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ABSTRACT

Brettanomyces bruxellensis the most reported spoilage yeast in aged wmnamly due to the
production of phenolic off-flavors. In the presesttidy, 64B. bruxellensisstrains isolated from
Catalonian ageing wines were genetically and plggically evaluated. ThB. bruxellensistrains
had high intraspecific diversity and were distraaligenetically using the polymerase chain reaction
of the intron splice site (ISS-PCR) into 8 cluster®stly depending on their origin, and into 22
clones using microsatellite analysis. Wine-like @itions resulted in poor growth of several strains
but, those growing, increased their tolerance tusdioxide (SQ) with incubation time. However,
tolerance to S@was not related to the genetic clusters as defusdlg ISS-PCR. Furthermore,
some of the strains were resistant and grew in g rof total SQ (2.67 mg/L molecular S§)in
wine-like conditions. Additionally, the spoilagetpatial of the isolated strains was evaluated using
precursors of 4-ethylphenol and 4-ethylguaiacoll thle strains were able to produce these
compounds above their detection threshold evenhéf tells were losing culturability with
incubation time. Thus, both the resistance te &@d the production of volatile phenols varied
within the strains. This complexity must be taketoiaccount to optimize both monitoring and

corrective interventions, suggesting the importavfcan early detection.

Keywords. Brettanomyces bruxellensisvine spoilage; genetic diversity; $@lerance; phenol

production
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1. Introduction

One of the main problems for the wine industryhis biological alteration and spoilage of wine by
the activity of certain bacteria and yeaBt. bruxellensis(teleomorphDekkera bruxellens)sis
considered the most important spoilage microorganrsthe wine industry (Loureiro & Malfeito-
Ferreira, 2003). This yeast has been detectedvatflequency in grapes or must (Renouf &
Lonvaud-Funel, 2007) but is typically found duriwge ageing in barrels and in bottles due to its
tolerance for both high ethanol and low oxygen emi@ations (Wedral et al., 2010).

Several studies have shown both high genetic arehqgifpic diversity ofB. bruxellensisin
different wine regions. (Agnolucci et al., 2009pAltin et al., 2014; Avramova et al., 2018; Curtin
et al., 2007; Di Toro et al., 2015; Guzzon et 2018; Oelofse et al., 2009). Also, the ploidy level
substrate used for isolation and even the geograpbrigin of theB. bruxellensisstrains seem to
influence the structure of this yeast populationvrgdnova et al., 2018). Nevertheless, the
understanding of th8. bruxellensigpopulation structure and the factors that modulatemains
limited. There is little information about the biwdrsity of this yeast species in Spain, one of the
most important wine producers together with Itatgd &rance.

The spoilage effect of this contaminant in wineniginly associated with the production of volatile
phenols which are related to unpleasant aromagidedcas barnyard, horse sweat or medicinal
(Chatonnet et al., 1992; Oelofse et al., 2009).rdfoee, the presence &. bruxellensisn wine
often provokes rejection by consumers and consegeemnomic losses for the wine industry
(Wedral et al., 2010). It has been shown that tbkatde phenol production b. bruxellensis
depends on the concentration of their precursoteermust (mainlyp-coumaric and ferulic acids)
and the specific strain implicated (Crauwels et 2017; Di Toro et al., 2015). However, from
previous studies it is not clear if the productiof volatile phenols is associated with the
physiological state, the growth rate Bf bruxellensis or both and often results have been

controversial (Agnolucci et al., 2010; Di Toro &t 2015; Sturm et al., 2015).
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The most common method to prevdht bruxellensisspoilage is the addition of sulfur dioxide
(SO,) mainly through the addition of a potassium biselsolution to must and wine (Ribéreau-
Gayon et al., 2006). Unfortunately, the high phgpiat diversity ofB. bruxellensisncluding, e.g.,
differences regarding its tolerance for §@gnolucci et al., 2010; Avramova et al., 2018 uet
al., 2012) and the production of volatile phendgr{olucci et al., 2009; Conterno et al., 2006;
Crauwels et al., 2017; Di Toro et al., 2015) makelfficult to predict its occurrence, behaviordan
control. In addition, most of the studies analyzihg ability ofB. bruxellensigo tolerate S@or to
produce volatile phenols have used synthetic ldbpramedia or concentrations of phenol
precursors that are not commonly found in winess tifnie results may be biased. The production of
volatile phenols byB. bruxellensisstrains in synthetic media is different from thequction in the
wine matrix or with wine-like conditions (Oelofsea., 2009; Sturm et al., 2015).

