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Abstract

Non-Saccharomyces yeast species are emerging as highly interesting cell factories in the biotech-
nology field where they can be used to produce add-value chemicals. However, the rational utilization
of these yeasts is difficulted by a generalized lack of knowledge of their genetics and, thereby, of
their physiology. The present work is focused on the exploration of one of such poorly characterized
non-conventional yeast species, Candida ethanolica.Through a phenotypic screening that examined
relevant traits of hosts to be explored in industrial biotechnology (such as ability to use different carbon
sources, tolerance to environmental stressors or growth under O2-limited conditions) a strain of C.
ethanolica, BJK 1A, isolated from an instance of vinegar production, emerged by showing the ability
to grow in glucose, fructose, mannose, galactose, glycerol, xylose and arabinose and also by showing
increased resilience (comparing with S. cerevisiae which was used as a control) to acetic acid, a key
inhibitor present in lignocellulosic hydrolysates. C. ethanolica BJK 1A also exhibited increased tolerance
to levulinic (which is also present as inhibitor in lignocellulosic hydrolysates), and to succinic acids.
Consistent with its high resilience to inhibitors present in lignocellulosic hydrolysates, C. ethanolica
BJK 1A exhibited a robust growth in hydrolysates obtained from wheat straw and oak sawdust. The
interesting phenotypic repertoire of C. ethanolica BJK 1A prompted us to obtain its genomic sequence
and subsequently annotate it, this being the first time that an annotated version of the genome is studied
for this yeast species. A preliminary analysis of this genome and its structure is provided in this work.
Keywords: Non-Saccharomyces yeasts, Candida ethanolica, lignocellulosic hydrolysates, genome
sequencing and annotation

1. Introduction

While the model yeast Saccharomyces cerevisiae
is an excellent host for the conversion of glucose
to ethanol, production of other chemicals from al-
ternative substrates often requires extensive strain
engineering. To avoid complex and intensive en-
gineering of S. cerevisiae, other yeasts are of-
ten selected as hosts for bioprocessing based on
their natural capacity to produce a desired prod-
uct: for example, the efficient production and se-
cretion of proteins, lipids, and primary metabo-
lites that have value as commodity chemicals.
Good examples of this are the non-conventional
yeast species Kluyveromyces lactis, K. marxi-
anus, Scheffersomyces stipitis, Yarrowia lipolytica,
Hansenula polymorpha and Pichia pastoris that
have been developed as eukaryotic hosts because
of their desirable phenotypes, including thermo-
tolerance, assimilation of diverse carbon sources,
and high protein secretion. Metabolic engineer-

ing in these yeasts is, however, more challenging
in comparison with S. cerevisiae, because less is
known about their metabolism and genomics, and
advanced genetic engineering tools are limited [20]
[10].

When exposed to the harsh conditions of fer-
mentation processes in bioreactors yeasts need to
survive a large amount of stress conditions, includ-
ing osmotic stress, ethanol stress, thermal stress
and different fermentation inhibitor stresses. Fur-
thermore, other very amenable traits that yeast
strains should possess to be interesting for indus-
trial applications include the ability to use cheap
carbon sources like lignocellulosic hydrolysates,
capability to sustain fermentation under very high
gravity conditions, thermotolerance, osmotoler-
ance, ethanol tolerance, acetic acid tolerance and
furan derivative tolerance [16].

There are now a few non-conventional yeasts
described as resistant to the stresses mentioned
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above. This makes a good point for the argu-
ment that non-conventional yeasts may possess
novel, unique resistance mechanisms which are
not present in the model yeast; with the availabil-
ity of next-generation sequencing technology and
highly advanced molecular and genetic engineer-
ing tools, the molecular basis of these mechanisms
may be uncovered.

