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Abstract Recent studies have suggested a correlation be-
tween genotype groups of Brettanomyces bruxellensis and
their source of isolation. To further explore this relationship,
the objective of this study was to assess metabolic differences
in carbon and nitrogen assimilation between different
B. bruxellensis strains from three beverages, including beer,
wine, and soft drink, using Biolog Phenotype Microarrays.
While some similarities of physiology were noted, many traits
were variable among strains. Interestingly, some phenotypes
were found that could be linked to strain origin, especially for
the assimilation of particularα- andβ-glycosides as well asα-
and β-substituted monosaccharides. Based upon gene

presence or absence, an α-glucosidase and β-glucosidase
were found explaining the observed phenotypes. Further,
using a PCR screen on a large number of isolates, we have
been able to specifically link a genomic deletion to the beer
strains, suggesting that this region may have a fitness cost for
B. bruxellensis in certain fermentation systems such as
brewing. More specifically, none of the beer strains were
found to contain a β-glucosidase, which may have direct im-
pacts on the ability for these strains to compete with other
microbes or on flavor production.

Keywords α-Glucosidase .β-Glucosidase . Biolog .
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Introduction

The yeast Brettanomyces bruxellensis (teleomorph Dekkera
bruxellensis) is an important contaminant of industrial
fermentations, such as those used for biofuel and wine
production (de Souza Liberal et al. 2007; Fugelsang
1997; Loureiro and Malfeito-Ferreira 2003). Moreover,
B. bruxellensis is considered the major microbial cause
of wine spoilage worldwide causing substantial economic
losses (Fugelsang 1997; Loureiro and Malfeito-Ferreira
2003). During wine maturation, particularly in wooden
barrels, B. bruxellensis can survive for extended periods
and convert hydroxycinnamic acids in the wine into odor-
ous ethylphenols (Chatonnet et al. 1992), resulting in the
so-called BBrett^ character (Licker et al. 1998). The
aromas imparted can be described as Bburnt plastic,^
Bbarnyard,^ Bhorse sweat,^ and Bleather,^ among some
other unpleasant odors, and are therefore considered
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negative for wine quality. On the other hand, the yeast is
also known to be beneficial, or even a crucial contributor
in certain fermentation processes, such as the production
of lambic and gueuze beers, in which these aromas are
highly appreciated (Martens et al. 1997; Vanbeneden et al.
2008). Recently, this species has also been shown to have
potential for use in continuous bioethanol production due
to its robustness to changes in pH and temperature, its
energy-efficient metabolism under oxygen limitation, and
its ability to produce high ethanol yields (Passoth et al.
2007; Schifferdecker et al. 2014; Steensels et al. 2015).
Apart from isolations from wine, beer, and bioethanol,
B. bruxellensis has been detected and isolated in other
fermented foods and drinks such as cider, kombucha,
and kefir, as well as fruit juices and soft drinks (Cosentino
et al. 2001; Coton et al. 2006; Curtin et al. 2007; Laureys
and De Vuyst 2014; Morrissey et al. 2004; Oelofse et al.
2009; Teoh et al. 2004).

Genetic diversity studies using classic DNA fingerprinting
techniques have revealed significant genotypic interstrain var-
iability within B. bruxellensis (de Barros Lopes et al. 1999;
Conterno et al. 2006; Crauwels et al. 2014; de Mitrakul et al.
1999; Martorell et al. 2006; Miot-Sertier and Lonvaud-Funel
2007; Vigentini et al. 2012; Yamada et al. 1994). Additionally,
in some of these studies, a correlation was suggested between
genotype groups of B. bruxellensis and their source of isola-
tion (Conterno et al. 2006; Crauwels et al. 2014; Vigentini
et al. 2012), suggesting niche adaptation. More recently, stud-
ies comparing B. bruxellensis genomes have confirmed their
considerable interstrain genetic variability (Borneman et al.
2014; Crauwels et al. 2014; Curtin et al. 2012). It was also
found that (in addition to diploidy) triploidy may be a relative-
ly common state for B. bruxellensis. In these cases, the triploid
genome was found to consist of a core diploid genome of two
moderately heterozygous sets of chromosomes and a third
haploid complement that is far more divergent (Borneman
et al. 2014). Apart from these differences in overall ploidy,
chromosomal aberrations such as aneuploidy, strain-specific
insertions, and deletions and loss of heterozygosity (LOH) by
gene conversion were also commonplace (Borneman et al.
2014; Crauwels et al. 2014; Curtin et al. 2012).