The present study aimed to determine the genetirslty of B. bruxellensisstrains isolated from
different Catalonian wine regions and compare therthe genetic diversity of isolates obtained
from around the world. Also, their phenotypic alilto tolerate S@ and to produce volatile

phenols applying wine-like conditions was investiggha

2. Materialsand M ethods

2.1. Yeast isolation

Samples for the isolation d. bruxellensisstrains were taken from wineries of different wine
regions of Catalonia including AOC (controlled dgsition of origin, originally in French) Priorat,
Montsant, Tarragona and Penedés. Samples were ined wgeing in oak barrels that had been
inoculated withS. cerevisiaetrains to do the alcoholic fermentation excepghacase of Montsant
wines that were fermented spontaneously. As theageetime of ageing was 12 months, samples

were taken at representative times including thginpéng, middle and end of the ageing. The
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oenologist from the Tarragona and Montsant wineneégated that the barrels used for sampling
had “Brett” character (barnyard/medicinal aromapwedver, wine samples from Priorat and
Penedées did not show any aromatic defects accordintipe enologist of those wineries. The
management of the wines during the ageing was ainat the different wineries. The only
difference was that wines with “Brett” characted diot receive sulfitation during the ageing period.
A volume of 100uL of each sample was plated directly into modifithlerstein laboratory
nutrient (WLN) medium (BD Difco, Eysins, Switzerl@nwith the addition of 100 mg/L of
cycloheximide (Sigma Aldrich Co., St. Louis, MO, AISWLN plates were incubated from 7 to 10
days at 28 °C. Slow-growing colonies were microscalfy observed and those with typical
Dekkera/Brettanomyce<ellular morphology (long ovoid shaped cells) wes&eaked on
WLN+cycloheximide plates and incubated again fax #ame period. The successfully isolated
strains were grown in plates of YPD (yeast extmgtone-dextrose) medium (2% glucose, 2%
peptone, 1% yeast extract and 1.7% agar, BD Difimw) subsequently genus and species
confirmation. In additionB. bruxellensisstrain CECT (Spanish Type Culture Collection; Viala,
Spain) 1009 isolated from Lambic beer, was grownY®D medium and used for comparison

purposes.

2.2. Yeast identification using RFLP (restriction fragment length polymor phism) analysis of
5.85ITS (5.8S rDNA-internal transcribed-spacer) and partial sequencing of the ITS1-1TS4

generegion

Isolated yeasts were grown in 4 mL of liquid YPDdien, at 28 °C with agitation of 120 rpm for
48 h. DNA extraction was done as previously desdilby Querol et al. (1992) with some
modifications. Briefly, cells were spun down at@)0x g for 5 min (Eppendorf microcentrifuge
5424, Sigma Aldrich), washed with sterile distiliedter and resuspended in buffer solution 1 (0.9

M sorbitol, 0.1 M ethylenediaminetetraacetic adddDTA), pH 7.5). Then, zymolyase and lyticase
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(from Arthrobacter luteus enzymes (10 mg/mL each; Sigma Aldrich) were adfiedcell wall
digestion at 37 °C for 1 h. After centrifugatiohetresulting pellet was resuspended in solution 2
(50 mM Tris, 20 mM EDTA, pH 7.4). After that, a sabn of 10% sodium dodecyl sulfate (SDS)
and 5 M potassium acetate was added and samplesineeibated on ice for 5 min. Samples were
centrifuged twice (8,000 x g for 5 min) and the euqatant was transferred to a new microfuge tube
for DNA precipitation using 1 volume of isopropan®he resulting DNA was washed with 70%
(v/v) absolute ethanol (Sigma Aldrich), air-drieddadissolved in 2QL of TE solution (10 mM
Tris—HCI, 1 mM EDTA, pH 8).

The DNA was used for yeast identification basedtlom RFLP of the PCR-amplified ITS-5.8S
rDNA region as described by Esteve-Zarzoso etl@99). Briefly, 1uL of DNA was used for the
PCR amplification of the region between the 18S #@d26S rDNA using the primers ITS1 (5'-
TCCGTACGTGAACCTGCGG-3) and ITS4 (5-TCCTCCGCTTATTAGATATGC-3’). The
amplified fragment was digested in ajd0Oreaction at 37 °C overnight by the enzyridgl, Hadll
andHinfl (Roche Diagnostics, Basel, Switzerland) using-lof each enzyme with gL of specific
buffer for each enzyme, 8L of amplified DNA and 1QuL of water. The digestion product was
visualized using electrophoresis (MSMINIDUO horitarelectrophoresis system, Sigma Aldrich)
on a 3% agarose gel. The RFLP patterns obtainee wempared with those of the database

included at_https://www.yeast-id.org/ following thmeethod described by Esteve-Zarzoso et al.

