40 mg/L of cycloheximide;
Nutrient Agar (NA, Oxoid) supplemented with 40 mg/L of
cycloheximide; Baird Parker Agar Base supplemented with Egg’s
Yolk Tellurite Steril Emulsion (BP-EYT) (Schalau); Pseudomonas agar
Base with CFC Selective supplement (PA-CFC) (Schalau); Yeast Pre-
Sporulation Medium (YPSM: yeast extract 10 g/L; dextrose, 100 g/L;
potassium acetate, 20 g/L; agar, 20 g/L); Yeast Sporulation Medium
(YSM: yeast extract 10 g/L; dextrose, 0.1 g/L; potassium acetate, 10
g/L; agar, 20 g/L). All cultures were incubated at 30 °C for 5−10
days. All grown cultures were analyzed by light microscopy, and
images and video were captured by VisiCam 10.0 (VWR Interna-
tional).

Six �L of the cell suspension was also placed on a microscope slide,
coverslips were placed on the slides, and the samples were observed
under an optical microscope (Axio Imager D2�Carl Zeiss
Microscopy, Jena, Germany) fitted with a 63× and 100× objective
lens and an attached camera (Axiocam MRm�Carl Zeiss
Microscopy, Jena, Germany). Fiji was used to generate the scale
bar. Moreover, with the attempt to verify the contamination by
anaerobic bacteria, yeast colonies grown on BP and YSM, in which
Moving Bacteria-Like bodies (MBLBs) were present, were inoculated
in (a) YCFAGSC medium26 supplemented with 40 mg/L of
cycloheximide; (b) BBA-HVK, Brucella Blood Agar with Hemin
and Vitamin K1 (Becton Dickinson GmbH) with 40 mg/L of
cycloheximide; (c) CMM, Chopped Meat Medium (DSMZ no. 78)27

supplemented with 40 mg/L of cycloheximide. All media were
incubated anaerobically at 37 °C.
2.5. Starvation Protocol. The used protocol was as described by

Yue et al.24 Briefly, cells were first pulled out from glycerol stocks in
solid YPD (23 °C, overnight); subsequently, they were streaked to
confirm that there was no bacterial contamination. A single colony
was cultivated in liquid YPD (2% dextrose, 1% yeast extract, 2%
peptone) for 24 h, at 23 °C. Afterward, cells were diluted 1:50 in 10
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mL of presporulation medium (YPA: 2% potassium acetate, 1% yeast
extract, 2% peptone) and incubated for 48 h at 23 °C (shaking 220
rpm). Presporulated cells were finally resuspended in 25 mL of
Sporulation medium (2% KAc) in 250 mL flasks. The flasks were kept
at 23 and 30 °C and shaken at 220 rpm for 96 h. The samples were
observed under an optical microscope in each of the three steps of the
protocol.
2.6. MBLBs Visualization by DNA Dyes. To localize the MBLBs

inside the yeast cells, a single colony of each strain (OS3 and V5), was
inoculated in 10 mL of YPD. The tubes were incubated for up to 6
days at 23 °C under shaking conditions (220 rpm). The samples were
stained with the LIVE/DEAD BacLight Bacterial Viability Kit (Cat.
No. L7012) according to the manufacturer’s instructions. Briefly, the
cells were washed with 0.85% NaCl and supplemented with 3 �L of
the dye mixture for each milliliter of the yeast suspension. The cell
suspension was mixed thoroughly and incubated in the dark for 15
min before the microscopy analysis. A fluorescent microscope (Axio
Imager D2) fitted with a 63× and 100× objective lens and an attached
camera (Axiocam MRm) was used for visualization and image
capture. Photographs were taken at different time intervals to reveal
the movement of the BLBs. Fiji was used to process the images.
2.7. Extraction of Cell-Free Medium. The spent medium (200

mL) from S. cerevisiae OS3 and V5 strains cultures at different growth
stages (t = 0, 6, 12, 24, 48, and 72 h) was centrifuged as previously
reported.28 The supernatants were then extracted with ethyl acetate
(1:1 v/v; three times) and subsequently dried under vacuum at T <
40 °C. For each growth time, three media extracts were collected and
investigated by MS spectrometry and NMR spectroscopy. The
extracts were dissolved in methanol to a final concentration of 0.6
mg/mL and directly analyzed by UPLC-MS/MS. Additionally, the
extracts were tested for the detection of QS signal molecules by means
of the TLC-overlay assay.
2.8. QSMs Identification and Characterization. 2.8.1. Identi-

fication of Fungal QSMs by NMR Analysis. One-dimensional
(1HNMR) and two-dimensional homonuclear and heteronuclear
(TOCSY, HSQC, HMBC-NMR) spectra were acquired on a Bruker
AVANCE III spectrometer operating at 600 MHz for proton,
equipped with a CryoProbe and an automatic and cooled sample
changer. For acquisition, 5−25 mg of ethyl acetate extracts of cell-free
spent medium were dissolved in 0.700 mL of MeOD containing
0.03% v/v of TMS (Tetramethylsilane, 136.08 �g for each experiment
used as internal standard), and the solutions were placed in a 5 mm
NMR tube.

Standard solutions of tyrosol, farnesol, 2-phenylethanol, and 2-
phenoxyethanol were prepared (5 mg of sample in 0.700 mL of
MeOD with 0.03% v/v of TMS) and compared to the ethyl acetate
extract spectra.

