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ABSTRACT

Dekkera bruxellensis and Saccharomyces cerevisiae are considered two phylogenetically distant relatives, but they share several
industrial relevant traits such as the ability to produce ethanol under aerobic conditions (Crabtree effect), high tolerance
towards ethanol and acids, and ability to grow without oxygen. Beside a huge adaptability, D. bruxellensis exhibits a broader
spectrum in utilization of carbon and nitrogen sources in comparison to S. cerevisiae. With the aim to better characterize its
carbon source metabolism and regulation, the usage of galactose and the role that glucose plays on sugar metabolism were
investigated in D. bruxellensis CBS 2499. The results indicate that in this yeast galactose is a non-fermentable carbon source,
in contrast to S. cerevisiae that can ferment it. In particular, its metabolism is affected by the nitrogen source. Interestingly,
D. bruxellensis CBS 2499 exhibits the ‘short-term Crabtree effect’, and the expression of genes involved in galactose
utilization and in respiratory metabolism is repressed by glucose, similarly to what occurs in S. cerevisiae.
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INTRODUCTION

Sugar metabolism provides an essential source of energy and
metabolites for most organisms. To develop industrial strate-
gies and processes based on cell as a factory, the understand-
ing of the metabolic pathways and their regulation is manda-
tory. Although glucose is the preferred sugar by microorganisms
and the most abundant component of natural polysaccharides,
the use of other sugars is becoming more and more attractive
at industrial level to obtain cost efficient bioprocesses and to
avoid interfering with the use of food crops for the production of
chemicals. Nowadays, research efforts are in fact focused both

to obtain monosaccharides from alternative sources than food
and to develop microorganisms able to use all of them, hex-
oses and pentoses aswell. In this regard, Saccharomyces cerevisiae,
which is one of themost frequently used cell factory in industrial
biotechnology, prefers glucose as carbon and energy source and
is unable to use pentoses. In recent years, yeast strains capable
of overcoming this limitation have been developed by metabolic
modifications (Van Vleet and Jeffries 2009). Together with glu-
cose, galactose is a component of hemicellulose and it is the
major sugar in the red seaweed biomass, representing an at-
tractive industrial carbon source (Packer 2009). Its utilization has
been extensively studied in S. cerevisiae where it occurs through
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the Leloir pathway. In particular, galactose is phosphorylated
to galactose-1-phosphate by galactokinase (Gal1p), and then
isomerized to glucose-1-phosphate by galactose-1-phosphate
uridyltransferase (Gal7p). Phosphoglucomutase (Gal5p) converts
glucose-1-phosphate into glucose-6-phosphate, which can be
shunted to glycolysis and pentose phosphate pathway (Bhat and
Murthy 2001). Gal4p and Gal80p are the main transcriptional
regulators of GAL genes that are repressed in the presence of
glucose by the Mig1-Tup1-Ssn6 complex (Nehlin, Carlberg and
Ronne 1991; Traven, Jelicic and Sopta 2006). Saccharomyces cere-
visiae consumes galactose much more slowly compared to glu-
cose and its metabolism is respire-fermentative, ethanol be-
ing one of the final products (Sierkstra et al., 1993; Ostergaard
et al., 2000).

Another approach to extend the range of carbon sources that
can be used at industrial level for biotechnological processes
could be the exploration of the large yeast biodiversity, in order
to find out new species which already possess a wider range of
carbon source utilization. The Brettanomyces/Dekkera complex is
composed of five species, Dekkera bruxellensis, D. anomala, Bret-
tanomyces naardenensis, B. nanus and B. custersianus. Dekkera brux-
ellensis can be isolated fromextreme environments likewine and
beer (Fugelsang 1997; Loureiro 2003; Vanbeneden et al., 2008), but
its presence has been reported also in the continuous fermen-
tation systems for bioethanol production, due to its ability to
grow under anaerobic conditions and at high ethanol concen-
trations (de Souza Liberal et al., 2007; Passoth, Blomqvist and
Schnürer 2007). Moreover, several Brettanomyces/Dekkera strains
have been reported to be able to utilize pentose like xylose and
arabinose (Toivola et al., 1984; Galafassi et al., 2011), possibly re-
sulting from the high genetic variability observed in the species
(Vigentini et al., 2012). Although D. bruxellensis and S. cerevisiae
are considered two phylogenetically distant relatives, they share
several peculiar traits, such as the ability to produce ethanol un-
der aerobic conditions (Crabtree effect), high tolerance towards
ethanol and acids, and ability to grow without oxygen (van
Dijken and Scheffers, 1986; Rozp

↪
edowska et al., 2011; Blomqvist

et al., 2012). Apparently, these traits have evolved in parallel in
both groups, but the molecular mechanisms involved could be
very different (Rozp

↪
edowska et al., 2011). Recently, it has been

shown thatD. bruxellensis can also use nitrate as nitrogen source,
and this characteristic can render D. bruxellensis able to out-
compete S. cerevisiae populations, since the latter is unable to
use it, in industrial fermentations (de Barros Pita et al., 2011;
Galafassi et al., 2013). All these metabolic features have led to
the idea that D. bruxellensis could be used at industrial level for
ethanol production (Blomqvist et al., 2010; Galafassi et al., 2011).
The present work aimed to investigate how D. bruxellensis CBS
2499 can use galactose and the impact of the presence of glu-
cose on carbon source utilization.We show here that under con-
trolled aerobic conditions galactose is a non-fermentable carbon
source. Depending on the available nitrogen source (ammonium
or nitrate), the pattern of final products obtained from galactose
can change. We also show that the addition of glucose to cells
growing through a respiratory galactosemetabolism triggers the
so called ‘short-term Crabtree effect’. The expression of genes
involved in different metabolic pathways linked to respiratory
metabolism was also investigated.