(1999) and grouped within the profiles Bf bruxellensisor other known yeasts species. The
isolates with @. bruxellensigrofile were confirmed by sequencing the DNA of ttorresponding
amplified ITS1-ITS4 region using PCR (Macrogen Jn®ladrid, Spain). The sequences were
compared with those of the type strains includedthe GenBank using the BLASTN tool
(https://blast.ncbi.nim.nih.gov/Blast.cgi). Idemtdtion at the species level was achieved with

homologies with type strains >99% for sequencetlengf 418-425 bp.

2.3. Genotyping using intron splice site PCR (I SS-PCR) and microsatellite analysis.
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Identification ofB. bruxellensigsolates at the strain level was done using aiptet PCR of the
ISS using 1 pL (80-100 ng) of the extracted DNAaagemplate. For that, 2 primers pairs that
mapped to ISS, DbEI1 (ETGGCTTGGTGTAAGT-3 and La2 (5-CGTGCAGGTGTTAGTA-

3) and EI1 (5-CTGGCTTGGTGTATGT-3’) and La2, weused for the reaction as described by
Vigentini et al. (2011). The PCR products were sajgal using the horizontal electrophoresis
system on 2% agarose gels containing ethidium men#%) for 8 h at 50 V. The Invitrogen
100bp DNA ladder (Fisher Scientific, Madrid, Spaivgs included in each agarose gel as a control
(Fig. S1) and the images digitalized using a U\hgfuminator with a digital camera (MiniBIS,
DNR, Neve Yamin, Israel).

The resulting DNA patterns were processed using @&1.0 software (Department of Mathematics
and Computer Science of University of La Rioja, i8paA composite dendrogram was constructed
with the unweighted pair group method using arithenaverages (UPGMA) (Guzzon et al., 2018).
The similarity matrix was constructed using Dicsimilarity coefficient (Vigentini et al., 2011)
allowing a tolerance for band migration of 5.0%ra8ts were clustered together when the
coefficient of genetic similarity was >90%. To ckdbe reproducibility of the ISS-PCR method,
two biological replicates of the collection str&&ECT 1009 were tested.

Isolate genotyping was done using microsatellitelysis as described by Avramova et al. (2018).
To investigate the genetic relationship betweenGht&alonian isolates and other isolates obtained
from around the world, the microsatellite data frbra isolates of the present study were compared
to the dataset used in Avramova et al. (2018) adenalrogram tree was constructed using Bruvo’s

distance and Neighbour Joining clustering using Bappr package in R (3.1.3 version,

https://www.r-project.org) as previously descril{ggdramova et al., 2018).
Both ISS-PCR and microsatellite clustering reswise used to create resemblance matrices based

on Euclidean distance (‘proxy’ package in R) argrtborrelation with the strains’ origin was
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tested using the Spearman method (‘ecodist’ packaBg. The level of statistical significance

considered for the test was p < 0.05.

2.4. Resistance to sulfur dioxidein laboratory and wine-like conditions

A total of 19B. bruxellensistrains and the type strain CECT 1009 were usetiity their sulfite
tolerance and their volatile phenols production.oTdifferent media were used to evaluate the
sulfite tolerance irB. bruxellensisstrains. The first medium tested consisted of asy@itrogen
base (YNB, BD Difco) (6.70 g/L) and glucose (5 g/The second one, the synthetic wine medium
(SWM), consisted of YNB (1.70 g/L), tartaric acl ¢/L), glycerol (5 g/L), sodium acetate (0.134
g/L) and ethanol (10% v/v). Both media were adjdgste pH 3.5 and supplemented with different
volume concentrations of #&,0Os solution to obtain the final concentrations 060,10, 15, 20, 25,
30, 40, 50 and 60 mg/L of total $0To calculate the total SOt was assumed that,&0s
contained 50% SO The free S@(fSO;,) concentration was also assessed on days 0, Z0noin
non-inoculated controls of both YNB and SWM with cammercial kit (GAB system SL,
Barcelona, Spain) based on the Ripper met{Madhl & Converse, 1980). Briefly, the commercial
kit is a colorimetric method based on the redoxctiea in which SQ reacts with iodine.
Additionally, the molecular SO(mSQ) was calculated for the parameters used (pH 3% /v
ethanol and 28°C) for each concentration of £SKhus, for a concentration of 60 mg/L f§Q,67
mg/L of mSQ was calculated.