Set to 1 the value of the integral of the 12 protons of TMS at 0
ppm, 1H integrals of two aromatic tyrosol signals at 7.02 ppm were
measured at different times of broth growth, and a quantification of
produced tyrosol was made according to the following formula:

A A Vgtyrosol/ mL ( g / ) 2/ 12 /7.02ppm TMSsta TMS sta sample= [ × × ]

where:
A7.02 ppm = Area of signal corresponding to 2 aromatic protons of

tyrosol at 7.02 ppm;
ATMS‑sta = Area of signal corresponding to 12 protons of TMS at 0

ppm, which was calibrated to 1;
�gTMSsta = 136.08 �g of TMS used in each 1H NMR experiment;
2/12 = Ratio of the number of protons responsible for signals at

7.02 ppm of tyrosol and 0 ppm of TMS;
Vsample = 200 mL, the total volume of spent medium collected at

different times.
2.8.2. Identification of Bacterial QSMs. 2.8.2.1. TLC-Overlay

Assay. Ethyl acetate extracts (2 mg) of the cell-free spent medium and
standards (2 �L 3-oxo-C6-HSL 10 �M and 2 �L 3-oxo-C10-HSL 400
�M) were applied to RP-C18 thin-layer chromatography (TLC) plates
(20 × 20 cm; VWR International) and developed by using 60% (v/v)
aqueous methanol as mobile phase. The TLC plates were overlaid
with 100 mL of ATGN29 soft agar (0.6% w/v) supplemented with

0.5% glucose, 40 �g mL−1 X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-
galactopyranoside), antibiotic (gentamycin, 30 �g mL−1), and
inoculated with the bioreporter Agrobacterium tumefaciens NTL4
(pZLR4) (overnight culture), able to detect AHLs with medium-
chain length.30 The TLC plates were kept in a sterile container and
incubated at 30 °C for 24−48 h.

2.8.2.2. UPLC-MS/MS Analysis. UPLC-MS/MS analyses were
performed as reported in Abbamondi et al.,31 with a slight
modification. Briefly, chromatographic runs were acquired on an
Acquity UPLC System (Waters, Milford, MA, USA) coupled to a
3200 API Triple Quadrupole mass spectrometer (Sciex, Foster City,
CA, USA) with a Turbo VTM interface equipped with a turbo ion
spray probe used in positive ion mode and on an Acquity UPLC BEH
C18 column (100 × 2.1 mm, i.d. 1.7 �m, Waters, Milford, MA, USA).
A water/ACN (9:1, v/v) mixture was used as eluent A and ACN
(100%) as eluent B. A linear gradient profile was programmed from
100% A to 100% B in 1.0 min and remained constant over 3.0 min,
followed by a re-equilibration step of 5 min. Separations were
performed at a temperature of 60 °C, using a flow rate of 0.7 mL
min−1 and an injection volume of 5 �L.

Multiple Reaction Monitoring (MRM) experiment was used to
collect data by setting the following source parameters: curtain gas
(N2), 20 psi; ion source gas (GS1), 55 psi; turbo-gas (GS2), 70 psi;
desolvation temperature, 550 °C; collision activated dissociation gas
(CAD), 4 au; and ion spray voltage, 5500 V. The ions monitored in
Q1 included the parent AHL [M + H]+, while in Q3, the lactone
moiety at m/z 102 was monitored. Analyst software (version 1.6.2;
SCIEX) was used for data acquisition and analysis.

A quantitative method was developed by external standard
calibration based on nine calibration points (3, 5, 10, 15, 30, 50,
100, 150, and 300 ng/mL) of the C8-AHL and C10-AHL standards,
in triplicate. The response was linear in the selected range with R2 >
0.992 in both cases.

For sample analysis, ethyl acetate extracts (9−18 mg) of the cell-
free spent medium (200 mL) collected at the growth times of 12, 24,
48, and 72 h (previously analyzed by TLC-overlay assay) in triplicate
were dissolved in 500 �L of methanol. The amount of QSMs in the
extract was obtained by interpolation of the calibration curve and
expressed as the nanomolar concentration in the culture medium.
2.9. Enzymatic Investigation. Cell pellets of OS3 and V5 strains

isolated from the culture medium whole were suspended in PBS
(Phosphate Buffered Saline) (1×, pH 7.4), with a ratio of 1:7 (mg of
humid cells/�L of used buffer) and disrupted as previously described
by Tramice et al.28 Cells were disrupted by sonication for 3 min and
homogenized by ULTRA-TURRAX for a further 2 min in an ice−
water bath. Cell debris was removed by centrifugation at 5524×g at 4
°C for 45 min.

The cell-free supernatants from different growth conditions of S.
cerevisiae OS3 and V5 strains were tested for their protein content
(Table S1), stored at −80 °C, and used as crude enzyme preparations
in enzymatic digestions. Protein concentration was routinely
estimated using the Bio-Rad Protein System, and bovine serum
albumin was used as standard.32

The crude protein enzymatic extracts were tested for the presence
of �- and �-glucanase activities by using several substrates such as
starch, amylose, amylopectin, pullulan, glycogen, �-glucan from
barley, curdlan, laminarin, laminaribiose, and laminaripentaose.
Solutions of 5 mg/mL of each substrate in 100 mM sodium acetate
buffer at pH 5 were incubated at 40 °C under magnetic stirring in the
presence of a fixed protein amount of the four extracellular enzymatic
solutions obtained from different growth conditions.