MATERIALS AND METHODS
Yeast strains

The experiments were carried out using D. bruxellensis CBS 2499
strain, that has been recently sequenced (Piškur et al., 2012).

Stocks of the strain were stored at −80◦C in 15% v/v
glycerol.

Media and growth conditions

Shake flask cultures in the synthetic medium reported inMerico
et al., 2007 incubated at 30◦C in a rotary shaker at 200 rpm were
used to test the growth with specific carbon sources (glucose
20 g L−1 or galactose 20 g L−1 or ethanol 2% v/v). Aerobic batch
cultivations were performed in a Biostat-Q system bioreactor (B-
Braun) with a working volume of 0.8 L. The temperature was
set at 30◦C, the stirring speed at 500 rpm and the pH, measured
by a Mettler Toledo pH electrode, was adjusted to 5.0 by auto-
matic addition of 5M KOH. The fermenters were continuously
sparged with air, 1 L min−1, and the dissolved oxygen concen-
tration (always higher than 30% of air saturation) was measured
by a Mettler Toledo polarographic oxygen probe. For batch culti-
vations, the synthetic medium was that reported above. Carbon
sources were, as specified, glucose 20 g L−1, galactose 20 g L−1

or ethanol 2% v/v. Nitrogen sources were ammonium sulfate
5 g L−1 or sodium nitrate 6.43 g L−1, as specified. All the experi-
ments were performed in duplicate. The growth was monitored
by OD600nm measurement.

Glucose ‘pulse’ experiments

Glucose ‘pulse’ experiments were performed in duplicate using
batch cultures of cells growing on synthetic medium reported
in Merico et al. (2007), containing 5 g L−1 ammonium sulfate as
nitrogen source. To obtain a population of cells growing in ex-
ponential phase, with a respiratory galactose metabolism and
in the presence of a lower concentration of residual galactose at
the moment of the glucose addition, a concentration of 5 g L−1

galactose (instead of 20 g L−1) was used for the pulse trials.When
cells reached the exponential growth phase (approx. 6 OD600nm),
glucose was added to give a final concentration of 10 g L−1.

Dry weight and metabolites assays

Samples collected at several points during the cultivation were
submitted to the dry weight determination after the removal
of the medium by filtration (0.45 μm glass microfiber GF/A fil-
ter; Whatman). The filters were washed with 3 volumes of de-
ionized water and dried overnight at 105◦C. Supernatants were
used for glucose, acetic acid, ethanol and nitrate quantification
using commercial enzymatic kits (Roche, cat. numb. 1 0716251
035, 1 0148261 035, 1 0176290 035 and 1 0905658 035). All the as-
says were performed in triplicate.

Enzymatic assays

Cell extracts for enzymatic assays were obtained by extraction
with acid-washed glass beads (SIGMA) as described previously
(Postma et al., 1989), and total protein concentrations were de-
termined by Bio-Rad kit no. 500–002 (Bio-Rad, Hercules, CA, USA)
using bovine serum albumin as standard. The specific activities
of pyruvate decarboxylase (PDC), acetaldehyde dehydrogenase
(ACDH) and alcohol dehydrogenase (ADH) in cells extract were
determined at room temperature in a spectrophotometer at
340 nm as previously described (Postma et al., 1989).

RNA extraction and cDNA synthesis

Pellets for RNA extraction were collected when cultures reached
the exponential phase, which ensured that the gene expression
analyses were performed from cells in the same physiological
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state. Harvested cells were centrifuged and pellets were imme-
diately frozen with liquid nitrogen prior to store them at −80◦C
until RNA extraction. RNA extraction was performed according
to PrestoTM Mini RNAYeast Kitmanufacturer’s protocol with few
changes. Pellets were disrupted with acid-washed glass beads
(500 μL RB Buffer, 5 μL β-mercaptoethanol and equal volume of
glass beads) in a mini-bead beater (PrecellysTM 24 homogenizer)
instead of using zymolyase enzymatic breakdown. The setting
chosen for cell disruption was a run of three repetitions last-
ing 30 s at high speed. The RNA was quantified by means of a
spectrophotometric method, and its integrity was evaluated by
running an electrophoresis agarose gel in denaturing conditions.
RNA was stored at −80◦C until cDNA synthesis. The cDNA was
synthesized with QuantiTect R© Reverse Transcription Kit (Qia-
gen) following the manufacturer’s instructions. An amount of
1 μg total RNA was used for each reverse transcription reaction.
Synthesized cDNA was stored at −20◦C until RT-qPCR assays.