For the preparation of the inoculum, one colonyath selected isolate was grown in 20 mL of
YPD medium in sterile tubes at 28 °C and 120 rpm4#® h. Two mL of the grown culture was
added to 30 mL of YNB medium and incubated using pinevious conditions. For the SWM
medium, additional steps were added to adapt thlates to the ethanol concentration that this
medium contains (10% v/v). After incubation in YPi¥0 consecutive steps in YNB containing 4

and 8% (v/v) ethanol were done before the trartsf@WM. Cells were finally adapted in 100 mL
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of SWM at 28 °C and 120 rpm for 96 h before thecination to SWM containing different
concentrations of SO

Each well of a microtiter plate (96 wells) contaigi 195 uL YNB or SWM with different
concentrations of SOwvas inoculated with fL of the preculture to obtain a final concentratadn
2-10 cells/mL (in the microscope, the preculture hacamerage concentration of 8 X@lls/mL)
and incubated at 28 °C without agitation. Eachaieolvas tested in triplicate with the different,SO
concentrations.

The tolerance to SQwvas followed by growth of the select®&l bruxellensissolates in the two
media (YNB and SWM) containing different mg@oncentrations. Growth was monitored using
OD measurements (600 nm) with a shaking spectropmeter SPECTROstar (BMG Labtech Co.,
Cary, NC, USA) each 48 h during 7 days for YNB nuediand each 4-5 days during 30 days for
SWM. Before OD measurements, the 96 well platesewgbiaken for 1 min at 120 rpm using the

spectrophotometer to avoid interferences by celfsodits.

2.5. Volatile production of phenolswith wine-like conditions

The selected 18. bruxellensisisolates were also evaluated for volatile pherroldpction with
wine-like conditions. Specifically, the productiof 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-
EG) from their hydroxycinnamic acids (HCA) precusgp-coumaric and ferulic acids) was
analyzed. A concentration of 2 ®jfre-adapted cells/mL grown in YNB with 8% (v/v) attol were
inoculated in duplicate in 100 mL of SWM and inctdghat 25 °C in screw-tap tubes without
agitation. The SWM contained the HCA precurgacoumaric and trans-ferulic acids (Sigma
Aldrich) at a ratio of 8:1 with a final HCA conceation of 10 mg/L. This concentration and
proportion simulates the amount of HCA commonlyridun red wines (Hixson et al., 2012). The
growth and viability oB. bruxellensissolates was followed using OD (600 nm) measurésnand

CFU (colony forming units) counting on solid YPDaf#s. For the volatile phenol analysis, 10 mL
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of each culture was taken after 7 and 30 daysafhation, centrifuged (8,000 x g for 5 min) and
the supernatant frozen at -20 °C for 3 wk until atglysis by the metabolomics facility of the
Centre for Omic Sciences (COS, Reus, Spain). Brig¢fie volatile phenols were extracted with
dichloromethane as the solvent and analyzed usitg-MS (gas chromatography-mass
spectrometry) with a chromatographic column CP28IICB (30 m x 0.25 mm i.d., 0.26n film)

(Agilent Technologies Co., Santa Clara, CA, USAhnpounds were detected using electronic
impact (El). Standards of 4-EP and 4-EG were ugsgudpare the calibration curves usmgresol

(Sigma Aldrich) as an internal standard.

3. Results and Discussion

3.1. Yeastsidentification and typing of B. bruxellensis strains

The negative impact d. bruxellension the wine industry due to its spoilage actiwigs led to
numerous studies analyzing both the phenotypictb@dyenetic diversity of this yeast in different
geographical areas (Agnolucci et al., 2009; Cuatial., 2007; Di Toro et al., 2015). However, dttl
attention has been previously paid to the bioditsersf B. bruxellensisstrains isolated from
Spanish wines. Furthermore, the genetic compat®&ween different strains from different parts
of the world might allow a better understandingtloé spoilage potential of thB. bruxellensis
strains.

During the present study, 172 colonies were sealecte plates of WLN+cycloheximide medium
inoculated with ageing wine samples from differ@attalonian wine regions. From these colonies,
65 were confirmed aB. bruxellensisstrains both using RFLP analysis of the 5.8S-I€8egregion
and partial sequencing of the ITS1-ITS4 gene regidre rest of the yeast colonies had a RFLP
pattern that did not correspond to thatBofbruxellensisA high proportion of thd. bruxellensis
strains came from samples from Tarragona, which“Baett’ character at the time of sampling.