All reactions were carried out using 60 �g of total protein per
milligram of reagent. Reactions were monitored over time (0−48 h)
by TLC analysis. The TLC solvent system used was EtOAc:AcOH:2-
Propanol:HCOOH:H2O, 25:10:5:1:15 by vol. Compounds on TLC
plates were visualized under UV light or charring with �-naphthol
reagent.

The enzymatic digestions of pullulan, amylopectin, and laminarin
were stopped in an ice-bath at 48 h for 5 min, and 0.100 mL of each
sample was assayed for the glucose equivalent production (DNS
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assay).33 The tests were conducted in triplicate, and the calibration
curve of glucose was elaborated in a concentration interval of 0.05:1
mg mL−1. Moreover, fasta36 was used to search for pullulanase and
laminarase sequences in the strains data set at EVOMICS,34 and in
the pangenome.35

2.10. DNA Isolation and Meta-Taxonomic Analysis. The
yeast culture showing MBLBs was grown on YSM and BP-YET for 5
days. Cells were harvested from agar plates and washed with sterile
water, and DNA was isolated using a Nucleo Spin Food kit
(Macherey-Nagel) following the supplier's instructions. Bacterial
communities were assessed by HTS of the amplified V3−V4 regions
within the 16S rRNA gene (∼460 bp). PCR was carried out with
primers (S-D-Bact-0341-b-S-17/S-D-Bact0785-a-A-21) connecting
with barcodes as previously described by Aponte et al.36 PCR
products with proper sizes were selected by 2% agarose gel
electrophoresis. The same amount of PCR products from each
sample was pooled, end-repaired, A-tailed, and further ligated with
Illumina adapters. The library was checked with Qubit and real-time
PCR for quantification and a bioanalyzer for size distribution
detection. Quantified libraries were pooled and sequenced on a
paired-end Illumina platform to generate 250 bp paired-end raw reads.
Paired-end reads were joined using FLASH.37 The DADA2 method38

was used for noise reduction. ASVs (Amplicon Sequence Variants)
were further filtered using QIIME2 software (Version QIIME2−
202202) and identified using the Silva Database 138.1.
2.11. Alignment of Lux Genes against S. cerevisiae

Assemblies. To exclude the presence of Lux genes as HGT
integrated inside yeast genomes, we put together all the long-reads
assemblies two studies24,39 among which is also available OS3 (as
DBVPG6765), and we used both Blastn and Tblastx (BLAST suite v.
2.13.0) to search for the presence of LuxR (sequence searched:
NC_011186.1:1162619-1163371) and acyl-homoserine-lactone syn-
thase (sequences searched: NZ_SILH01000001.1:2962926-2963591,
NZ_MRDH01000005.1:140513-141178, NZ_CP098803.1:3577150-
3577815 , NZ_JAAXQT010000001 .1 : c446238 -445573 ,
NZ_CP071612.1:3025255-3025920, NZ_CP071454.1:424262-
4 2 4 9 2 7 , N Z _ F Y A H 0 1 0 0 0 0 1 0 . 1 : 2 5 8 3 9 - 2 6 4 8 9 ,
NZ_CP031495.1:286275-287471, NZ_CP009467.1:2502877-
2504076, NZ_AP025466.1:c1546624-1545446). Reads for
DBVPG676524 were also mapped with the Burrow-Wheeler Aligner
(BWA) software against a multi-FASTA, containing Saccharomyces
representatives and the previously mentioned LuxR and acyl-
homoserine-lactone synthase.

Figure 1. (A) Monitoring of pH, viable yeast (log CFU/mL), and optical density (OD600) during the fermentation of Yeast Nitrogen Base
without amino acids (YNBwAA) minimal medium containing 20 g/L dextrose by S. cerevisiae OS3. (B) Glucose (g/L) consumption and ethanol
(g/L), glycerol (g/L), and succinic acid (g/L) production during the fermentation of Yeast Nitrogen Base without amino acids (YNBwAA)
minimal medium containing 20 g/L of dextrose by S. cerevisiae OS3.
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2.12. Statistical Analysis. A One-way repeated measures
ANOVA test was conducted to compare the amount of tyrosol, C8-
AHL, and C10-AHL expressed in S. cerevisiae samples collected at
different time points during the fermentation process. Once the
normal distribution of the data set, Mauchly’s test of sphericity was
applied to the data, and Greenhouse-Geisser (� < 0.75) or Huynh-
Feldt (� near or above 0.75) corrections were used for the within-
subjects effect in case of sphericity violation. Multiple comparisons
were assessed with the Bonferroni correction method (Table S2).
Statistical tests were elaborated with the OriginPro 9.1 software
package (OriginLab Corporation, Northampton, USA) and R
software.40