Candida ethanolica was first isolated from indus-
trial fodder yeast cultivated on synthetic ethanol as
the only source of carbon. This new yeast was
at that time considered different from other Can-
dida species by not assimilating nitrate, not pro-
ducing urease and not fermenting sugars. It was
described as capable of growing at temperatures
up to 42◦C, being its optimal growth temperature
28◦C [15]. The strain of Candida ethanolica used
in this work, BJK 1A, was isolated from organic ap-
ple cider vinegar. Because the microbiota respon-
sible for the aroma profile of the vinegar have to
survive the harsh environment of the submerged
bioreactor it was expected that this yeast showed
the abilities of other non-conventional yeasts [28].
Accordingly to [28] this strain probably originated
from the ethanol fermentation to vinegar broth and
is resistant against 30g/L of acetic acid, compara-
ble to Zygosaccharomyces bailii [23]. It has been
identified in many places mainly being a spoilage
yeast, mainly in wines or spirits like grappa, where
it is considered that this yeast does not contribute
to the fermentation process and it’s presence can
be prejudicial as it is able to use ethanol [14], or in
sour rot-damaged grapes that are sources of wine
spoilage yeasts [3]. In other environments, for ex-
ample in the United States and Brazil, it has been
found that this yeast can survive in farms in corn
silage [26] [4]. Although C. ethanolica is spoiling
the silage it’s survival in this environment shows
that this yeast can assimilate lactate and glucose
and can survive the presence of acetic acid. Be-
sides being a spoilage yeast in some cases, in oth-
ers C. ethanolica can be really useful. For exam-
ple, it has been identified in cocoa bean fermenta-
tions [29] [6] [7] [8]. It has been verified that this
yeast possesses enzymes that improve the qual-
ity of the final product. This enzymes act on the
degradation and solubilization of the pulp, allow-
ing penetration into the fermenting mass allowing
acetic acid bacteria to grow. Regarding the en-
zymes that improve the final product aroma it has
been demonstrated that C. ethanolica has glicosi-
dase and pectinase activity that allow the formation
of volatile compounds that are known for their aro-
matic properties [29].

An alternative to landfill sites nowadays is the
biological degradation of these plastics. The es-
ter and urethane linkages present in polyester PUs

are naturally vulnerable to enzymatic degradation.
Polyether PUs contain ether linkages within the
polymer backbone that are reported to be far more
recalcitrant. Because of the vulnerability to mi-
crobial attack PUs can be degraded in large-scale
commercial composting facilities. This method has
proved to be useful in reducing landfill and meeting
recycling goals, also being rapid and inexpensive.
An important factor in composting is the tempera-
ture that can reach 70◦. Therefore, the fungal pop-
ulation involved in this kind of method can survive
is composted of thermotolerant and thermophilic
fungi. The following work intends to thoroughly
explore the potential of one strain of C. ethano-
lica, BJK 1A, recovered from organic cider vinegar
[28], addressing relevant phenotypic traits of the
strain including its tolerance to high concentration
of organic acids, its ability to use multiple carbon
sources, among others. To complement this ap-
proach it was also performed a genomic analysis of
the strain, followed by a manually curated annota-
tion, this representing the first genomic sequence
available for a strain of this species. a series of
phenotypical tests and a genomic characterization
of this yeast.