Primers design

The sequences of target genes were obtained from the D.
bruxellensis CBS 2499 database (DOE Joint Genome institute
database; http://genome.jgi-psf.org/Dekbr2/Dekbr2.home.html)
after BLASTx analysis using the corresponding potential orthol-
ogous sequences in S. cerevisiae genome retrieved from the SGD
database (http://www.yeastgenome.org/), except for AOX1 or-
thologous sequence that was obtained from the Candida genome
database (http://www.candidagenome.org/). A list of the primers
is reported in Table S1 (Supporting information).

RT-qPCR analysis

RT-qPCR analyses were performed using SsoFastTM EvaGreen R©
Supermix (BIO-RAD). 96-well plates were used in a Bio-Rad
C1000TM Thermal Cycler machine, and each amplification reac-
tion was composed of 7.5 μL of EvaGreen master mix, 1 μL of
each primer (333 nmol L−1, final), 2 μL of cDNA (five times di-
luted cDNA synthesized from RNA) and 3.5 μL of MQ water. Cy-
cling parameters were 98◦C for 30 s as hot start, followed by 39
cycles of 95◦C for 3 s and 60◦C for 5 s, and melting curve was in-
cluded at end of each run. Negative PCR control (for unspecific
amplification) and negative RT control (for genomic DNA con-
tamination) were run in parallel as internal control. Standard
curves were created for each couple of primers by plotting CT
(threshold cycle) values of the real-time PCR performed on dilu-
tion series of cDNA. From the standard curve, the amplification
efficiency (E) was estimated by Bio-Rad CFX Manager software
(BIO-RAD). The reaction specificity was evaluated by analyzing
the melting curve profile. The α-tubulin gene was used as en-
dogenous reference, previously used (Rozp

↪
edowska et al., 2011),

and cDNA samples from cells grown on glucose or ethanol were
considered as the reference condition. For each growth condi-
tion, a total of three independent cDNA samples were prepared
from two biological replicates. Each cDNA sample was run in
technical triplicates during RT-qPCR assays. Statistically signif-
icant differences of each gene expression among three growth
conditions were analyzed by ANOVA test. The level of statistical
significance was set at P ≤ 0.05.

Promoter motif presence

The 1000 nt sequence upstream the translation start site of each
gene was considered as the promoter sequence of the gene.
A homemade python script was used to search the motif se-
quences presents in the promoters.

Phylogenetic analysis

Protein sequences of homologous genes among different species
were aligned by MUSCLE Version 3.8.31. Trimal was used to trim
the sequence alignment with the following parameter: -cons 50
–gt 0.5. PhyML was used to build the phylogenetic tree of each
group of genes.

RESULTS
Galactose metabolism is affected by nitrogen source

Preliminary cultivation on shake flasks indicated the ability of
several D. bruxellensis strains to grow on galactose-based media
(data not shown). In the aim to study galactose metabolism un-
der controlled aerobic condition, we decided to perform batch
cultures in fermenter at controlled concentration of dissolved
oxygen. The strain used for these experimentswasD. bruxellensis
CBS 2499, recently sequenced (Piškur et al., 2012). When D. brux-
ellensis was cultivated on media containing ammonium salts as
nitrogen source, galactose metabolism was respiratory, as indi-
cated by the high biomass level and by the failed production of
metabolites normally resulting from fermentative metabolism,
such as ethanol or acetic acid (Fig. 1A, Table 1). The growth rate
on galactose was lower than on glucose, as well as its specific
consumption rate (Table 1). On the other hand, the biomass yield
on galactose was higher, as expected being this sugar utilized
through a respiratory metabolism, in comparison with glucose
that, on the contrary, wasmetabolized through the fermentative
pathway (Table 1).

Dekkera bruxellensis is able to use nitrate as nitrogen source
(Galafassi et al., 2013). This prompted us to test if the galactose
metabolism can be affected by the nitrogen source. Interestingly,
when the medium contained nitrate as nitrogen source, the fi-
nal products of galactose metabolism changed: together with
biomass also acetic acid and a very low amount of ethanol were
produced (Fig. 1B, Table 1). As a consequence, a lower biomass
yield was obtained in comparison with ammonium-based me-
dia (Table 1). The rate at which galactose was consumed on
nitrate-based media was higher than that on ammonium-based
media (Table 1), nevertheless the growth rates were very similar
in both conditions. Notably, acetic acid and ethanol were pro-
duced on galactose at lower rates and yields than on glucose. In
conclusion, these results indicated that when the cells use am-
monium as nitrogen source the galactose metabolism is respi-
ratory. Nevertheless, when nitrate is utilized as nitrogen source,
a partial redirection of pyruvate occurred: part of pyruvate was
in fact diverged from its entry into the TCA cycle and converted,
by pyruvate decarboxylase, to acetaldehyde, which in turn was
converted to acetic acid and, at a low level, also to ethanol.