To date, few studies have focused on phenotypic differ-
ences between B. bruxellensis strains, probably due to the fact
that traditional phenotype assays are labor intensive and time
consuming. Moreover, in most of these studies, only a limited
set of phenotypic assays were performed, and the strains gen-
erally originated from a single niche (i.e., wine) (Conterno
et al. 2006). Nevertheless, these studies suggest substantial
phenotypic variation between B. bruxellensis strains, such as
in carbon and nitrogen assimilation (Conterno et al. 2006),
with at least one of these traits, the differential ability to grow
on nitrate, being linked to specific genomic deletions
(Borneman et al. 2014; Crauwels et al. 2014).

The objective of this study was to assess the phenotypic
variation between different B. bruxellensis isolates from three
beverages (beer, wine, and soft drink) that represented distinct
genotypes as previously determined (Crauwels et al. 2014).
More specifically, seven B. bruxellensis isolates were subject-
ed to Phenotype Microarray (PM) technology (Biolog)
(Bochner 2003) using three different PM plates. These plates
represented 285 phenotypic tests involved in both carbon
(PM1 and PM2) and nitrogen metabolism (PM3). In search
for genomic signatures of the phenotypic variation, whole
genome sequences were compared. Finally, a PCR screening
was performed on a set of 30 B. bruxellensis isolates across a
genomic region of ~36 kb (harboring 13 genes) that in the
sequenced strains displayed variable copy number and LOH,
to better understand the genome evolutionary mechanisms
underpinning particular phenotypic differences.

Materials and methods

Study strains

Seven B. bruxellensis isolates were used in this study
(Table 1). These isolates have been characterized genotypical-
ly in previous research using a combination of classic finger-
printing techniques (Crauwels et al. 2014). Isolates were se-
lected from three different origins (beer, wine, and dry ginger
ale) and represented four distinct genotypes (Crauwels et al.
2014). All isolates were stored at −80 °C in glycerol-based
standard storage medium (yeast extract peptone dextrose
(YPD) broth containing 26.1 % glycerol).

Phenotypic analysis

To assess for metabolic differences in carbon and nitrogen
metabolism, isolates were subjected to different Phenotype
Microarray plates (Biolog, Hayward, CA, USA), including
PM1, PM2 (together 190 carbon sources), and PM3 (95 nitro-
gen sources), following the S. cerevisiae protocol provided by
the manufacturer. Substrate concentrations provided in the
PM plates are in a typical range that cells prefer (2–20 mM
for the carbon sources and 1–5 mM for the nitrogen sources).
When the carbon source varied, the nitrogen source was am-
monium (PM1 and PM2). When the nitrogen source varied,
glucose was used as carbon source (PM3). Briefly, first cryo-
preserved cultures were streaked on yeast peptone glucose
agar (YPG) (10 g/l glucose, 10 g/l peptone, and 5 g/l yeast
extract) and incubated for 120 h at 25 °C. After incubation, a
single colony was restreaked on YPG and incubated for 96 h
under the same conditions. Next, each strain was picked up
with a sterile cotton swab and suspended in 15 ml of yeast
nutrient supplement (NS) inoculation fluid (Biolog) until an
optical cell density of 0.20 was reached, measured using a
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spectrophotometer at a wavelength of 600 nm. PM plates were
then inoculated with 100 μl of a mixture of 10 ml IFY-0
(1.2×), 1000 μl recommended PM additive (12×), 160 μl
dye mix D (100×), 375 μl glucose solution (32×) (only for
PM3), 590 μl (for PM3) or 965 μl (for PM1 and PM2)
autoclaved ultrapure water (IDT, Coralville, IA, USA), and
500 μl yeast cells in NS solution. All microplates were incu-
bated for 8 days at 25 °C in the OmniLog automated
incubator-reader (Biolog) and were read every half hour.
Each strain was tested in duplicate.

Binary coefficients (1/0) for positive metabolism (1) or no
metabolic activity (0) were attributed to each PM well as fol-
lows. First, the area under the curve (AUC) was calculated
using the OPM package (Vaas et al. 2013) for R version
12.2.1 (R Core Development Team 2006). Next, a strain was
scored positive for a particular test source when for each rep-
licate, the AUC of the well exceeded 1.1 times the AUC of the
blank. Vice versa, the strain was scored negative if it did not
exceed 1.1 times the AUC of the blank for both replicates. If
different scores were obtained for both replicates, no value
was attributed to that well (and indicated as Bunknown^).
The robustness of our scoring systemwas verified with classic
tests for a subset of carbon and nitrogen sources, including
arbutin, cellobiose, D-galactose, gentiobiose, glucose, and
glycerol (carbon sources) and nitrate (nitrogen sources). For
carbon assimilation tests, 5-ml yeast nitrogen base (without
amino acids and ammonium sulfate) was used supplemented
with 0.2 % (w/v) of the tested carbon source. For the nitrate
assimilation test, strains were inoculated into 5-ml medium
described by Conterno et al. (2006) supplemented with
0.1 % (w/v) nitrate. After 7 days of aerobic incubation under
agitation at 25 °C, the growth of the different strains was
evaluated by means of visual inspection and confirmed our
Biolog results (Tables S1 and S2, supplemental material).