2. Material and Methods

2.1. Strains and growth media

A total of eight different yeast strains, comprising
two strains of Saccharomycodes ludwigii BJK 5C
and UTAD17, Candida ethanolica BJK 1A, two
strains of C. glabrata UTAD68 and CBS138, Is-
satchenkia orientalis and Hanseniaspora guillier-
mondii UTAD222. All of the yeast strains were
batch-cultured at 30◦C, with orbital agitation of
250rpm in the growth media MMB (Minimal Growth
Medium), YPD (Yeast Peptone Dextrose Medium)
or YPF (Yeast Peptone Dextrose Fermentation
Medium), depending on the application. MMB
medium contains per litre 20g glucose (Merck),
1.7g yeast nitrogen base without amino acids
(Difco) and 1.67g ammonium sulphate (PanReac).
YPD contains per litre 20g glucose (Merck), 10g
yeast extract (VWR Chemicals) and 20g peptone
(Difco). YPF contains per litre 300g glucose
(Merck) 10g yeast extract (VWR Chemicals) and
20g peptone (Difco). When different sugars were
being tested glucose in the media was replaced
for fructose, mannose, galactose, glycerol, xylose
or arabinose reaching a concentration per litre of
20g of the used sugar. For I. orientalis SD108,
20mg/L of uracil were required since this strain
is auxothrophic for this amino acid. All the me-
dia were sterilized by autoclaving for 15 minutes
at 121◦C and 1atm.
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2.2. Growth assessment in solid media
Growth of the strains in solid YPD or MMB me-
dia was assessed based on spot assays. For this,
pre-inoculum was performed by cultivating the cells
overnigt at 30◦C, with orbital agitation of 250rpm, in
100mL shake flasks containing 25mL of medium.
On the next day, an appropriate volume of the
culture was inoculated in fresh medium yielding a
cell suspension with an OD600nm of 0.1. The cul-
tures were then incubated at 30◦C and 250rpm un-
til exponential phase (OD600nm over 0.4) and then
transferred to eppendorfs to obtain a cell suspen-
sion having an OD600nm of 0.05 in a total volume
of 1mL. Two dilutions of this initial cell suspension
(1:5 and 1:25) were made. Using the three cell
suspensions, a drop of 4µL from each one was de-
posited on the solid medium and incubated at 30◦C
for 2 or 5 days, depending on growth inhibition.

2.3. Assessment of tolerance to organic acids at a
low pH

To assess tolerance of the strains to different or-
ganic acids, spot assays were performed in solid
MMB medium supplemented with inhibitory con-
centrations of the chosen organic acids. The pH
of the stock solutions of the acids used to supple-
ment the growth medium solutions was set at 4.5
in order to assure the acids were in a protonated
form, facilitating diffusion through the cell wall. The
medium’s pH was also set to 4.5. The same exper-
imental setup described above was used for the
spot assays. The used organic acids and concen-
trations tested were the following: acetic acid: 60,
80, 100, 120, 140mM; propionic acid: 20, 25, 30,
40mM; levulinic acid: 50, 60, 70 80mM; Itaconic
acid: 300, 400, 500, 600mM; succinic and gluconic
acid acid: 1, 10, 100mM; acrylic acid: 1, 2.5, 5, 7.5,
10, 100mM; adipic acid: 1, 2.5, 5, 7.5, 10mM.

2.4. Growth curves in liquid medium
C. ethanolica BJK 1A and S. cerevisiae Y7221
were profiled for their growth rates and C. ethano-
lica BJK 1A was also profiled for its growth in the
presence of acetic acid in liquid MMB medium. For
both assays, a pre-inoculum of the strains was per-
formed overnight in MMB medium at 30◦C with or-
bital agitation of 250rpm in 100mL shake flasks
containing 25mL of medium. On the next day, an
appropriate volume of the culture was inoculated
in fresh medium, containing appropriate concen-
trations of acetic acid for the corresponding assay,
yielding a cell suspension with an OD600nm of 0.1.
For growth in the presence of acetic acid concen-
trations of 50, 100, 120, 140, 250, 300, 350 and
400mM were tested and the pH of the medium
was set to 4. A culture in MMB medium at pH4
without acetic acid was used as control. These
cultures were then incubated at 30◦C and 250rpm

until stationary phase was reached and OD600nm

was measured in appropriate time intervals. Us-
ing the values of OD600nm from the exponential
phase the specific growth rates were calculated
for C. ethanolica BJK 1A and S. cerevisiae Y7221.
For 50 and 100mM of acetic acid added to the
medium of C. ethanolica BJK 1A cultures, the su-
pernatant removed with every OD600nm measure-
ment was analysed with High Performance Liquid
Chromatography (HPLC), separating 10µL of the
supernatant in an Aminex HPX- 87H column (Bio-
rad) eluted with 0.05% sulphuric acid at a flow rate
of 0.6 mL/min. A UV detector set at 210 nm was
used for detection of organic acids while detection
of sugars, ethanol and glycerol was performed us-
ing an RI detector. Under the experimental condi-
tions used the retention times for the following com-
pounds were obtained: glucose - 9.3min, acetic
acid - 14min.