Gene expression and enzyme activities for galactose
and respiratory metabolism

The availability of the complete genome sequence of theD. brux-
ellensis CBS 2499 strain (Piškur et al., 2012) allowed the identifica-
tion of genes encoding all the enzymes that in S. cerevisiae are re-
quired for galactose assimilation (Table 2). Interestingly,DbGAL7,
DbGAL10 and DbGAL1 are clustered, as reported in otherAscomy-
cota (Martchenko et al., 2007). A phylogenetic tree obtained us-
ing sequences identified by similarity with S. cerevisiae HXT and
Candida albicans HGT protein (Fig. 2) showed that the majority of
D. bruxellensis putative sugar transporters map within the C. al-
bicans group, but four of them are in the group containing also
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Figure 1. Growth kinetics of cultures on galactose-basedmedia (one example of kinetic is showed) containing ammonium sulfate (A) and sodium nitrate (B) as nitrogen
source. Symbols: filled squares, galactose; filled rhombus, biomass; filled circles, acetate; filled triangles, ethanol.

S. cerevisiaeHXT. Two sequences, HXTAandHXTD, showed ahigh
similarity to ScGal2p (53–56%). In S. cerevisiae, galactose is sensed
in the cytoplasm via Gal3p (Johnston 1987), but no GAL3 ortho-
logue was found in D. bruxellensis CBS 2499 genome, as reported
also in C. albicans (Martchenko et al., 2007). On the other hand, in
the analyzed genome, a gene encoding a putative protein which
showed a 54% identity with CaHgt4p (Table S2, Supporting infor-
mation) was found; this gene has been demonstrated to sense
both glucose and galactose in C. albicans (Brown, Sabina and
Johnston 2009).

The expression of genes involved in galactose and respira-
tory metabolism was analyzed, in order to understand the role
that the carbon source plays on their transcriptional regulation.
In S. cerevisiae, these genes are repressed by glucose (Johnston
1999; Schüller 2003; Daran-Lapujade et al., 2004). The same pat-
tern of regulation seems to work in D. bruxellensis CBS 2499 as
well. Results from genes encoding putative sugar transporters
showed that the expression of HXTA and HXTD was galactose-
induced (Fig. 3A). Also the expression of DbGAL1, DbGAL7 and
DbGAL10 was strongly induced by galactose (Fig. 3B). The latter
genes were expressed even on ethanol and, by comparison, re-

pressed by glucose (Fig. S1, Supporting Information). The tran-
scriptional analysis of genes for respiratory metabolism, such
as those encoding TCA enzymes, cytochrome components, gly-
oxylate cycle and gluconeogenesis enzymes, showed that also
in this yeast glucose can repress these pathways (Fig. 3C–F). In
the genome of D. bruxellensis CBS 2499, we identified a sequence
with a high similarity to C. albicans AOX1, which encode an ox-
idase involved in mechanisms of alternative respiration (Huh
and Kang 1999). Interestingly, in the strain under study the ex-
pression of this gene was lower on galactose than on glucose
(Fig. 3C), despite the respiratory metabolism exhibited on the
former sugar.

In order to understand if the respiratory galactose
metabolism on ammonium-based media was due to a lack
of enzymes involved in the fermentative pathway, the activity
of PDC, acetaldehyde dehydrogenase (ACDH) and ADH was
tested. We found that PDC activity was lower on galactose than
on glucose (0.25 and 0.48 U mg−1, respectively). The activity
of ACDH was higher on galactose than on glucose (1.2 and
0.51 U mg−1, respectively), on the contrary ADH exhibited the
same activity on both the carbon sources (2.9 U mg−1).

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article-abstract/15/2/fou009/535494 by guest on 15 O
ctober 2018



Moktaduzzaman et al. 5

Ta
b
le

1.
G
ro
w
th

p
ar
am

et
er
s
of

cu
lt
iv
at
io
n
s
on

ga
la
ct
os

e-
ba

se
d
m

ed
ia

co
n
ta
in
in
g
am

m
on

iu
m

su
lf
at
e
an

d
so

d
iu
m

n
it
ra
te

as
n
it
ro

ge
n

so
u
rc
e.

Fo
r
co

m
p
ar
is
on

,
th

e
gr
ow

th
p
ar
am

et
er
s
ca

lc
u
la
te
d

d
u
ri
n
g
cu

lt
iv
at
io
n
s
on

gl
u
co

se
-b
as

ed
m
ed

ia
ar
e
in
d
ic
at
ed

in
br

ac
ke

ts
.

q
[m

m
ol

g
D
W

−1
h

−1
]

Y
ie
ld

[g
g−

1
]

G
al
ac

to
se

(G
lu
co

se
)

Et
h
an

ol
A
ce

ta
te

N
it
ra
te

B
io
m

as
s

Et
h
an

ol
A
ce

ta
te

μ
[h

−1
]

0.
82

–0
.8
6∗

n
.d
.

n
.d
.