Genome analysis

For three of the seven studied strains (ST05.12/22 (also known
as VIB X9085); ST05.12/56 (CBS 2499) and ST05.12/62
(AWRI 1499)), whole genome sequences and annotations were
already available and were used for this study (Crauwels et al.
2014; Curtin et al. 2012; Piskur et al. 2012). For the other four
strains, genomes were sequenced in this study (Table 1).
Genomic DNAwas isolated using the phenol/chloroform extrac-
tion method described previously (Lievens et al. 2003).
Following DNA purification, DNA samples were sequenced
using the Illumina HiSeq 2500 sequencing platform (Illumina,
San Diego, CA, USA) using the Bhigh-output run^ mode. For
each strain, the ploidy level was estimated by taking advantage
of allele proportions as described previously (Curtin et al. 2012).
For single nucleotide polymorphism (SNP) mapping, raw se-
quencing reads were mapped to the AWRI 1499 genome se-
quence with SNP positions and whole genome phylogenies con-
structed as described previously (Borneman et al. 2014). Further,
prominent phenotypic differences observed in our dataset were
associated with KEGG pathways (Kanehisa and Goto 2000;
Kanehisa et al. 2014) and gene presence/absence patterns. To
this end, the sequenced raw reads were mapped against the three
annotated reference genomes using Bowtie2 (Langmead and
Salzberg 2012), and results of themappingwere further analyzed
with SAMtools (Li et al. 2009) andBEDTools (Quinlan andHall
2010). Sequence data obtained in this study have been deposited
in the NCBI short-read archive under the Bioproject accession
PRNJA281577.

PCR screen of selected genes

In order to assess the distribution of particular genes of interest
or genes associated with specific phenotypes within

Table 1 Brettanomyces bruxellensis isolates used in this study

Isolatea Collection identifierb Niche Geographic origin Year of
isolationc

Genotyped Ploidye Sequence data

ST05.12/59 CBS 6055 Dry ginger ale United States of America - II-A 3n This study

ST05.12/22 VIB X9085 Lambic beer Belgium - II-B 2n Crauwels et al. (2014)

ST05.12/26 MUCL 49865 Beer Belgium - II-B 2n This study

ST05.12/48 Cantillon lambic brewery Belgium 2012 II-B 2n This study

ST05.12/53 Cantillon lambic brewery Belgium 2012 II-D 3n This study

ST05.12/56 CBS 2499 Wine France - II-B 3n Piskur et al. (2012)

ST05.12/62 AWRI 1499 Wine Australia - II-E 3n Curtin et al. (2012)

a Own isolate numbering
bAWRI Australian Wine Research Institute, Glen Osmond, Australia, CBS Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands, MUCL
Mycothèque de l Université Catholique de Louvain, Louvain-la-Neuve, Belgium, VIB Vlaams Instituut voor Biotechnologie, Leuven, Belgium
cUnknown
dGenotype according to Crauwels et al. (2014)
e Ploidy determined by taking advantage of allele proportions
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B. bruxellensis, a PCR screen was performed on a collection
of 30 B. bruxellensis strains from beer (18 isolates), wine (9
isolates), and soft drinks (3 isolates) (Crauwels et al. 2014).
Primers were designed using Primer3 (Rozen and Skaletsky
2000) based on at least two sequences available for each gene
(Table S3, supplemental material). Part of the analysis involved
an extended screening of what has been done previously in
Crauwels et al. (2014) for the genes encoding a galactokinase
(GenBank Accession No EIF45409 (AWRI 1499)), a dTDP-
glucose dehydratase (EIF45411), a maltase (EIF45413), and a
β-glucosidase (EIF45415). PCR amplification was performed
in a reaction volume of 20 μl, containing 0.15 μM of each
dNTP, 0.5 μM of each primer, 1 U TaKaRa Ex Taq polymer-
ase, 1× Ex Taq buffer (Clontech Laboratories, Palo Alto, CA),
and 10 ng genomic DNA (determined using a nanodrop instru-
ment). Amplification was performed using a Bio-Rad T100
thermal cycler according to the following thermal profile: ini-
tial denaturation at 94 °C for 10 min, followed by 30 cycles of
94 °C for 1min, 55 °C for 45 s, and 72 °C for 1min.A final 10-
min extension step at 72 °C concluded the protocol. Presence
or absence of the gene was evaluated by agarose gel electro-
phoresis and, for some amplicons, further confirmed by se-
quencing of the obtained product using the same reverse prim-
er as used for the amplification.