However, Montsant samples also had “Brett” charaatel the number of isolates was even lower

10
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than in the other two regions (Priorat and Penedés)

The typing of theB. bruxellensistrains was done using ISS-PCR and resulted en@tg clusters
(C1-C9) at the 90% level of similarity (Fig. 1).uSter C3 included the duplicated fingerprints of
the collection strain CECT 1009 resulting from ei#fnt DNA extractions to show both
reproducibility (Fig. S2) and correct clusteringtbé fingerprints (Fig. 1). The rest of the cluster
include the 63. bruxellensissolated strains.

Cluster distribution was mostly depending on thaemiegion from where the strains were isolated
(p=0.001; R=0.433). Cluster C1 included isolatemmfrPenedes, clusters C2 and C6 included
isolates from Priorat and clusters C4 and C5 froamrdgona. Other clusters like C7 and C8
included mostly isolates from Priorat and Tarragomspectively. However, cluster 9 was the
largest one and included isolates from diverseoregyi(Penedés, Montsant and Tarragona).
Nevertheless, wine regions closer geographicallyndit necessarily cluster together (e.g., C6 and
C7) although some clusters (such us C1 and C5)ded isolates from the same geographical area
and had a high level of similarity (Fig. 1 and SBhese results might be potentially explained by
the adaptation oB. bruxellensigo the environment of each specific wine regiod #me lack of
spreading of this species in the area studied.

Additionally, 40 isolates from the present studyrevgenotyped using microsatellite analysis and
compared to the database used in Avramova et@Gl8)2 That database includes 1488 isolatds. of
bruxellensisisolated from 29 countries and 9 different sulteraAs shown in Fig. 2, most of the
40 B. bruxellensigsolates resulted in unique clones using the reatedlite analysis (22 different
clones from this study marked as dots within thioreal circles). The isolates identified by the
same clone shared the same microsatellite pafit22 clones fall within three of the 6 genetic
clusters described by Avramova et al. (2018). Ablates within the wine/beer-triploid-$0
sensitive group belonged to clusters C1, C6, Cgm@xane isolate of C3 and C4. Isolates within the
wine triploid-SQ tolerant group belonged to clusters C3, C4, C5a@¥ C8. The kombucha/wine-

diploid-SG sensitive group contained just isolates from elust3 (Fig. 2). Some clones were

11
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found in different regions (e.g., clone 5 in Taoag and Penedés or clone 17 in Tarragona and
Montsant) but the great majority of clones werequei and found just in one region (Fig. 1). No
clear relation was found between the three gemgtiaps and the geographical area or the winery
of origin (p=0.3; R= 0.195)(Fig. 1).

In cross-national studies, Conterno et al. (2G06hd a certain relation between clusters and site
of isolation, while Vigentini et al. (2012) and Gaan et al. (2018) described that strains of distant
geographical origin appeared to be closely relategenetic level, indicating a poor correlation of
clusters and the geographic location of isolat@ther study analyzing the biodiversity in various
winemaking regions of Australia, highlighted thegence of three genotypes found across multiple
winemaking regions (Curtin et al., 2007). At a oegil level, Di Toro et al. (2015), highlighted that
strains isolated from the same area could be gobuye different clusters. Recently, Avramova et
al. (2018) found a significant influence of the geaphical origin in the structure of tHg.
bruxellensis population for non-wine strains (54.8% of variatiexplained). However, when
looking only for wine strains, this global assomatwith geographic origin is reduced to 5%,
indicating the low association &. bruxellensisdiversity with geography among the wine yeast

clusters at a world scale.

3.2. Resistanceto sulfur dioxidein laboratory and wine-like conditions

SO, is the most common antimicrobial agent used inewndustry to controB. bruxellensisThe
molecular S@Q (MSQ) concentration recommended to conBoéttanomycespp. ranges from 0.5
to 0.8 mg/L (Oelofse et al., 2009) and from 20 @on3g/L of fSQ (Ribéreau-Gayon et al., 2006).
Several studies evaluated the resistance tg Bith contradictory results depending on the sBai
and the media used (Conterno et al., 2006). Somihesde studies were able to link the ;SO
resistance phenotype to specific genotypic groQustin et al., 2007, Curtin et al., 2012), but athe

authors found no relation between  S@sistance and genetic groups though the rangexamum