–
0.
49

7–
0.
50

1∗
n
.d
.

n
.d

0.
07

52
–0

.0
75

5∗
A
m
m
on

iu
m

(3
.6
–3

.7
)a

(3
.9
–4

.4
)a

(0
.6
2–

0.
07

0)
a

(–
)a

(0
.1
7–

0.
18

)a
(0
.3
20

–0
.3
35

)a
(0
.0
58

–0
.0
60

)a
(0
.1
1–

0.
12

)a

1.
20

–1
.3

∗
0.
01

1–
0.
01

1∗
0.
49

1–
0.
49

6∗
0.
46

6∗
0.
37

4–
0.
37

9∗
0.
00

2∗
0.
06

8–
0.
07

2∗
0.
07

14
–0

.0
73

∗
N
it
ra
te

(2
.9
4

±
0.
00

6)
b

(1
.6
50

±
0.
00

7)
b

(1
.8
3

±
0.
00

9)
b

(–
)b

(0
.1
9

±
0.
00

4)
b

(0
.1
33

±
0.
00

6)
b

(0
.2
16

±
0.
00

6)
b

(0
.9
2

±
0.
00

6)
b

∗ e
xp

er
im

en
ts

p
er
fo
rm

ed
in

d
u
p
li
ca

te
(t
h
e
ra
n
ge

of
va

lu
es

re
p
or

te
d
).

a
D
at
a
fr
om

R
oz

p
↪ed

ow
sk

a
et

al
.(
20

11
).

b
D
at
a
fr
om

G
al
af
as

si
et

al
.(
20

13
).

q
:s

p
ec

ifi
c
co

n
su

m
p
ti
on

/p
ro

d
u
ct
io
n
ra
te
.

D
W

:d
ry

w
ei
gh

t.

n
.d
.:
n
ot

d
et
ec

ta
bl
e.

Ta
b
le

2.
G
en

es
in
vo

lv
ed

in
ga

la
ct
os

e
m
et
ab

ol
is
m
.F

or
ea

ch
p
ro

te
in

an
al
yz

ed
,t
h
e
fu

n
ct
io
n
(R
u
bi
o-

Te
xe

ir
a
20

05
),
th

e
ID

n
u
m
be

r
(i
n
h
tt
p
:/
/g
en

om
e.
jg
i-
p
sf
.o
rg
/D

ek
br

2/
D
ek

br
2.
h
om

e.
h
tm

ld
at
ab

as
e)
,t
h
e

id
en

ti
ty

w
it
h
th

e
re
la
te
d
p
ro

te
in

in
S.

ce
re
vi
si
ae

(h
tt
p
:/
/w

w
w
.n
cb

i.n
lm

.n
ih
.g
ov

/)
an

d
th

e
p
re
se

n
ce

or
ab

se
n
ce

of
re
gu

la
ti
ve

m
ot
if
s
in

p
ro

m
ot
er

se
q
u
en

ce
s
of

D
.b

ru
xe
lle
ns
is

ar
e
in
d
ic
at
ed

.M
is
m
at
ch

es
w
it
h
th

e
re
fe
re
n
ce

m
ot
if
ar
e
u
n
d
er
li
n
ed

.

G
en

e
Fu

n
ct
io
n

ID
n
u
m
be

r
in

D
.b
ru
xe
lle
ns
is

Id
en

ti
ty

(%
)

M
IG
1
(C

/G
)(
C
/T

)G
G
(G

/A
)G

C
PH

1
T
G
TA

A
C
G
T
T

Sc
G
A
L1

G
al
ac

to
ki
n
as

e/
B
if
u
n
ct
io
n
al

se
n
so

r
in
d
u
ce

r
jg
i|D

ek
br

2|8
68

6|
61

%
G
T
G
G
G
G
G
C
G
G
A
G
G
T
G
G
G
G

G
A
TA

C
C
G
T
T
T
T
TA

A
C
G
T
G
T
G
T
T
G
C
T
T
T
T
G
C
A
G
C
T
T
T

Sc
G
A
L2

G
al
ac

to
se

p
er
m
ea

se
jg
i|D

ek
br

2|6
69

29
|j
gi

|D
ek

br
2|2

54
34

56
–5

7%
–

G
G
TA

A
C
G
T
A

Sc
G
A
L3

G
al
ac

to
se

Se
n
so

r
n
o
h
it
fo
u
n
d

–
–

–
Sc
G
A
L4

Tr
an

sc
ri
p
ti
on

al
ac

ti
va

to
r

n
o
h
it
fo
u
n
d

–
–

–
Sc
G
A
L7

G
al
ac

to
se

-1
-p

h
os

p
h
at
e
u
ri
d
yl
yl
tr
an

sf
er
as

e
jg
i|D

ek
br

2|2
66

90
|

66
%

C
T
G
G
G
G
C
C
G
G
A
G
C
C
G
G
G
G

T
G
TA

A
A
G
T
T

Sc
G
A
L1

0
U
ri
d
in
e
d
ip
h
os

p
h
og

lu
co

se
4-
ep

im
er
as

e
jg
i|D

ek
br

2|2
66

91
|

63
%

C
T
G
G
A
G
G
T
G
G
G
G
C
C
G
G
G
G

G
G
TA

A
A
G
T
T

Sc
G
A
L8

0
G
al
4p

re
p
re
ss
or

n
o
h
it
fo
u
n
d

–
–

–

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article-abstract/15/2/fou009/535494 by guest on 15 O
ctober 2018