Results

Phenotypic diversity between B. bruxellensis isolates
from different niches

In total, 139 of the 285 sources tested, encompassing 71 carbon
sources and 68 nitrogen sources, scored positive for at least one
of the tested strains (Tables S1 and S2, supplemental material).
One hundred forty-three sources were attributed a binary value
for all strains (no Bunknown^ among the tested strains; meaning
that for these 143 sources for each strain both replicates gave
identical results (positive or negative for both replicates))
(Tables S1 and S2, supplemental material). Of these 143
sources, 39%were metabolized by all strains tested, 45%were
not metabolized by any of the strains tested, and 15 % were
differentially metabolized among strains. In general,
B. bruxellensis strains were found able to oxidize aldoses and
disaccharides (Table S1, supplemental material). More specifi-
cally, 7 out of 10 and 6 out of 11 tested aldoses and disaccha-
rides, respectively, were oxidized by all strains. In contrast,
polysaccharides (with exception of dextrin, laminarin, and pec-
tin) were not oxidized (Table S1, supplemental material).
Among nitrogen sources, the majority of amino acids tested
were assimilated by all strains. More specifically, whereas L-
isomers were commonly oxidized, D-isomers could generally
not be used (with the exception of D-alanine) (Table S2, sup-
plemental material). In contrast, when amino acids were used as

sole carbon source, most sources yielded a negative response,
with exception of D-alanine, L-glutamic acid, and L-proline
(Table S1, supplemental material). Further, substrates involved
in arginine and proline metabolism as well as dipeptide sources
were commonly used (Table S2, supplemental material).

Prominent phenotypic differences were seen in the utiliza-
tion of particular saccharides and nitrogen sources with regard
to the origin of the strains as outlined below. Out of a total of
13 monosaccharides tested, nine sugars were metabolized by
all strains and three sugars (D-allose, L-glucose, and L-
sorbose) were not oxidized by any of the strains tested. A
differential response was observed for D-galactose (Table 2).
While the soft drink strain as well as the strains isolated from
wine were able to oxidize D-galactose, this carbon source
could not be metabolized by the beer strains (with exception
of isolate ST05.12/53) (Table 2). Most tested disaccharides
could be metabolized by all strains. However, whereas the soft
drink isolate ST05.12/59 could not use the α-glycosides malt-
ose and turanose, the other six isolates were able to use both
disaccharides. Similarly, the soft drink strain was the only
strain that could not use the trisaccharide melezitose and the
α-substituted monosaccharide α-methyl-D-glucoside
(Table 2). The beer strains (ST05.12/22, ST05.12/26,
ST05.12/48), on the other hand, were the only strains that
were not capable of consuming the β-disaccharides cellobiose
and gentiobiose as well as the β-substituted monosaccharides
arbutin and β-methyl-D-glucoside (Table 2). Finally, the soft
drink strain and wine strains, along with one beer strain
(ST05.12/48), were able to metabolize sodium nitrate and so-
dium nitrite, whereas the other three beer strains could not
utilize this nitrogen source (Table S2, supplemental material).

Genomic features of beer, soft drink, and wine
B. bruxellensis

The soft drink isolate and beer isolates sequenced in this study
were compared to previously sequenced wine (Borneman
et al. 2014; Curtin et al. 2012; Piskur et al. 2012) and beer
(Crauwels et al. 2014) isolates, in terms of their genome fea-
tures (Fig. 1) and overall relatedness (Fig. 2). Beer strains
ST05.12/26 and ST05.12/48 were predicted to have diploid
genomes based upon heterozygous allele proportions
(Table 1; Fig. 1), and cluster with previously sequenced dip-
loid beer (ST05.12/22) and wine (AWRI 1613, CBS 2499
(ST05.12/56)) strains (Fig. 2). ST05.12/53 also clustered with
this group, yet was predicted to harbor a triploid genome
(Table 1; Fig. 1). The triploid soft drink isolate ST05.12/59
(Table 1; Fig. 1) was most distant from the diploid strains,
which are thought to represent the B. bruxellensis Bcore^ ge-
nome (Borneman et al. 2014). An interesting feature previous-
ly described for diploid wine B. bruxellensis strains is wide-
spread loss-of-heterozygosity (LOH). Diploid and triploid
beer strains also exhibit this feature, with the greatest
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proportion of LOH evident for strain ST05.12/48. Notably,
while there are regions where both beer and wine strains share
LOH events, there are some that are conserved across beer but
not wine strains and vice versa (Fig. 1). While all newly se-
quenced strains displayed relatively even sequence depth
across their genomes, local copy number variations (CNV)
were commonplace (Fig. 1). For example, ST05.12/26
displayed several instances of large-scale heterozygous dele-
tions (Fig. 1).