2.5. Batch fermentations of Candida ethanolica
BJK 1A under VHG conditions

The same experimental setup described above
was used for this assay although with YPD medium
for the pre-inoculum and YPF medium for the in-
oculum and the fermentation lasted seven days.
During this period 1mL of the culture super-
natant was collected and OD60nm measured every
24h.The accumulation of metabolites of interest in
the culture broth was measured by HPLC separat-
ing 10µL of the supernatant in an Aminex HPX-
87H column (Biorad) eluted with 0.05% sulphuric
acid at a flow rate of 0.6 mL/min. A UV detector
set at 210 nm was used for detection of organic
acids while detection of sugars, ethanol and glyc-
erol was performed using an RI detector. Under the
experimental conditions used the retention times
for the following compounds were obtained: glu-
cose - 9.3min, ethanol - 21min.

2.6. Growth of Candida ethanolica BJK 1A at differ-
ent temperatures and under anaerobiotic condi-
tions

In order to assess the ability to grow under different
temperatures (over 30◦C) the strain of C. ethano-
lica was cultured in solid YPD agar plates and kept
at 37◦C and at 40◦C for two days. To assess the
ability of Candida ethanolica BJK 1A to grow un-
der anaerobiotic conditions this strain and S. cere-
visiae Y7221 were cultured on agar plates contain-
ing YPD medium and kept in a closed container
with an anaerobisis membrane. The container with
the plates was maintained at 30◦C for two days.

2.7. Growth of Candida ethanolica BJK 1A on ligno-
cellulose hydrolysates

To assess the ability of C. ethanolica BJK 1A
to grow on lignocellulose hydrolysates as carbon
sources it was performed a growth using wheat
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straw, oak sawdust and MMB medium as a control.
C. ethanolica BJK 1A was cultured using the same
setup as above. The inoculum was made in an
appropriate volume of fresh hydrolysate medium,
in equal volumes of the hydrolysate and MMB
medium, and in fresh MMB medium, yielding a cell
suspension with an OD60nm of 0.1. This culture
was incubated at 30◦C and with an orbital agita-
tion of 250rpm during 2 days. During this period
0.5mL of the culture supernatant was collected in
appropriated time intervals for HPLC analysis and
the culture viability was determined by the CFU
method. Accumulation of metabolites of interest
and glucose consumption in the culture broth was
measured by HPLC separating 10µL of the super-
natant in an Aminex HPX- 87H column (Biorad)
eluted with 0.05% sulphuric acid at a flow rate of
0.6 mL/min. A UV detector set at 210 nm was
used for detection of organic acids while detection
of sugars, ethanol and glycerol was performed us-
ing an RI detector. Under the experimental condi-
tions used the retention times for the following com-
pounds were obtained: glucose - 9.3min.

2.8. Genomic DNA extraction

C. ethanolica BJK 1A cells were grown in YPD un-
til an OD600nm above 3.0. Afterwards cells cen-
trifuged at 5000rpm, during 5min at 4◦C and the
supernatant discarded. Pellet was resuspended in
1ml Sorbitol 1M (Sigma) and EDTA (tetrasodium
salt dehydrate, Sigma-Aldrich) 0.1M at pH 7.5 so-
lution and transferred to an eppendorf. Afterwards,
10 mg/mL zymolease (Zymo research) was added
and the solution was incubated at 37◦C until proto-
plast formation. The spheroplasts were centrifuged
at 5000rpm for 5min, and the pellet resuspended in
1mL Tris-HCL with pH 7.4 50 mM (Sigma-Aldrich),
and EDTA 20 mM solution. After this step, 30µL of
SDS 10% was added to the mixture. After an incu-
bation step of 30min at 65◦C, 250µL of Potassium
Acetate (5M, Merck) was added to induce protein
precipitation, this being followed by a 1h incuba-
tion on ice. Afterwards the solution was centrifuged
at 10000rpm for 10min and the supernatant trans-
ferred to 2 new eppendorfs. 1 volume of cold iso-
propanol was used to wash the pellet followed by
centrifugation at 5000rpm for 15min. Supernatant
was discarded and the resulting pellet was incu-
bated in 1mL ethanol 70% during 5min, and wash
with ethanol 70% twice. The pellet was dried in
speed vacuum and resuspended in 200µL TE (pH
7.4). The final step, addition of 0.5µl of RNase (10
mg/ml) followed by 1h incubation at 37◦C followed.
Mixture was centrifuged at 10000rpm during 15min
and the supernatant was preserved at 4◦C till fur-
ther use.