3. RESULTS
3.1. Growth Monitoring of S. cerevisiae OS3 and V5 in

Chemically Defined Medium. S. cerevisiae OS3 (DBVPG
6765; NCYC 3264) strain was originally isolated from lychee
fruit (Indonesia).24 The monitoring of its growth in Yeast
Nitrogen Base without amino acids (YNBwAA) medium was
performed. Figure 1 shows the growth kinetics of the OS3
strain and the production of the main metabolites during 72 h
of fermentation at 30 °C. In the first 12 h, the strain reached
the stationary phase. In fact, viable counts rapidly increased

from 5.71 ± 0.15 log CFU/mL at 0 h to 7.44 ± 0.24 log CFU/
mL after 12 h. The last level was maintained constantly until
48 h to slightly decrease at 72 h, reaching 6.97 ± 0.15 log
CFU/mL (Figure 1A). An opposite behavior was observed for
the pH: a rapid decrease in the first 12 h (from 5.13 to 2.86
units) was recorded with a stationary value for the rest of the
monitoring time (Figure 1A). The glucose of the medium was
depleted in the first 24 h, and consequently, ethanol reached its
maximum level (about 8.0 g/L) (Figure 1B). In this phase,
glycerol and succinic acid also reached their maximum
production levels, i.e., =1.3 and 0.6 g/L, respectively. The
strain V5, isolated from Passito wine (Italy),25 monitored for
24 h in the same medium, showed similar growth perform-
ances reaching an optical density of 1.764 OD600, a viable
count of 7.35 ± 0.05 log CFU/mL, and a pH of 2.83 (data not
shown) after 24 h of fermentation.
Contamination from aerobic bacteria during the fermenta-

tion process was carefully avoided and checked by analyzing
0.1 mL of each replica batch on PCA and MRS agar, both
containing cycloheximide. Moreover, a microscope examina-
tion of the fermentation broth did not reveal the presence of
any possible bacteria.

Figure 2. Tyrosol production in the extracellular medium of S. cerevisiae OS3 during the fermentation process at different times (starting from 6 to
72 h). Within-sample statistical variation at different time points was evaluated with one-way repeated measures ANOVA with Bonferroni
correction. Full results from multiple comparisons are reported in Table S2.

Figure 3. TLC overlay of cell-free medium extracts of (A) S. cerevisiae OS3 strain at 12, 24, 48, and 72 h of growth and (B) S. cerevisiae V5 strain at
6 and 24 h of growth compared with the OS3 strain. A. tumefaciens NTL4 (pZLR4) was used as the bioreporter. AHLs signal molecules were
detected by the presence of blue spots. Standards were N-(3-Oxohexanoyl)-L-homoserine lactone (3-oxo-C6-HSL) and N-(3-Oxodecanoyl)-L-
homoserine lactone (3-oxo-C10-HSL).
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Figure 4. N-octanoyl L-homoserine lactone (C8-HSL) and N-decanoyl L-homoserine lactone (C10-HSL) production in the extracellular medium
of S. cerevisiae during the fermentation process. Within-sample statistical variation at different time points was evaluated with one-way repeated
measures ANOVA. For both N-octanoyl L-homoserine lactone (C8-HSL) and N-decanoyl L-homoserine lactone (C10-HSL), only the 12-h versus
48-h comparison showed a statistically significant difference, as reported in the corresponding bar plot (*p-adj < 0.05).

Figure 5. Microscope analysis (1000× magnification) of moving bacteria-like bodies (MBLBs) inside the yeast cell of strain OS3 grown on YSM
medium. (A,B) The red arrow in picture A points to the bacteria-like body moving inside the yeast cell. The pictures were taken a few seconds
apart to show the active movement of the bacteria-like body. (C) As stress conditions increase (YPA medium 48 h), the presence in OS3 cells of
MBLBs becomes greater. The figure shows them that they exit from the yeast cell, becoming empty. (D) The figure shows a cell of OS3 yeast
surrounded by bacteria-like bodies (MBLBs) in potassium acetate, 96 h, 30 °C. Under severe stress conditions, caused by the absence of nutrients,
the occurrence of dark dots (indicated by the arrow) within the cell can be seen. Dark dots surrounding the vacuole do not move and might consist
of stress granules.
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3.2. Extraction and Identification of Yeast and
Bacterial Signaling Molecules. The cell-free supernatant
extracts of S. cerevisiae OS3 and V5 strains at different growth
time points (0, 6, 12, 24, 48, and 72 h for the OS3 strain and 0,
6, and 24 h for the V5 strain) were analyzed by NMR
spectroscopy to detect secondary metabolites involved in inter-
and intraspecies communication. A comparison with NMR
spectra of pure tyrosol, farnesol, 2-phenylethanol, 2-phenox-
yethanol, and tryptophol secured the exclusive presence of
tyrosol as the fungal QS metabolite recovered in the ethyl
acetate extract spectra of the spent medium. In the 1H NMR
spectra, the aromatic proton signals of tyrosol were easily
detected at 7.02 ppm (doublet, J 8.89 Hz) and 6.69 ppm
(doublet, J 8.89 Hz); the alchilic proton signals (2.71, triplet, J
7.31 Hz) and 3.67 (triplet, J 7.31 Hz) ppm overlapped with
other signals and were assigned by homonuclear and
heteronuclear 2D experiments and by comparison with
spectrum of tyrosol standard (Figures S1−S5). Significant
levels of tyrosol were detected in the OS3 strain starting after 6
h of growth (49.53 ± 14.29 nM), which increased over time to
230.58 ± 60.61 nM at 48 h and 309.14 ± 15.45 nM at 72 h
(Figure 2). Differently, the tyrosol concentration evaluated in
V5 was negligible at 6 h, and of 144.30 ± 15.30 nM at 24 h of
growth.
To evaluate possible interference of fungal QSMs with QS