Targeted genomics to explain phenotypes

Mapping the raw reads of the four strains sequenced in
this study (ST05.12/26, ST05.12/48, ST05.12/53, and
ST05.12/59) to the three annotated genomes (ST05.12/22,
CBS 2499 (ST05.12/56), and AWRI 1499 (ST05.12/62))
enabled putative identification of the genes involved in
shaping the above-mentioned phenotypes. BLAST-derived

KEGG annotations were analyzed for genes involved in
the galactose pathway (KO00052) and revealed four genes
that could be linked to the observed galactose-positive and
galactose-negative phenotypes, including genes encoding a
galactose-1-phosphate uridyltransferase (K00965, galT;
GenBank Accession No EIF45408 (AWRI 1499)), a
galactokinase (K00849, galK; EIF45409), a gal10 bifunc-
tional protein (K01784, galE; EIF45410), and a β-
galactosidase (K05349, lacZ; EIF45248). None of the
genes were found in ST05.12/22, while isolates ST05.12/
26 and ST05.12/48 lacked lacZ and galE, and galE, re-
spectively. In all galactose-positive isolates, all four genes
were present (Table S4, supplemental material).
Additionally, a β-glucosidase (K05349, bglX; GenBank
Accession No EIF45415) was found in the genome of
strains that could assimilate the β-linked sugars cellobiose,
gentiobiose, and arbutin as well as β-methyl-D-glucoside
(Table S5, supplemental material). Similarly, a maltase

Table 2 Phenotype Microarray resultsa for oxidation of monosaccharides, disaccharides, trisaccharides, and polysaccharides as well as α- and β-
substituted monosaccharides by different Brettanomyces bruxellensis strains

a Results of two replicates. Green, positive; red, negative; orange, unknown. A positive score was given when for each replicate the area under the curve
(AUC) exceeded 1.1 times the AUC of the blank. Vice versa, a strain scored negative if it did not exceed 1.1 times the AUC of the blank for both
replicates. If different scores were obtained for both replicates, it was scored as Bunknown^
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(K01187, malZ; EIF45413) was found only in the genome
of strains able to oxidize the α-linked sugars maltose,
turanose, and melezitose as well as α-methyl-D-glucoside
(Table S5, supplemental material).

In order to assess the distribution of both these α- and β-
glucosidase genes, their presence or absence was evaluated by
PCR for 30 assorted strains from beer, wine, and soft drinks.
Just over half of the beer strains (10 out of 18 tested isolates)

Fig. 1 Whole genome analyses. a Copy number variation analysis. For
each strain, the average sequencing read depth was recorded for sliding
windows across the genome (5-kb window, 1-kb step) and presented
relative to the mean across that strain’s entire genome. b Single
nucleotide polymorphism (SNP) analysis. For each strain, heterozygous
nucleotides were identified and the proportion of aligned reads containing
each of the variant bases recorded. The average major allele frequency
was then calculated for sliding windows across the genome (5-kb
window, 1-kb step) and plotted central to each window. Any regions

that lacked heterozygous bases were classified as regions of loss-of-
heterozygosity (LOH) and are indicated by gray bars above each plot.
The solid black line represents a major allele frequency of 66 % that
would be expected for a triploid genome. For a diploid genome, it is
expected that the average frequency of a particular allele at a
heterozygous site will be around 50 %. Predicted triploids are indicated
in green, diploids in blue. Names of Brettanomyces bruxellensis strains
sequenced in this study are indicated in bold
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and the majority of the wine strains (8 out of 9) were found to
contain the maltase gene (X9085_g2204 (ST05.12/22)). In
contrast, none of the three tested soft drink isolates were pos-
itive for this gene (data not shown). Regarding the β-
glucosidase gene, all beer strains scored negative, while all
soft drink isolates and almost all wine strains (8 out of 9)
scored positive (Table 3). When expanding this PCR screen-
ing across a larger genomic region harboring 13 genes (includ-
ing this β-glucosidase gene; region corresponds to a part of
the AWRI 1499 reference contig with GenBank accession
number AHIQ01000280), which was found to be absent in a
beer strain previously (Crauwels et al. 2014), a systematic
pattern of gene loss was observed for the beer strains

(Table 3). In contrast, all tested soft drink and wine isolates
(except one) were found to contain the complete cluster of
genes (Table 3). Interestingly, the region, corresponding to
the AWRI 1499 reference contig with GenBank accession
number AHIQ01000280, was notable for varying degrees of
CNVand LOH between strains (Fig. 3). Indeed, all sequenced
strains are predicted to have undergone either heterozygous or
homozygous deletion of all or part of the 13-gene cluster, or
present with LOH across the same region (Fig. 3).