http://genome.jgi-psf.org/Dekbr2/Dekbr2.home.html
http://www.ncbi.nlm.nih.gov/


6 FEMS Yeast Research, 2015, Vol. 15, No. 2

Figure 2. A phylogenetic tree of the S. cerevisiae HXTp and the HGTp homologs of C. albicans and D. bruxellensis. The HXT homologs in D. bruxellensis are indicated by
red box. Note that some C. albicans transporters map within the HXT group and that a majority of D. bruxellensis transporters map within the C.albicans HGT group.

Glucose addition triggers the ‘short-term
Crabtree effect’

The observation that D. bruxellensis CBS 2499 metabolizes galac-
tose by a respiratory way prompted us to study the presence of
the so called ‘short-termCrabtree effect’, the immediate produc-
tion of ethanol upon the addition of glucose to a culture growing
through a respiratory metabolism. This phenomenon has been
reported to occur in S. cerevisiae, but in some other Crabtree-
positive yeasts the production of ethanol is delayed (Pronk, Yde
Steensma and Van Dijken 1996; Møller et al., 2002; Hagman
et al., 2013). To analyze this effect, cells growing in exponen-
tial phase on galactose were ‘pulsed’ with glucose, and samples
were collected in order to detect if the addition of glucose can
trigger aerobic fermentation. Ethanol production was detected
just after 15 minutes from the glucose addition, and it contin-
ued to be produced all along the glucose consumption phase
(Fig. 4). Interestingly, galactose continued to be slowly consumed
for at least four hours, and then stopped (Fig. 4). Sugars utiliza-
tion resulted also in biomass formation (Fig. 4). Acetic acid pro-
duction started, but delayed in respect to ethanol (Fig. 4). The
calculated parameters like specific consumption/production
rates and yields gave interesting information about the dynamic
of glucose utilization during the pulse. Glucose consumption
rate was in fact high in the first 30 minutes from the pulse
(3.5 mmol g−1 h−1), and then decreased, resulting in a value of
2 mmol g−1 h−1. This means that glucose was consumed at a
higher rate than galactose, as observed also in the batch cultures
performed on the single sugar (see Table 1). During the glucose
pulse, the ethanol production rate and yield increased, from 0.3
mmol g−1 h−1 in the first 30 minutes to 0.8 mmol g−1 h−1 after
five hours and from 0.013 to 0.12, respectively, indicating that
the fermentative pathway could start early (after 15 minutes),

but other factors were required to reach a higher fermentative
capacity.

DISCUSSION

Recent studies have highlighted that D. bruxellensis shares with
S. cerevisiae the ability to survive in challenging environments
such as the industrial bioethanol production processes. Be-
side the adaptability to conditions of low pH and high ethanol
concentration, D. bruxellensis exhibits a broader spectrum of
consumable carbon and nitrogen sources in comparison to
S. cerevisiae, having cellobiose and lactose as well as nitrate-
assimilating capacity (Conterno et al., 2006;Galafassi et al., 2013),
and this can contribute also to its ecological distribution. Here,
we showed that in D. bruxellensis CBS 2499 galactose is a
non-fermentable carbon source (Table 1). This is in contrast
to what occurs in S. cerevisiae, which produces ethanol even
from galactose (Sierkstra et al., 1993; Ostergaard et al., 2000;
Martinez et al., 2014). Another interesting aspect of the galac-
tosemetabolism inD. bruxellensisCBS 2499 is that it is affected by
the nature of the nitrogen source. When the cells used nitrate as
nitrogen source, galactose was metabolized leading to the pro-
duction of biomass and acetic acid. The enzymes involved in
nitrate assimilation, nitrate and nitrite reductases, in D. brux-
ellensis have been shown to use, in vitro, NADH and NADPH as
electron donors (Galafassi et al., 2013), and an increased pro-
duction of acetic acid has been observed to occur on glucose-
based media when nitrate is the sole nitrogen source (Galafassi
et al., 2013). This means that acetic acid synthesis can gener-
ate the NADPH necessary for nitrate assimilation, on glucose as
well as on galactose. The presence of nitrate induced an increase
in the galactose consumption rate (Table 1), that could be due
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Figure 3. Expression levels of D. bruxellensis CBS 2499 genes involved in different metabolic pathways. The transcription level on each carbon source is relative to its
expression level on glucose. (A) genes involved in hexoses (glucose and galactose) transport; (B) genes involved in galactosemetabolism; (C) genes involved in respiratory

pathway; (D) TCA genes; (E) genes involved in glyoxylate cycle; (F) gene involved in gluconeogenesis. Errors bars are the standard deviation of three replicates. The
level of statistical significance was set at P ≤ 0.05.