2.9. Genome Sequencing and Annotation
The genome of Candida ethanolica BJK 1A iso-
late was obtained at the next-generation sequenc-
ing (NGS) laboratory of Stab Vida, using Illumina
HiSeq sequencing technology. Two rounds of deep
sequencing were performed and the reads ob-
tained were analysed using the software CLC Ge-
nomics Workbench. The reads obtained in the se-
quencing step were trimmed based on quality by
the laboratory so no trimming step was needed be-
fore the assembly step. The trimmed reads were
assembled using de novo assembly and mapped
against the reference genome of Candida ethano-
lica M2 strain.The annotation was performed us-
ing the algorithm GeneMark 27 and analysed using
the Pedant-pro 3.2.52 to allow comparative feature
analysis.

3. Results
4. Ability of a selected set of Non-Saccharomyces

species to assimilate different carbon sources
This work was focused on the exploration of
several strains of different Non-Saccharomyces
species including S’codes ludwugii BJK 5C and
UTAD17, C. ethanolica, C. glabrata UTAD68 and
CBS138, S. cerevisiae Y7221, H. guilliermondii
UTAD222 and I. orientalis SD108. The first phe-
notypic trait that was studied in the strains was
their ability to grow in the presence of various
carbon sources including glucose, fructose, man-
nose, galactose, glycerol, xylose and arabinose.
This phenotypic assessment was performed using
spot assays using mineral (MM) or rich (YP) basal
medium. Growth was evaluated after 2-5 days of
growth, depending on the severity of inhibition ob-
served.

As a result from the assimilation of different car-
bon sources the strains of C. ethanolica and I.
orientalis were the ones that could use a large
number of sugars. Arabinose was the sugar that
less yeast strains were able to use, only being ob-
served a robust growth for I. orientalis SD108 and
C. ethanolica BJK 1A.

5. Resistance to organic acids
Resilience of the different yeast species to stress
imposed by organic acids was also tested since
this is a relevant trait in multiple biotechnological
applications. As such, it was tested resilience of
the strains to inhibitory concentrations of acetic
and levulinic acids since these two acids are known
to be present in lignocellulosic hydrolysates. It was
also tested resilience to succinic, itaconic, gluconic
and acrylic acids since one of the possibilities of
exploration of non-conventional yeasts is their use
in production of these add-value acids. Necessar-
ily, more tolerant strains will be more interesting as
hosts.
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For adipic, gluconic and levulinic acids all the
strains showed ability to grow in all the tested con-
centrations of these acids, probably showing that
the range tested was not inhibitory enough. For
acetic acid, C. ethanolica BJK 1A and I. orien-
talis SD108 were the most resistant strains, be-
ing able to grow in all tested concentrations. Both
of S’codes ludwigii strains were also able to sur-
vive all the concentrations, but showing a less ro-
bust growth for 120 and 140mM. All of the other
strains tested showed little tolerance to this acid.
When cultured with different concentrations of suc-
cinic acid all strains but the S’codes ludwigii ones,
which failed to grow in 100mM of this acid, were
able to grow. Only I. orientalis SD108 was able to
thrive in all concentrations of acrylic acid. The less
resistant strains to itaconic acid were C. ethano-
lica BJK 1A and both strains of C. glabrata. All of
the other strains were able to grow in the presence
of this acid. Against propionic acid-induced stress,
C. ethanolica BJK 1A and I. orientalis SD108 were
shown to be the more tolerant strains.