Similarly, three genes involved in nitrate assimilation, includ-
ing nitrate reductase (K10534, NR, GenBank Accession No
EIF45249 (AWRI 1499)), nitrite reductase (K00362, nirB,
EIF45250), and a nitrate transporter (K02575, NRT,

Fig. 2 Maximum-likelihood tree
based on 9.7 Mb of a
concatenated alignment that
exceeds minimum coverage level.
Names of Brettanomyces
bruxellensis strains sequenced in
this study are indicated in bold.
Predicted triploids are indicated
with a green mark, diploids with a
blue mark

Table 3 Distribution of 13 clustered genesa over different Brettanomyces bruxellensis strains as determined by PCRb

a Clustered genes in a region of ~36 kb, corresponding to a part of B. bruxellensis AWRI 1499 (ST05.12/62) contig AHIQ01000280
bAs determined by PCR amplification using primers targeting the almost complete ORF (for primers see Table S3 in supplemental material). PCR
amplification was performed with 10 ng genomic DNA. All bands were of the expected size. +, strong band (indicated in green); +/−, faint band
(indicated in green); −, no band (indicated in red)
c Gene presence or absence was also confirmed by short read mapping of obtained genome sequences against B. bruxellensis AWRI 1499
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Fig. 3 Analysis of read-mapping against Brettanomyces bruxellensis
AWRI 1499 (ST05.12/62) contig AHIQ01000280. a Copy number
variation analysis. For each strain, the average sequencing read depth
was recorded for sliding windows across the genome (5 -kb window, 1-
kb step) and presented relative to the mean across that strain’s entire
genome. b Single nucleotide polymorphism (SNP) analysis. For each
strain, heterozygous nucleotides were identified and the proportion of
aligned reads containing each of the variant bases recorded. The
average major allele frequency was then calculated for sliding windows
across the genome (5-kb window, 1-kb step) and plotted central to each

window. Any regions that lacked heterozygous bases were classified as
regions of loss-of-heterozygosity (LOH) and are indicated by gray bars
above each plot. The solid black line represents a major allele frequency
of 66 % that would be expected for a triploid genome. For a diploid
genome, it is expected that the average frequency of a particular allele
at a heterozygous site will be around 50 %. Predicted triploids are
indicated in green, diploids in blue. Names of Brettanomyces
bruxellensis strains sequenced in this study are indicated in bold. Open
reading frames are indicated below coverage and SNP plots, with those in
red part of the 13-gene cluster referred to in Table 3
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EIF45251), were found to be linked with the nitrate/nitrite phe-
notypes (Table S6, supplemental material). While all three genes
were present in the strains with positive phenotypes, beer isolates
ST05.12/22 and ST05.12/53 did not contain any of the three
genes, while isolate ST05.12/26 did not contain the reductase
genes (NR and nirB) but still contained the nitrate transporter
gene (NRT).

Discussion

Genetic diversity studies have revealed substantial genotypic
interstrain variability within B. bruxellensis. On the other
hand, relatively little is known about phenotypic diversity of
this important industrial yeast species. Here, we studied the
phenotypic variation between genotypically divergent
B. bruxellensis isolates from three beverages (beer (4 isolates),
wine (2 isolates), and soft drink (1 isolate)) and attempted to
relate this variation to genomic data. Apart from providing
novel insights on carbon metabolism in B. bruxellensis, we
also confirmed previous findings on nitrogen metabolism,
whereby some strains are unable to use nitrate or nitrite due
to the lack of one or more essential genes involved in nitrate
assimilation (Borneman et al. 2014; Crauwels et al. 2014).

B. bruxellensis strains were able to grow on a variety of
carbon and nitrogen sources of which monosaccharides and
disaccharides were the most commonly used carbon sources,
and L-amino acids, dipeptides, and substrates involved in ar-
ginine and proline metabolism the most accessible nitrogen
sources. These results are in agreement with the findings of
Conterno et al. (2006), who tested a large number of
B. bruxellensis isolates, primarily from wine, on several phe-
notypic parameters. Amino acids such as proline and arginine
are the most abundant amino acids in grape juice, wine, and
fruit juices (Bell and Henschke 2005; Kliewer 1967; Ting and
Rouseff 1979), and may therefore represent an efficient nitro-
gen source for yeasts such as Brettanomyces in these bever-
ages. In contrast, proline has been found the least-preferred
nitrogen source for many lab strains of S. cerevisiae
(Magasanik and Kaiser 2002).