system of bacteria, the cell-free medium extracts of S. cerevisiae
OS3 and V5 strains were analyzed at different time (0, 6, 12,
24, 48, and 72 h for OS3 strain and 0, 6, and 24 h for V5
strain) using the A. tumefaciens NTL4 (pZLR4) AHL
bioreporter in the TLC-overlay assay. Several extracts were
found to activate the AHL bioreporter starting from t = 12 h
(Figure 3A,B). The first hypothesis was the presence of AHL-
mimicking compounds. This behavior has already been
described in the literature, where biosensors for AHL detection
were activated by diketopiperazines, as shown in the study of
Tommonaro et al.41 The samples exhibiting positive results in
the overlay-assay TLC were analyzed by UPLC-mass
spectrometry and, surprisingly, two AHLs were identified, N-
octanoyl L-homoserine lactone (C8-HSL) and N-decanoyl L-
homoserine lactone (C10-HSL) (Figures 4 and S6−S8), two
typical QSMs produced by bacteria. C8-HSL was the most
accumulated molecule; however, the production of both signal
molecules increased over time, following the same trend. At t =
48 h, there was the maximum production of compounds with
concentrations of 0.835 ± 0.287 nM for C8-AHL and 0.174 ±
0.059 nM for C10-AHL (Figure 4).
3.3. Whole-Genome Analysis, Microscope Observa-

tions, and Metataxonomic Analysis. AHL-dependent QS
are typically synthesized by a LuxI-type enzyme and detected
by LuxR-type transcriptional regulators. We therefore searched
for the presence of LuxR (sequence searched:
NC_011186.1:1162619-1163371) and acyl-homoserine-lac-
tone synthase in the S. cerevisiae OS3 genome with the aim
of detecting AHL synthase gene (luxI) and a transcriptional
regulator gene (luxR). For this, we used the Basic Local
Alignment Search Tool suite (BLASTN and TBLASTX
routines, v. 2.13.0). The alignment of lux genes against the
S. cerevisiae genome did not match any sequence. Therefore,
considering the strictly applied experimental conditions of
growth to rule out possible external contamination, the
production of AHLs supports the hypothesis of the coexistence
of bacteria in S. cerevisiae OS3 and V5 strains.

Suspensions of cells cultivated in liquid YPD and in the
presporulation media YPA, YPSM, YSM, and BP were analyzed
by an optical microscope. The analysis showed MBLBs inside
the cells of S. cerevisiae OS3 and V5 strains grown on YSM
medium, as the bodies occupy different positions in the A and
B pictures of Figure 5 (1000× magnification), taken a few
seconds apart (red arrows). This is more evident in the
Supporting Information, Video S1. By using presporulation
YPA medium (stress conditions), the presence of MBLBs
became greater and more evident (Figure 5, pictures C and D).
After 48 h of growth in YPA medium, as stress conditions

increased, MBLBs exited from the OS3 cells (black dots in
Figure 5C), leaving them empty. In potassium acetate, after 96
h at 30 °C, under severe stress conditions caused by the
absence of nutrients, we observed that the OS3 yeast cells were
surrounded by MBLBs, with the occurrence of dark dots
(indicated by the red arrow) within the cell. Dark dots
surrounding the vacuole do not move and might consist of
stress granules. Moreover, the microscopic analysis of YPA-
induced S. cerevisiae cells of some strains from our collection
(including V5 and EC1118) showed, in many cases, the
presence of MBLBs inside the vacuoles (data not shown).
Fluorescent microscopy (LIVE/DEAD BacLight) showed

the presence of green-stained, small, round, moving BLBs
within the yeast’s vacuole (white arrows) of strains OS3 and
V5 (Figure S9).
The Sanger sequencing results of amplified 16S rDNA, using

DNA isolated from OS3 yeast presenting MBLBs as template,
showed confused chromatograms and an overlapping peak,
suggesting a mix of 16S rDNA amplicons. This suggested the
presence of more than one bacterial species inside the yeast
strain, which was further investigated by the Metataxonomic
approach (amplicon sequencing). The meta-taxonomic anal-
ysis was performed on yeast cultures showing MBLBs, and
bacterial communities were assessed by HTS of the amplified
V3−V4 regions within the 16S rRNA gene. The main results of
two replicas of the strain OS3 are shown in supplementary
Figures S10−S13. The core bacterial microbiota retrieved was
represented by Firmicutes, Bacteroidota, and Proteobacteria
(Figure S10). Bacteroidaceae, Lachnospiraceae, and Ruminococ-
caceae covered about 75% of the population (Figure S11).
Particularly, the genus Bacteroides with 8 different species was
the most occurring (Figures S12 and S13). We also performed
several attempts to isolate obligate anaerobic bacteria of the
Bacteroides group on YCFAGSC, BBA-HVK, and CMM media,
but they were resulted unsuccessful.
3.4. Enzymatic Analysis. The hydrolytic potentials of the