Figure 4. Kinetic of a glucose ‘pulse’ to a galactose-based culture (one experiment is showed). Time starts after glucose addition. Symbols: ∗, glucose; filled squares,
galactose; filled rhombus, biomass; filled circles, acetate and filled triangles, ethanol. In the box, the kinetic of growth on galactose that preceded the glucose ‘pulse’
is showed.

to the higher energetic cost for the utilization of this nitrogen
source compared to the ammonium sulfate (Siverio 2002). We
can suppose that the increased galactose consumption rate trig-
gers the redirection of part of the pyruvate towards acetaldehyde
and then to acetic acid and ethanol (this last produced in a very

low amount). In S. cerevisiae, it has been demonstrated that by in-
creasing the galactose consumption rate the ethanol production
rate increases (Ostergaard et al., 2000).

The scenario that comes out from these new observa-
tions is that when the strain of D. bruxellensis under study is
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cultivated on galactose-based media it behaves like a Crabtree-
negative yeast, not producing ethanol, in contrast to S. cerevisiae,
that behaves like a Crabtree-positive yeast both on glucose and
on galactose. This could be related to the galactose consump-
tion rate: in D. bruxellensis, we observed in fact that galactose
was consumed at a slower rate than glucose (Table 1). We think
that this factor could result in an insufficient pyruvate overflow,
which is necessary to trigger aerobic ethanol production, as oc-
curs in S. cerevisiae (Ostergaard et al., 2000). The ability to pro-
duce ethanol aerobically can therefore start when the glycolytic
flow increases. The addition of glucose to a galactose-based
culture caused a faster sugar consumption (glucose consump-
tion rate 3.5 mmol g−1 h−1 versus galactose consumption rate
0.84 mmol g−1 h−1) and a quick production of ethanol (Fig. 4),
causing a shift in the metabolism from respiratory towards aer-
obic fermentative, the so-called ‘short-termCrabtree effect’. The
occurrence of the Crabtree effect has been already demonstrated
inD. bruxellensis in batch cultures (vanDijken and Scheffers 1986;
Rozp

↪
edowska et al., 2011), as well as by glucose pulse to glucose-

limited continuous cultures growing at low rate with a respira-
tory metabolism (Leite et al., 2013). In this study, we show that
the ‘short-term Crabtree effect’ resulted from a high glycolytic
flow occurring when the cells use glucose, which can in turn
trigger a pyruvate overflow. This is known to be one of the main
causes that can activate the ‘short-term Crabtree effec’ in S. cere-
visiae (Postma et al., 1989; Daran-Lapujade et al., 2004; Huberts,
Nielel and Heinemann 2012).

Glucose repression is the regulatory mechanism that has
been shown to cause the ‘long-term Crabtree effect’ in S. cere-
visiae (Pronk et al., 1996). The transcription of genes essential for
respiratory metabolism and mitochondrial functions, as well as
for the utilization of other carbon sources, is repressed when
S. cerevisiae is cultivated on rapidly fermentable sugars like glu-
cose, fructose and mannose (Verstrepen et al., 2004). In partic-
ular, we focused our attention on the expression of genes con-
taining in their promoters putative consensus sequences related
to the transcription factor Mig1p (Table S3, Supporting Informa-
tion), which is known to be one of the key elements in glucose re-
pression in S. cerevisiae (Klein, Olsson and Nielsen 1998; Lutfiyya
et al., 1998; Westholm et al., 2008). In the genome of D. bruxellen-
sis CBS 2499, two sequences that show 39–49% similarity with
S. cerevisiae MIG1 (notice that in S. cerevisiae genome the pres-
ence of three genes, MIG1, MIG2 and MIG3, has been reported;
Westholm et al., 2008) were identified. In C. albicans, CaMig1p has
been shown to play a role in the regulation of carbon source uti-
lization and energy production (Murad et al., 2001). Our results
indicated that genes involved in galactose utilization, TCA, cy-
tochromes structure, glyoxylate cycle and gluconeogenesis are
repressed by glucose (Fig. 3). On the other hand, a sequence en-
coding a protein with a 44% identity to CaCph1p, which in C.
albicans acts as a transcriptional factor required for the regu-
lation of galactose metabolism (Martchenko et al., 2007; Brown
et al., 2009), was present also in D. bruxellensis CBS 2499 genome
(Table S2, Supporting Information). Moreover, putative regula-
tory motifs recognized by this transcriptional factor were found
in all the promoters of the galactose-related genes in the an-
alyzed strain. (Table S2, Supporting Information). Although the
structural genes for galactose metabolism in D. bruxellensis CBS
2499 seems well conserved by evolution, the regulatory compo-
nents appear to be also related to other species like C. albicans
(Ihmels et al., 2005). The molecular mechanisms operating in D.
bruxellensis are still far to be elucidated, and it will be interest-
ing in next future to demonstrate the specific role of different
transcriptional factors.