Previous studies have suggested a correlation between ge-
notype and source of isolation (Conterno et al. 2006; Crauwels
et al. 2014; Vigentini et al. 2012). Our data are in agreement
with previous work (Conterno et al. 2006) in that overall phe-
notypic patterns are not clearly related to sources of isolation;
nonetheless, some interesting phenotypes were found that
could be linked to strain origin (at least for the strains tested).
For example, the tested soft drink isolate as well as the wine
strains were capable of oxidizing D-galactose, whereas most
beer strains were not. The presence or absence of four genes
could be linked to this phenotype, including three clustered
genes involved in the Leloir pathway of the galactose metab-
olism (galactose-1-phosphate uridyltransferase (galT),

galactokinase (galK), and gal10 bifunctional protein (UDP-
galactose-4-epimerase (galE))) and a β-galactosidase with
lactase activity (lacZ). Strains unable to grow on galactose
lack at least one of these genes, i.e., galE encoding an UDP-
galactose 4-epimerase catalyzing the final step of the Leloir
pathway, explaining the observed phenotype. Previous studies
on S. cerevisiae have shown that loss of GalE results in yeast
growth arrest in response to even trace quantities of environ-
mental galactose despite the presence of an alternate,
metabolize-able carbon source (Douglas and Hawthorne
1964). So far, no information is available whether lack of
galE would similarly impact Brettanomyces yeasts.

Whereas most disaccharides and trisaccharides were metabo-
lized by all strains, differential responses were found for particu-
lar α- and β-glycosides. Additionally, similar observations were
made for theα- andβ-substitutedmonosaccharidesα-methyl-D-
glucoside and β-methyl-D-glucoside, respectively. More specif-
ically, the soft drink isolate was the only isolate that could not use
the disaccharides maltose and turanose, consisting of two α-1,4-
linked glucose units and a glucose and fructose unit combined by
an α-1,3-linkage, respectively. As such, it may be expected that
this strain lacks the enzyme(s) that is (are) able to hydrolyze these
α-linkages. Each of the seven tested strains was found to contain
multiple α-glycosidase (maltase or isomaltase) genes, of which
one gene (X9085_g2204) may be correlated with the
observed maltose- and turanose-negative phenotypes.
Additionally, a β-glucosidase (GenBank Accession No
EIF48743) was identified that cocorrelated with these pheno-
types (Table S5, supplemental material), but being a β-glucosi-
dase, it is less likely that this gene would be involved. Further
research (e.g. using (knock-out) mutants) is needed to examine
the exact phenotypic impact of the presence or absence of these
genes in B. bruxellensis. Furthermore, the soft drink isolate was
unable to hydrolyze theα-substitutedmonosaccharideα-methyl-
D-glucoside and the nonreducing trisaccharide melezitose.
Melezitose can be hydrolyzed into turanose and glucose by hy-
drolyzing the Fru β(2–1)α Glc in melezitose; hydrolysis of the
α-1,3 linkage results in glucose and sucrose. Whereas it may be
expected that the Fru β(2–1)α Glc bond can be hydrolyzed (as
for sucrose) yielding turanose and glucose, and that the glucose
can be used by the yeast, it remains to be investigated why a
negative response was obtained on melezitose.

Further, the four investigated beer strains were the only
strains tested that were not capable of metabolizing the β-
glycoside disaccharides cellobiose and gentiobiose as well as
the β-substituted monosaccharides β-methyl-glucoside and
arbutine.Whether or not this finding represents a general trend
for B. bruxellensis beer strains has to be confirmed by inves-
tigating more isolates. Our findings also suggest that the beer
strains investigated in this study lack the enzyme(s) responsi-
ble for the breakage of specific β bonds such as β-1,4
(cellobiose) and β-1,6 (gentiobiose). In this regard, a β-
glucosidase (GenBank Accession No EIF45415 (AWRI
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1499 (ST05.12/62)) and JGI transcript number 51487 (CBS
2499 (ST05.12/56))) was found to be absent in the beer
strains, while it was present in all other strains tested.
However, whereas this β-glucosidase gene was absent in the
beer strains, the beer strains were found to possess another β-
glucosidase gene (homolog of the GenBank Accession No
EIF48743 (AWRI 1499 (ST05.12/62)) and JGI transcript
number 26490 (CBS 2499 (ST05.12/56))), whichmay explain
the usage of other β-glycosides (e.g. the β-1,3 glucan lami-
narin). Moreover, this gene was present in all tested strains,
except in the soft drink isolate ST05.12/59. β-Glucosidases
are well-known for their role in flavor development in beer
and wine (Daenen et al. 2004). Many flavor and aroma com-
pounds are locked up as nonvolatile glycosides and are re-
leased from their precursors by enzymatic hydrolysis, e.g.,
mediated by β-glucosidases (Pogorzelski and Wilkowska
2007). As we found different phenotypic profiles for the use
of β-glycosides within our set of tested isolates, coinciding
with the presence of two different β-glucosidases, it may be
expected that these strains will display different flavor pro-
files. However, further research is needed to investigate the
exact role of these β-glucosidases in flavoring capability of
B. bruxellensis strains.