S. cerevisiae yeast OS3 and V5 strains were qualitatively
investigated. Enzymatic digestion products were qualitatively
investigated by TLC (Figure 6), aiming to separate and
identify the components of the reaction mixtures, and for each
process, the depolymerization degree was evaluated by
considering the percentage of the produced glucose equivalent
(Table S3, DNS assay).
These results indicated that in OS3 cells from different

growths, among the �-glucans, amylopectin and pullulan were
better hydrolyzed (hydrolysis percentage of ∼5:10% by DNS
assay) than glycogen; these results suggested the presence in
the OS3 cellular system of a pullulanase activity. Pullulanases
(EC 3.2.1.41) are well-known starch-debranching enzymes
widely used to hydrolyze �-1,6-glucosidic linkages in starch,
pullulan, amylopectin, and other oligosaccharides, with
application potentials in food, brewing, and pharmaceutical
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industries.42 They were essentially recovered from various
bacteria such as Bacillus sp., Thermococcus sp., Klebsiella sp.,
Geobacillus sp.43 Differently, the typical isoamylase activity of
yeasts was in OS3 and V5 growth conditions, scarcely
present44 (Figure 6, Table S3).
Among �-1,3-glucans and �-1,3-oligosaccharides, the

curdlan, �-glucan from barley, laminarin, and laminaribiose
and laminaripentaose were selected for the digestions with the
OS3 and V5 crude enzymatic extracts. If curdlan, [a linear
polymer consisting of �-(1,3)-linked glucose] and �-glucan
from barley, [a linear glucose homopolymer with mixed �(1→
3):�(1→4) interglycosidic linkages] were not degraded at all,
laminarin, [a glucose polymer made up of �(1→3)-glucan with
�(1→6)-branches in the �(1→3):�(1→6) ratio of 3:1] was
hydrolyzed by crude enzymatic extracts of OS3 and V5 cells
with a percentage of hydrolysis of 9 and 30% (DNS assay),
respectively. Oligosaccharides with a degree of polymerization
(DP) higher than 5 were produced, and glucose was scarcely
detected (Figure 6). It is worth noting that for the OS3 strain
under sporulation medium conditions, with increased
production of moving bacteria-like bodies, the laminarin
digestion was favored. Laminariobiose and laminaripentaose
were partially consumed, but glucose was not produced; after
48 h of reactions, oligosaccharides with a DP of 3 or higher
were detected (data not shown).
Our results suggest the presence of an endo-1,3-�-glucanase

activity and in particular, of a possible laminarinase (EC
3.2.1.39) activity in both OS3 and V5 strains.45,46 The
characterization of the genetic system governing 1,3-�-
glucanase synthesis in yeasts has been reported, even though
the exo-1,3-�-glucanase-encoding genes were preferentially

detected and investigated with respect to the endo-1,3-�-
glucanase-encoding genes.47,48

Since the genomes of OS3 and V5 are known, we searched a
sequence of pullulanase (X52181.1, 4091 bp long) and
laminarase (AB179717.1, 2410 bp long), in the whole set of
assemblies from long read sequences from EVOMICS,34 and in
the described pangenome.35 No hits were found in any strain,
either with an alignment longer than 200bp, regardless of the
identity, or with an alignment length over 25bp and identity
over 90%. The absence of genes encoding these enzymes could
suggest the bacterial origin of these activities, and these results
could represent a further indication of the possible presence of
bacteria in the OS3 and V5 yeast cell systems.

4. DISCUSSION
Intra- and interspecies interactions between microorganisms
are becoming of great interest because of their involvement in
several collective microbial behaviors that occur in a
microhabitat. In these ecological microniches, communication
permits either a cooperative behavior that favors the whole
community (strictly communication) or noncooperative
behaviors that advantage one or more species over others
(i.e., cues or manipulation).19 These interactions are based on
the production, release, and detection of molecules with
different chemical structures, according to the producing
microorganism (bacteria, archaea, yeast).28,41 QS is the most
well-known mechanism of intracellular interaction based on
cell-density-dependent chemical signal molecules.
In this paper, we report for S. cerevisiae OS3 and V5 strains

the chemical identification of tyrosol, QSM of yeasts initially
detected as a molecule stimulating the morphological changes
and growth of Candida albicans,49 and for the first time, two
QSMs typical of Gram-negative bacteria, C8-HSL and C10-
HSL. The latter finding suggested the presence of endosym-
biotic bacteria inside S. cerevisiae cells, given that yeast cultures
were free of external bacteria or any other contamination.
Furthermore, since AHL QS-signaling molecules are typically
synthesized by LuxI-type enzymes and detected by LuxR-type
transcriptional regulators, a search for AHL synthase gene
(luxI) and a transcriptional regulator gene (luxR) in the S.
cerevisiae strain OS3 genome was performed, but no matches
were found. Currently, there is no scientific evidence
demonstrating that eukaryotes are capable of directly
producing AHLs. However, numerous studies have docu-
mented the ability of eukaryotes to detect and respond to these
signals, a phenomenon known as “interkingdom signaling.”
Moreover, since the synthesis of these molecules is enzymati-
cally regulated and occurs in response to specific physiological
conditions of the bacteria, it is completely ruled out that these
molecules could arise as byproducts of others.50−52 The
detection of the QS molecules C8-HSL and C10-HSL in
cultures of S. cerevisiae OS3 and V5 strains could represent
evidence of collective behavior by the bacterial population,
leading to gene expression, even though the bacteria are
located inside yeast cells. Moreover, yeast cultures were
observed with a fluorescent microscope after DNA dyes, with
the aim of confirming the cellular location of moving bacteria-
like bodies (MBLBs). The presence of enzymatic activities
attributable to bacteria hosted in the cellular structure of OS3
and V5 and the absence of genes encoding for them in yeast is
a further valuable indication of the existence of intracellular
bacteria, which are able to support metabolic activities and
fermentation processes. In particular, glucan endo-1,3-�-