5.1. Phenotypic characterization Candida ethanolica
BJK 1A

According to [15], C. ethanolica ranges from el-
lipsoidal to elongated shape, single or in chains.
When plate cultured it was characterized by
marginal dendroidal pseudomycelium. In order to
assess the morphology of C. ethanolica BJK 1A’s
cells, these were cultured in agar plates contain-
ing YPD medium and observed under an optical
light microscope confirming the expected shape of
C. ethanolica. It showed an ellipsoidal yeast that
could form pseudohyphal networks, also visible in
the images gathered with the higher magnification.
An interesting feature that emerged from the mi-
croscopic observation of the cells, was the obser-
vation of what appeared to be dark structures lo-
cated inside the cells. To verify if this dark spots
could be multiple nucleus or even bacteria living
within the cells in a symbiotic relation, something
that had been described before ??, the cells were
stained with 4’,6-diamidino-2-phenylindole (DAPI),
a fluorescent stain that binds strongly to adenine-
thymine rich regions in DNA. Results showed that
the dark spherical bodies were not visible using
fluorescence microscopy, therefore excluding the
possibility of this representing live bacteria or mul-
tiple nuclei. The most probable hypothesis is that
these structures represent lipid bodies since C.
ethanolica was previously described to harbor such
structures, as referred by [30] and [11].

In order to assess the specific growth rate (µ)
of C. ethanolica BJK 1A, this strain was cultured in
MMB medium and the OD600nm was measured ev-
ery 2 hours for 8 hours and then at 24 and 26 hours
to confirm that the cells had reached the stationary

phase.
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Figure 1: Left - Evolution of log10DO600nm from C. ethanolica
BJK 1A cultured on MMB medium with an initial OD600nm of
0.1. Right - Points from from the exponential phase used to
calculate the specific growth rate. The equation of the linear
regression applied to those points is y = 0.1804x − 1.146 with
a R2 of 0.99. The slope of the regression corresponds to the
specific growth rate, µ = 0.1804h−1.

From figure 1 it was possible to observe the
growth curve of C. ethanolica BJK 1A It can
grow at a higher rate than S. cerevisiae Y7221,
0.1804h−1 comparing with 0.1218h−1. The maxi-
mum OD600nm for C. ethanolica BJK 1A was 10.26
at 26 hours of growth and S. cerevisiae Y7221
only reached an OD600nm of 8.52 with the same
amount of hours of growth. This result shows that
under the experimental conditions used, C. ethano-
lica BJK 1A can grow until up to 20% more than S.
cerevisiae Y7221.

The results obtained in the phenotypic screen-
ing carried out demonstrated the high capability of
C. ethanolica BJK 1A to tolerate acetic acid stress.
Since this trait was previously linked to the ability of
yeast cells to co-consume acetate even when glu-
cose is present in the growth medium ??, this hy-
pothesis was assessed for C. ethanolica BJK 1A.
For this, the cells were cultivated in MM medium
supplemented with increasing amounts of acetic
acid (up to 400 mM) and the variations in the con-
centrations of glucose and acetic acid in the culture
broth were accompanied by HPLC.
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Figure 2: (Left) EvolutionOD600nm from C. ethanolica BJK 1A
cultured on MMB medium at pH4 with an initial OD600nm of
0.1 and varying concentrations of acetic acid. The concentra-
tions of acetic acid used were 50 and 100mM and a culture of
C. ethanolica BJK 1A without acetic acid was used as control.
(Right) Evolution of glucose and acetic acid concentrations ob-
tained from HPLC analysis of supernatant from a culture of C.
ethanolica BJK 1A on MMB medium with an initial acetic acid
concentration of 50mM, 100mM and a control.
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Figure 2 illustrates the evolution of the concen-
tration of acetic acid and glucose in the broth of the
cultures cultivated in MMB medium supplemented
with 50 or 100 mM acetic acid. It is clear that the
concentration of both compounds show a similar
consumption profile, being consumed almost to-
tally during the time that the experiment took place.
It thus seems that C. ethanolica BJK 1A is able
to use both acetic acid and glucose as carbon
sources. In fact, this can explain the observation
that cultures incubated in the presence of acetic
acid reached higher OD600nm than the culture in-
cubated in the absence of the acid.