12
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SO, tolerance varied from two- to five-fold, probablyelto the lack of resolution of the typing
method (Conterno et al., 2006). In the presentysttite collection strain CECT 1009 and two
strains from each of the clusters (19 strains taltavere selected for the S@lerance test. The
strains were evaluated for their ability to growttbon YNB and SWM medium in the presence of
different concentrations of SOAt day O, the total and free @SQO,) were coincident for both
media at pH 3.5 (Fig. S4) and thus, the mS0ncentration was between 0 and 2.67 mg/L.
However, the fS@ decreased over time for non-inoculated YNB medilmough it remained
constant over time for non-inoculated SWM (Fig..S4)

At the 3rd day of incubation with laboratory comalits (growth in YNB), all the strains were able
to grow without SQ and at least with 5 mg/L of {S@r 0.22 mg/L mS@(Fig. 3A). Also, most of
the B. bruxellensisstrains grew with <10 mg/L of fSO0.3 mg/L mSQ) on the third day of
incubation and 47% of the strains coped with ug@ang/L fSQ (0.44 mg/L mSQ) at the §' day

of incubation. The tolerance to $®om all strains increased with further incubattome even if
their growth was initially affected at10 mg/L (Fig. 3A). However, the strains of clus@g at the

7™ day of incubation showing high growth at 30 mgflLtatal SG were at ~10 mg/L of fS£and
thus, 0.44 mg/L of mS{because it was demonstrated that the concentratit80, decreased with
time in the non-inoculated control of YNB (Fig. S43olates belonging to the same cluster and
location usually showed similar $S@lerance at the'5day, e.g, clusters C1, C2, C4, C5, C6 and
C9. Nevertheless, strains of the same clustersioldtied from different location showed differences
in their SQ tolerance, e.g., isolates from clusters C7 and (E§. 3A). When considering
microsatellite genetic groups, strains from thecalbed wine triploid group (Fig. 2, red group,
isolates I, II, 1II, 1V, IX, X and XIIl) showed higer tolerance to SOthan the others from
kombucha/wine (XIV) or wine/beer (V, VI, VII, VIIIXVI). Six of 7 wine triploid strains grew at
the 7" day at 20-30 mg/L of total SGequivalent to 10 mg/L of fSO2 and 0.44 mg/L mSall
strains except Il), while only 1 strain of 5 winedp triploid strains (VI) was able to do so. The

collection strain CECT 1009, included in the clusB3, and the strain XIV showed an average
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tolerance to 5-10 mg/L total $d0.22-0.27 mg/L mS¢) from the beginning to the end of the
incubation, being in general more sensible t@ 8@n most of the strains isolated from the wine
samples (Fig. 3A). Results in YNB are consistenthwAgnolucci et al. (2010) as most 8f
bruxellensisisolates decreased in growth with the same coratem of mSQ (0.22 mg/L).
Nevertheless, no relation was found between thetgeadlustering using ISS-PCR analysis and the
resistance to SQconsistent with Conterno et al. (2006). Howeviee, 19 strains analyzed is a low
number that might limited the significance of thesult.

In wine-like conditions, the growth of all thi& bruxellensisstrains was inhibited compared to the
growth on YNB, probably due to the ethanol concardan (10% v/v) and low carbon in SWM (Fig.
3B). No significant growth was observed up to tHed@y and then, the growth and S©lerance
moderately increased for some strains from tHe taGthe 38 day. However, clusters C1, C2, C3
(including CECT) and C4, hardly grew on SWM. Di#at from the YNB medium, the
concentration of total and fS@emained constant in SWM across time (Fig. S4usTimost of the
strains able to grow on SWM were highly tolerantSio, (52.6% of isolates) and were growing
after 30 days in, at least, 30 mg/L of fS€yuivalent to 1.33 mg/L of mSQ@Fig. 3B). Strains VII
and VIII from cluster C5 and some strains from t#us C4, C7 and C9 (strains VI, XVI and XVIII)
grew even at 30-60 mg/L fS(1.33-2.67 mg/L mS¢ being the most resistant isolates. These
results suggested an adaptation of the strain®©tonh time and it is important for the prevention
of their growth by the wine industry. Although ttrend in SQ tolerance was in some cases similar
for isolates from the same cluster (e.g., clustgrWine-like conditions generally increased the
differences in the observed S©lerance for the tested strains (Fig. 3B).