Figure 6. A: Reaction with amylopectin; G: reaction with glycogen; L:
reaction with laminarin; P: reaction with pullulan. V5: enzymatic
digestion by crude protein enzymatic extracts from S. cerevisiae V5 at
24 h of growth in YNBwwAA medium. OS31: enzymatic digestion by
crude protein enzymatic extracts from S. cerevisiae OS3 at 24 h of
growth in YNBwwAA medium. OS32: enzymatic digestion by crude
protein enzymatic extracts from S. cerevisiae OS3 at 118 h of growth in
YSM medium.
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glucanase enzymes (EC 3.2.1.39) are present in many bacteria
of Bacteroidota phylum.53

These results were in agreement with the metataxonomic
analysis on the OS3 strain, indicating a core bacterial
microbiota, which was represented by Firmicutes, Bacteroidota,
and Proteobacteria. Similar results were recently obtained by
analyzing the bacterial communities associated with non-
Saccharomyces yeasts (Candida, Pichia, Meyerozyma, Hansenias-
pora, Rhodotorula, Debaryomyces, Sporidiobolus).1

However, the difficulties encountered in the cultivation of
OS3 endobacteria microbiota could suggest their obligate
dependence on the fungal host and may imply that
endobacteria complement their metabolism using metabolites
from their microbial community. Such a host dependency of
fungal endobacteria was recently described in the literature.54

Taken together, our results suggest, for the first time,
evidence of metabolically active intracellular bacteria in S.
cerevisiae strains OS3 and V5 cells by a multidisciplinary
approach. The bacteria could regulate their gene expression via
a peculiar signaling pathway by the production and detection
of C8-HSL and C10-HSL molecules, indicating control of their
behavior, even within yeast cells. The biosynthesis of
numerous biomolecules, mainly enzymes, by bacteria is
regulated by the production, diffusion, and detection of AIs,
predominantly AHLs.28 Our data point to the potential
existence of a metabolic network that integrates quorum-
sensing mechanisms with reported enzymatic activities.
Meanwhile, S. cerevisiae strain OS3 accumulated extracellular
tyrosol in a peculiar concentration range as soon as the cellular
density increased.
A similar chemical approach was described in the study

conducted by Kai and co-workers55 on the zygomycete fungus
Mortierella alpina A-178. They described the isolation and
identification of N-heptanoyl-L-homoserine lactone (C7-HSL)
and C8-HSL from the culture broth of M. alpina A-178. This
surprising result led them to perform additional analysis
confirming the presence of the endobacterium Castellaniella
defragrans (sequence identity 100%), which was the true
producer of AHLs. However, in recent years, several
researchers have discovered important occurrences in which
QSMs appear to take on additional roles as interspecies signals
that may regulate microbial ecology. A very interesting paper
has proved that the budding yeast S. cerevisiae responds to the
presence of the Gram-negative bacterium P. aeruginosa, in
particular to its main QS molecule N-dodecanoyl-L-homo-
serine lactone (C12-HSL).56 S. cerevisiae cells were exposed to
a diverse set of QSMs derived from various bacterial species to
assess the yeast stress response. Stress levels were quantified by
monitoring the expression of Hsp12, a small heat shock protein
fused to a green fluorescent protein (GFP). Among the QSMs
tested, only the Pseudomonas-derived molecule C12-HSL
elicited a significant stress response. In contrast, other
QSMs, including C4-HSL (from the P. aeruginosa RhlI/RhlR
system), 3-oxo-C8-HSL (from the A. tumefaciens TraI/TraR
system), 4,5-dihydroxy-2,3-pentanedione (DPD), and farnesol
(a QSM from C. albicans), did not induce a stress response
above the control levels.
Previously, S. cerevisiae has been used as an artificial host for

“endobacteria” to establish the endosymbiotic theory of
mitochondrial evolution, using engineered Escherichia coli,
and the yeast strain S. cerevisiae W303 was used as an artificial
host for Wolbachia pipientis.57−59 In this study, the authors
employed the S. cerevisiae W303 strain as an alternative host for

Wolbachia wAlbB and investigated the resulting host-endo-
symbiont interaction. Yeast cells harboring the infection
exhibited reduced viability compared to uninfected controls,
likely due to abnormally elevated mitochondrial oxidative
phosphorylation activity observed during the later stages of
growth. Wolbachia infection resulted in the activation of
mitochondria beyond the stationary growth phase. It may be
speculated that such activation constitutes an advantage for W.
pipientis either due to quenching of oxygen in the cytoplasm or
because W. pipientis needs high ATP that an active
mitochondria provides.
It was previously described that aromatic alcohols, tyrosol

(TyrOH), tryptophol (TrpOH), and phenylethanol (PheOH)
act as QSMs in yeasts, regulating cell density, evoking
morphological changes, and playing a crucial role in
communication and adaptation to the microhabitat in which
they live.17,60 For instance, the human fungal pathogen
Candida albicans exhibits a pronounced growth lag when
transferred into fresh minimal medium. This delay is
eliminated by supplementing the medium with a conditioned
supernatant from a high-density culture. The active factor
responsible is tyrosol, a molecule secreted continuously during
growth. Under conditions that support germ-tube develop-
ment, tyrosol promotes the emergence of these filamentous
structures. In contrast, germ-tube formation is suppressed by
farnesol, which is another QSM, suggesting that this
morphogenetic process is tightly regulated by opposing
environmental signals. The discovery of tyrosol as an
autoregulatory compound underscores its critical role in
modulating growth dynamics and morphological transitions
in Candida.49