According with [15] this Candida species differed
from other by its lack of capability to ferment sug-
ars and according to [11] this species is able to
ferment in addition to glucose, fructose and su-
crose. Therefore the next logical step for the phys-
iological characterization of C. ethanolica BJK 1A
was to evaluate the ability to grow under anaerobic
conditions. To do that this strain was cultured on
agar plates containing solid YPD medium and kept
in a closed container with an anaerobiosis mem-
brane at 30◦C for two days. As a control S. cere-
visiae Y7221, was cultivated under the same con-
ditions. As a result of this test it was observed that
both species tested showed growth meaning that
C. ethanolica BJK 1A is able to ferment glucose
achieving more biomass than S. cerevisiae Y7221
under the same conditions, being both able to grow
under anaerobic conditions.

Besides tolerance to inhibitors, tolerance to high
temperatures is also a relevant phenotypic trait for
production of bioethanol because high temperature
conditions allow enzymatic saccharification of the
biomass prior to fermentation [24] [25]. As such,
growth of C. ethanolica BJK 1A was also profiled in
MMB medium at a different range of temperatures,
as high as 37 and 40◦C. It was to observe growth
at all temperatures tested, proving C. ethanolica
BJK 1A’s thermotolerance and possible suitability
to be used in biotechnological applications such as
bioethanol production.

6. Growth of C. ethanolica BJK 1A in lignocellulose
hydrolysates

The overall results of the phenotypic profiling of C.
ethanolica BJK 1A described above indicates that
this strain could be highly interesting for bioethanol
production, specially using hydrolysates as sub-
strates. In that context, in this part of the work
it was assessed how C. ethanolica BJK 1A grow
in two hydrolysates obtained from wheat straw or
oak sawdust. The hydrolysate coming from wheat
straw had a concentration of 3.046g/L of acetic
acid and 16.606g/L of glucose and the one com-
ing from oak sawdust had a higher concentration
of acetic acid and glucose, 40,40 and 51,70g/L re-

spectively. Besides cultivating the strains in the
hydrolysate itself, it was also assessed the effect
of cultivating the cells in the hydrolysate supple-
mented with minimal medium. This supplementa-
tion was performed based on the hypothesis that
the nutritional content of the hydrolysate could not
be high enough to sustain robust growth of the
cells.
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Figure 3: (Top) Evolution of CFU/mL from C. ethanolica BJK 1A
cultured in lignocellulose hydrolysates with an initial OD600nm

of 0.1. (Bottom) Evolution of glucose concentration from C.
ethanolica BJK 1A cultured in lignocellulose hydrolysates.

The results shown in figure 3 led to conclude
that C. ethanolica BJK 1A was able to grow to
a high number of CFU using oak sawdust. This
hysrolysate had the highest concentration of glu-
cose as well as the highest concentration of acetic
acid. This result contributes to the conclusion that
this strain of C. ethanolica BJK 1A is tolerant to
high concentrations of acetic acid. The less effi-
cient medium was wheat straw, confirming the im-
portance of the glucose concentration. This hy-
drolysate had a lower glucose concentration than
MMB and also has a lower acetic acid concen-
tration than oak sawdust, being expected that the
number of CFU obtained using this medium was
lower than when oak sawdust or even MMB was
used. When wheat straw was complemented with
an equal volume of MMB its initial glucose con-
centration was similar to the concentration of MMB
medium. The close glucose concentration of these
two media make the close results expectable, us-
ing only MMB or combining equal volumes of MMB
and wheat straw lead to approximately the same
level of growth.
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7. Very high gravity fermentation of C. ethanolica
BJK 1A

In order to assess capability to grow under os-
motic stress, C. ethanolica BJK 1A was cultured
in YPF medium, containing 300g/L of glucose and
aliquots were taken from the culture every 24 hours
to measure OD600nm and to collect supernatant for
the HPLC analysis. The evolution of OD600nm as
well as the evolution of glucose and ethanol con-
centrations are represented in figure 4.
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Figure 4: (Top) Evolution of log10DO600nm from C. ethano-
lica BJK 1A cultured on YPF medium with an initial OD600nm

of 0.1. (Bottom right) Concentration of glucose (g/L) on the cul-
ture supernatant over the 7 days of fermentation. (Bottom left)
Concentration of ethanol (%VV) on the culture supernatant over
the 7 days fermentation.