Interestingly, the three aforementioned genes involved in the
Leloir pathway as well as the β-glucosidase gene absent in the
four investigated beer strains belong to a ~36 kb region
encompassing 13 clustered genes, the majority of which are
involved in carbon metabolism. This cluster was completely
absent in beer strain ST15.12/22, while present in the reference
genomes of CBS 2499 (ST05.12/56) and AWRI 1499
(ST05.12/62) (Crauwels et al. 2014). Mapping our sequence
data against these reference genomes indicated that this cluster
is also present in the soft drink isolate ST05.12/59. On the con-
trary, a portion of this region, encompassing genes encoding a
gal10 bifunctional protein, a dtdp-glucose dehydratase, two hex-
ose transporters, a maltase, a multidrug resistance regulator, and
the β-glucosidase was lost in the beer strains ST05.12/26 and
ST05.12/48. Beer strain ST05.12/53 only lacked the genes
encoding the β-glucosidase and a hexose transporter. Notably,
this cluster corresponds with a region on the AWRI 1499 refer-
ence contig with GenBank accession number AHIQ01000280
that was also found to have varying degrees of CNVand LOH
between strains. Altogether, these results show that this genomic
region is relatively unstable and prone to (partial) loss in some
strains. Indeed, a PCR screening performed for an additional set
of isolates (30 in total) on these 13 genes confirmed this scenario
(note: in Crauwels et al. (2014), this region of 13 genes was by
mistake said to contain 12 genes). More specifically, whereas all
tested soft drink and wine isolates (except one) were found to
contain the complete cluster of genes, none of the tested beer
strains contained the entire cluster. Furthermore, our PCR
screening suggests that these genes have been gradually lost
over time, as we observe a spectrum of target gene presence,

wherein a minority of beer associated strains retain a few target
genes, others lack all 13, and all beer strains lack the β-
glucosidase gene. Based on these findings, it may be speculated
that this gene cluster carries a fitness cost for B. bruxellensis in
certain fermentation systems such as brewing, thereby providing
a selective pressure for its loss. This phenomenon of loss of
genes in specific strains is reminiscent of the concerted loss of
the galactose catabolism cluster in Japanese Saccharomyces
kudriavzeveii isolates compared to European isolates (Hittinger
et al. 2010).

It is interesting to note the possibility that ploidy level re-
flects the niche from where the strains were isolated. The
majority of B. bruxellensis isolates (>90 %) recovered from
Australian wineries represent triploid strains (Borneman et al.
2014; Curtin et al. 2007). In addition, wine strains with mi-
crosatellite profiles very similar to the sequenced triploid ref-
erence strain AWRI 1499were recently described, which orig-
inated from France and South-Africa (Albertin et al. 2014),
suggesting that these strains are also triploid. In contrast, the
majority of the beer strains investigated in this study (3 out of
4) were found to be diploid. Genome sequencing, or micro-
satellite analysis, of a large number of B. bruxellensis isolates
from different niches will be required to reach a conclusion as
to the significance of these observations, but it is tempting to
speculate that the additional set of divergent chromosomes
may confer a selective advantage in winery and related envi-
ronments. It was also suggested in other studies that increased
levels of resistance to sulphite, the main anti-spoilage agent in
wine fermentations, might be at least partially responsible for
the common triploidy state in wine strains (Borneman et al.
2014; Curtin et al. 2012). While triploid, phylogenetic analy-
sis based on SNP data positioned beer strain ST05.12/53
closely to the diploid strains. The genetic mechanism by
which B. bruxellensis triploids form would, therefore, appear
to occur even between relatively closely related strains.

To conclude, we observed substantial phenotypic diversity
within B. bruxellensis, some of which could be explained by
genomic differences, i.e. presence or abscence of specific
genes. However, functional studies using (knock-out) mutants
are needed to confirm the involvement of these genes in the
phenotypes observed and discussed in this study.
Additionally, further genome sequencing is needed to better
understand how genome evolutionary mechanisms underpin
these phenotypic differences. Moreover, while inferred in the
current study, further research using large collections of
B. bruxellensis strains from diverse geographical and ecolog-
ical sources is needed to answer the question whether different
ecological niches harbor different B. bruxellensis phenotypes.
Such studies may help us investigating whether these pheno-
types also have a distinct impact on the production of beer and
wine or other beverages, or, more in general, to further under-
stand the ecological behavior of this economically important
yeast.
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