In conclusion, the present work demonstrates that several
metabolic implications are linked to the galactose metabolism
in D. bruxellensis. Contrarily to S. cerevisiae, galactose is respired
by cells, but the kind of nitrogen source can change the pattern
of final products. This work also suggests, by proving the ‘short-
term Crabtree effect’ in D. bruxellensis, that this species behaves
like S. cerevisiae, since to obtain aerobic ethanol production from
sugars a high glycolytic flow needs to be reached.

SUPPLEMENTARY DATA

Supplementary data is available at FEMSYR online.
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Blomqvist J, Nogué VS, Gorwa-grauslund M, et al. Physiologi-
cal requirements for growth and competitiveness of Dekkera
bruxellensis under oxygen- limited or anaerobic conditions.
Yeast 2012;29:265–74.

Brown V, Sabina J, Johnston M. Specialized sugar sensing in di-
verse fungi. Curr Biol 2009;19:436–41.

Conterno L, Joseph CML, Arvik TJ, et al.Genetic and physiological
characterization of Brettanomyces bruxellensis strains isolated
from wines. Am J Enol Viticult 2006;57:139–47.

Daran-Lapujade P, Jansen MLA, Daran J-M, et al. Role of tran-
scriptional regulation in controlling fluxes in central carbon
metabolism of Saccharomyces cerevisiae. A chemostat culture
study. J Biol Chem 2004;279:9125–38.

de Barros Pita W, Leite FCB, de Souza Liberal AT, et al. The ability
to use nitrate confers advantage to Dekkera bruxellensis over
S. cerevisiae and can explain its adaptation to industrial fer-
mentation processes. Anton Van Leeuw 2011;100:99–107.

de Souza Liberal AT, Bası́lio ACM, do Monte Resende A, et al.
Identification of Dekkera bruxellensis as a major contaminant
yeast in continuous fuel ethanol fermentation. J Appl Micro-
biol 2007;102:538–47.

Fugelsang KC. Wine microbiologyMicrobiology. New York: Chap-
man and Hall, 1997.

Galafassi S, Capusoni C, Moktaduzzaman M, et al. Utilization of
nitrate abolishes the ‘Custers effect’ in Dekkera bruxellensis
and determines a different pattern of fermentation products.
J Ind Microbiol Biot 2013;40:297–303.

Galafassi S, Merico A, Pizza F, et al. Dekkera/Brettanomyces
yeasts for ethanol production from renewable sources un-
der oxygen-limited and low-pH conditions. J Ind Microbiol Biot
2011;38:1079–88.

Hagman A, Säll T, Compagno C, et al. Yeast ‘make-accumulate-
consume’ life strategy evolved as a multi-step process
that predates the whole genome duplication. PLoS One
2013;8:e68734.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article-abstract/15/2/fou009/535494 by guest on 15 O
ctober 2018

http://femsyr.oxfordjournals.org/lookup/suppl/doi:10.1093/femsyr/fou009/-/DC1


Moktaduzzaman et al. 9

Huberts DHEW, Nielel B, Heinemann M. A flux sensing mecha-
nism could regulate the switch between respiration and fer-
mentation. FEMS Yeast Res 2012;12:118–28.

Huh W, Kang S. Molecular cloning and functional expres-
sion of alternative oxidase from Candida albicans. J Bacteriol
1999;181:4098–102.

Ihmels J, Bergmann S, Berman J, et al. Comparative gene ex-
poression analysis by differential clustering approach: ap-
plication to the Candida albicans transcription program. PLoS
Genet 2005;1:e39.

Johnston M. A model fungal gene regulatory mechanism:
the GAL genes of Saccharomyces cerevisiae. Microbiol Rev
1987;51:458–76.

Johnston M. Feasting, fasting and fermenting. Glucose sensing
in yeast and other cells. Trends Genet 1999;15:29–33.

Klein CJ, Olsson L, Nielsen J. Glucose control in Saccharomyces
cerevisiae: the role ofMig1 inmetabolic functions.Microbiology
1998;144:13–24.

Leite FCB, Basso TO, Pita W de B, et al. Quantitative aerobic
physiology of the yeastDekkera bruxellensis, amajor contami-
nant in bioethanol production plants. FEMS Yeast Res 2013;13:
34–43.

Loureiro V. Spoilage yeasts in the wine industry. Int J Food Micro-
biol 2003;86:23–50.

Lutfiyya LL, Iyer VR, DeRisi J, et al. Characterization of three re-
lated glucose repressors and genes they regulate in Saccha-
romyces cerevisiae. Genetics 1998;150:1377–91.

Martchenko M, Levitin A, Hogues H, et al. Transcriptional
rewiring of fungal galactose-metabolism circuitry. Curr Biol
2007;17:1007–13.

Martinez JL, Bordel S, Hong KFK, et al. Gcn4p and the Crabtree
effect of yeast: drawing the causal model of the Crabtree ef-
fect in Saccharomyces cerevisiae and explaining evolutionary
tade-offs of adaptation to galactose through systems biology.
FEMS Yeast Res 2014;14:654–62

Merico A, Sulo P, Piskur J, et al. Fermentative lifestyle in yeasts
belonging to the Saccharomyces complex. FEBS J 2007;274:
976–89.
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