The isolates able to grow on SWM and toleratindhérgconcentration of Sstrains VI, VII, VI
and XVI) were genetically classified using the rogatellite analysis within the orange or
wine/beer-triploid-S@ sensitive group according to the study of Avrameval. (2018). These
strains grew easily on SWM without $@bhile the rest seemed not to be adapted to SWMisigo

poor growth even in the absence of,§Eig. 3B). On the other hand, the isolates grovahkpast at
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20 mg/L of fSQ in YNB (0.44 mg/L mSQ) fell within the red or wine-triploid-Sg&Xolerant group.
However, as commented before, the growth on YNB masimpaired. The different response of
the strains in the different media may be explaibgdthe stress conditions represented by the
composition of the SWM medium. Avramova et al. @Ptised YNB medium supplemented with
5% of ethanol, which may be comparable to the YNBduwith the laboratory conditions, while the
cells were growing less in SWM indicating theirapability to adapt to that medium. These result
indicated that, even if the strains had been isdldtom wine, differences with SWM composition
or multiple stresses could impair their growth. thar study is needed to learn more about the
reason for this, but these results highlight thpanance of using growing conditions similar to the

real environment to have more reliable results.

3.3. Volatile phenols production with wine-like conditions

The accumulation of volatile phenols in wine is sidiered the most detrimental effect directly
attributable toBrettanomycesThe production of 4-EP and 4-EG by the isolata@dirss was
evaluated with wine-like conditions (SWM). Previostsidies used assay conditions, which were
often far from vinification conditions includingch media, no ethanol, elevated pH and/or high
concentration of HCA precursors. Each strain wasukated in SWM containing HCA precursors
of 4-EP and 4-EG, respectively. The growth of Bhdoruxellensisstrains was inhibited with wine-
like conditions achieving an OD (600 nm) that rathfg@m 0.130.01 to 0.440.06 after 30 days
of incubation (Fig. 4). Isolates from the same wushowed similar final growth value (e.qg.,
clusters C4, C5 and C9). Various isolates showedglmwth with wine-like conditions as observed
in the previous experiment, e.g., clusters C1, ©2,and the CECT 1009 included in cluster C3
(Fig. 4). These values were significantly lowerrththe respective OD values resulting from the
SO, tolerance experiment with SWM at 0 mg/L S®@he presence of the HCA in the medium has

been shown to have an inhibitory effect on the gnoaf B. bruxellensis(Harris et al., 2010).
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Besides, no agitation and lower temperature weed ts simulate wine-like conditions. The lack of
agitation reduces the amount of oxygen and inhithes growth of this yeast increasing the
production of phenolic volatile compounds (Curtirak, 2013).

High proportion of the isolates (52.6%) showed Io@&U on YPD plates than the initial inoculum
(10° cells/mL) even after 30 days of incubation, intlivg that the cultivability of those strains
decreased with time during incubation (Fig. 5). Téaining isolates either showed an increase on
CFU at the 7 day but then decreased through th® @@y of incubation (clusters C6 and C7 and
the isolates VIII and XllIl from clusters C5 and G8spectively) or they kept increasing until the
30" day of incubation (isolates XVII and XVIII from$ter C9).

Regarding the volatile phenol production, all isethstrains, even if they showed limited growth,
were able to produce 4-EP and 4-EG from their psges and the concentration of both phenols
increased with incubation time. At the" ‘day, final of the exponential phase, the maximum
registered 4-EP and 4-EG were 2.0.1 and 0.2 0.1 mg/L, respectively, whereas after 30 days of
incubation the maximum values were 4.9.1 mg/L of 4-EP and 0.5 0.1 mg/L of 4-EG (Fig. 5).
The levels largely exceeded the detection thresbbtdese compounds in wine (230 andu4j7L,
respectively) (Chatonnet et al., 1992). These aumagons were consistent with the previously
reported results using 6 or 11 mg/L of HCA (Cudtral., 2013; Sturm et al., 2015).

It remains unclear whether metabolic capacity tmlpce volatile phenols or ability to grow in wine
is the key determinant of spoilage potentiaBofbruxellensisPrevious studies indicated that the
production of 4-EP and 4-EG was strain dependeghg@hucci et al., 2009; Conterno et al., 2006;
Guzzon et al., 2018). Other studies evidencedaioekhip between the physiological stateBof
bruxellensisand its ability to produce ethylphenols, beingumnalble populations able to synthesize
large quantities (Sturm et al., 2015). Additionallapozzi et al. (2016) reported conclusive
evidence for the assessment of viable-but-not-ralile state as a strain dependent character.