Regardless of the bacterial core, in the selected growth
conditions with Yeast Nitrogen Base medium, S. cerevisiae OS3
and V5 accumulated extracellular tyrosol as soon as the cellular
density increased. At 72 h of yeast growth, a concentration of
309.14 ± 15.45 nM was recorded for OS3, which was lower
than values previously reported.9,49,60 In fact, in S. cerevisiae
ZIM 1927, which was originally isolated from the must of
“Malvasia” wine grapes and grown on nitrogen-rich MS300
synthetic must, the tyrosol reached the maximal concentration
after 42 h of ∼30 �M.9 However, as reported by Gonzalez et
al.,60 the synthesis of aromatic alcohol depends on glucose,
nitrogen, and aromatic amino acid availability in the medium
in both Saccharomyces and non-Saccharomyces yeast strains.
Understanding the mechanisms by which microorganisms

engage in interactions, it is fundamental to evaluate their effect
on industrial processes (e.g., fermenting wine, leavening bread,
or brewing beer) and biotechnological applications. The study
on the connection between the production of QS molecules
and the biological role of the interactions that occur between
yeasts and bacteria (their syntrophy and tolerance) could help
to improve fermentation conditions, as well as flavor, by
directed endosymbiosis, the development of new cellular
systems equipped with novel or synthetic organelles and to
produce stable symbiotic chimera.
In food fermentation processes, microbial consortia affect

the final features of the desired products (aroma, texture,
flavor, and shelf life). S. cerevisiae is the principal yeast species
involved in grape fermentation and plays an important role in
the formation of wine aromas, as well as its taste balance.61

The distinct wine characteristics are affected by the presence of
bacterial and fungal consortia in grape fermentations, which
influences the process performance, and by the unique
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combination of natural factors (climate, soil composition,
topography, and local biodiversity) associated with a specific
location (terroir) that influences the characteristics of
agricultural products, especially wine.62,63 Wine fermentation
is a complex process that involves multiple microbial species. It
is not to be ruled out that interesting endosymbiotic yeast−
bacteria relationships may arise within these microcommun-
ities, where mutual coexistence could result in an unexpected
and distinctive fermentative capacity, an aspect that remains
entirely unexplored. Although the presence of endosymbionts
in yeasts has already been demonstrated, our findings are
innovative because, for the first time, chemical analysis brings
out the possible presence of endosymbionts also in S. cerevisiae,
a yeast with high industrial application potential. Results
reported in our paper contribute to the advancement of
knowledge about biochemical interactions that take place in
microbial consortia during the fermentation process. Our
findings pave the way for new technologies based on the
development of new fermentation processes capable of fully
harnessing the potential of selected S. cerevisiae strains and
their endosymbiotic bacteria. This will allow for the production
of wines with unique and enhanced organoleptic profiles.
The unexpected findings of bacterial QS molecules here

identified offer novel insights into the endosymbiotic relation-
ship and highlight its potential biological significance. Further
investigations will be crucial to fully elucidate the nature of this
coexistence and characterize the underlying metabolic path-
ways. The engineering of interspecies relationships represents a
new frontier in synthetic biology, and the data here reported
on the involvement of S. cerevisiae, the microorganism at the
forefront of the International Synthetic Yeast Genome Project
(Sc2.0), imply that our study could play a useful part in the
challenges of modern biology.
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molecules; IS,intercellular signaling; AI,AutoInducers; YNB-
wAA,yeast nitrogen base without amino acids; YDP,yeast
peptone dextrose; OD,optical density; PCA,plate count agar;
MRS agar,Man, Rogosa, and Sharpe agar; HPLC,high-
performance liquid chromatography; WLNA,Wallerstein Labo-
ratory Nutrient Agar; NA,nutrient agar; BP-EYT,Baird Parker
Agar Base supplemented with Egg’s Yolk Tellurite Steril
Emulsion; PA-CFC,Pseudomonas agar Base with Cetrimide
Fusidic Acid and Cefaloridin supplement; YPSM,yeast pre-
sporulation medium; YSM,yeast sporulation medium;
MBLBs,moving bacteria-like bodies; YCFAGSC medium,yeast
casitone fatty acids agar with glucose, starch, and cellobiose;
BBA-HVK,Brucella Blood Agar with Hemin and Vitamin K1;
CMM,chopped meat medium; YPA medium,yeast, peptone
potassium acetate; TLC-overlay assay,thin-layer chromatog-
raphy-overlay assay; TOCSY-, HSQC-, HMBC- NMR
spectroscopy,TOtal Correlation SpectroscopY-, heteronuclear
single quantum coherence-, heteronuclear multiple bond
correlation- nuclear magnetic resonance spectroscopy; 1H
NMR,proton nuclear magnetic resonance; MeOD,Methanol-
d4; TMS,TetraMethylSilane; RP-C18 thin-layer chromatogra-
phy,reversed-phase thin-layer chromatography with a sta-
tionary phase consisting of silica particles coated with a C18
alkyl chain; ATGN,Agrobacterium tumefaciens Gram negative
broth; X-Gal,5-bromo-4-chloro-3-indolyl-beta-D-galactopyra-
noside; ACN,ACetoNitrile; MRM,multiple reaction monitor-
ing; PBS,phosphate buffered saline; EtOAc:AcOH:2-Propa-
nol:HCOOH:H2O,ethyl acetate, acetic acid: 2-propanol:
formic acid: water; DNS assay,3,5-dinitrosalicylic acid assay;
HTS,high-throughput sequencing; CFU,colony forming unit;
DP,degree of polymerization
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