The strains with higher OD (600nm) at the final ping point (30 days) were not the ones with

higher phenol production. For example, strains XVand Xlll had low final growth (OD ranging
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from 0.190 to 0.203) but produced similar concerdrs of phenols than others strains that showed
higher growth (OD ranging from 0.263-0.443) (Fig. Additionally, strains with low growth like
IV, X and XIII produced higher phenol concentragahan the strain CECT 1009 from cluster C3
(Fig. 6) with similar final growth (Fig. 4). ThB. bruxelllensisisolates that produced the lowest
phenol compounds were strains from cluster C1 (£.0001 mg/L of 4-EP and 0.1% 0.04 of 4-
EG) that also showed the lower final growth (OD3@.%£ 0.004) and the collection strain in cluster
C3 (0.91+ 0.01 mg/L of 4-EP and 0.150.05 of 4-EG). Furthermore, strains with highemivers

of CFU/mL were not necessarily those with the highenount of volatile phenols. With the
exception of the strains from cluster C9, the nunddeCFU of the rest of the strains decreased
from the 7' to the 38' day but increased both their 4-EP and 4-EG praolu¢Eig. 6).

Altogether, these results suggested that with Wkee-conditions most of the strains lose
culturability but phenols are still increasing oviene. Thus, an early detection Bf bruxellensisn
wines is recommended to avoid high populations leeaven if its population decreases, e.g., by
SO, addition, it could be able to spoil the wine. Téfere, molecular techniques such as gPCR or
RNA-FISH with specific primers and probes f&. bruxellensiswould be useful for their

sensitiveness and quick results.

4. Conclusions

High intraspecific diversity oB. bruxellensisstrains in Catalonia with wide representation with
the global phylogenetic tree of isolates from acbtime world was observed. Most of the isolates
clustered separately according to the wine regibisaation and were represented by unique
clones as shown using ISS-PCR and microsatelligdysis, respectively. The tolerance of those
strains to S@was similar when it was evaluated with laboratoonditions with the most tolerant
isolates falling within the recognized as resistetmSQ genetic group (Avramova et al., 2018).
However, with wine-like conditions, strains showadited growth and were more sensitive to the

presence of SO The response to different $€oncentrations was diverse depending on the strain
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Additionally, the production of phenols was varalbr the different strains and increased with
incubation time even if the growth was limited @llacconcentration decreased. This complexity
makes it difficult to monitor and prevent the spgi byB. bruxellensistrains.
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521

522  Figurecaptions

523  Figure 1. Dendrogram of multiplex ISS-PCR profiles froBh bruxellensisstrains isolated from
524  Catalonian wine regions. The different color of thelates represents each of the 6 phylogenetic
525 groups classified in Avramova et al. (2018). Catalao clones are included within the red (wine-
526 triploid-SO, resistant), the orange (wine/beer-triploid-SGsensitive) and the green
527  (kombuchal/wine-diploid-S@sensitive) groups.

528 Figure 2: Phylogenetic tree based on microsatellite analylstee 1488B. bruxellensissolates of
529 the study of Avramova et al. (2018) showing theitpws of the 22 different clones from this study
530 marked as dots within the colored circles.

531 Figure 3: Heat maps representing the growth of the seled¢taths as OD (600 nm) measurements
532  with increasing concentration of $(@-60 mg/L) in laboratory conditions (A) and in SW(B).

533 Figure 4. Heat map representing the growth of the seledtraghs as OD (600 nm) measurements
534 in wine-like conditions withp-coumaric and ferulic acids as precursors of 4-Ed 4-EG,
535 respectively.

536 Figure 5: CFU counts of selected strains on YPD plates aftand 30 days of incubation with
537 wine-like conditions with SWM ang-coumaric and ferulic acids as precursors of 4-atP &EG,
538 respectively.

539 Figure 6: Production of 4-EP (A) and 4-EG (B) by the selecstchinsafter 7 and 30 days of
540 incubation with wine-like conditions with SWM ampecoumaric and ferulic acids.

541 Figure S1: Agarose gels oB. bruxellensidSS-PCR patterns. “M” indicates the DNA ladderdise
542  as reference for DNA bands size. “~C” indicatesrtbgative control for ISS-PCR.

543  Figure S2: Agarose gel of the ISS-PCR pattern of triplicatéextraction of one of the isolated
544  strains and the reference strain CECT 10009.

545 Figure S3: Map of the regions in Catalonia with the regioasnpled during the study marked

546  within a square.
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547  Figure $4: Concentration over time of total, free molecu#, (fFSO2) and molecular SMSQ)

548 calculated for pH 3.5, 10% ethanol v/v and 28 °@NB (A) and SWM (B) medium.
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