This result showed that C. ethanolica BJK 1A is
mildly tolerant to osmotic stress caused by pres-
ence of high concentrations of glucose in the
medium, being able to produce about 10% of
ethanol (v/v). Nonetheless, it can resist a 300g/L
glucose concentration, being able to grow in YPF
medium for at least seven days with an average
ethanol production of 9.38%(VV). The fact that the
glucose concentration stabilized for the last days
of the fermentation at an average concentration
of 88.9g/L when ethanol concentration was at the
highest suggests that a high ethanol concentration
can in fact be inhibitor to C. ethanolica BJK 1A’s
growth. The ability to produce ethanol also corrob-
orates the ability of C. ethanolica BJK 1A to fer-
ment glucose.

8. Genome structure of Candida ethanolica BJK 1A
and comparative analysis with the genome of
Candida ethanolica M2

Considering the interesting phenotypic properties
exhibited by the C. ethanolica BJK 1A strain it was
decided to proceed with genome sequencing of
this strain since up to now only 1 Bioproject fo-
cused on C. ethanolica (strain M2) was available
at NCBI [1] and this did not provide information
concerning annotation and eventual gene/genomic

analysis. As such, the genome of C. ethano-
lica BJK 1A was obtained using two independent
rounds of paired end HiSeq Illumina sequencing
which resulted in ca 102 million reads. Assem-
bly of the resulting reads was performed using the
de novo assembly tool of CLC Genomic Work-
bench resulting in 4,974 contigs, yielding a total of
85,158,017 assembled bases.

The M2 strain of C. ethanolica used as reference
was isolated from rotten pineapple and started be-
ing studied for bioattraction of pests. The predicted
genome for M2 strain is 23.58Mbp with an aver-
age GC content of 26.4% [1]. The GC content and
size of the genome was significantly different be-
tween the two strains. In order to perform an initial
comparison between both genomes an alignment
using Progressive Mauve was performed. It was
visible that a large part of the sequenced genome
of strain BJK 1A had no correspondence with the
M2 genome. Using the move contigs tool of Mauve
it was possible to reorder the contigs to get a better
alignment.

To perform the annotation of the contigs of our
strain it was decided to first start with the annota-
tion of the genome that was available for the M2
strain. This choice was supported by the idea
that having more than one annotated genome of
C. ethanolica strains available would end up ren-
dering the final result much more reliable. Fur-
thermore, the sequencing of the genome of the
BJK 1A strain was also quite laborious and time-
consuming due to problems with the company that
made the sequencing. Thus, gene prediction was
first performed using the genome of the M2 strain
as a reference and then these gene models were
mapped in the contigs obtained for the BJK 1A
strain. The ab initio gene detection that was per-
formed for the M2 strain was manually refined re-
sulting in a predicted ORFeome for the C. ethano-
lica M2 strain estimated in 10,504 protein-encoding
genes. The average protein length ranges between
10 proteins having a size of over 3000 amino acids
and 5 proteins having a size smaller than 50 amino
acids, being the remaining 10,489 of a size be-
tween 3000 and 50 amino acids. The gene struc-
ture analysis predicted that 86.4% of the genes
(9080) have 1 exon, 12.4% (1304) have 2 exons,
1% (105) have 3 exons, and 15 genes have 4 or
more exons.

The predicted ORFeome of C. ethanolica
BJK 1A had initially 5,422 protein-encoding genes.
It was still possible to observe a considerable re-
gion of the BJK 1A genome that had no match in
the M2 genome. This result was expected because
the strains come from different environments and
could mean that BJK 1A have genes that are not
present in the M2 genome. A protein BLAST using
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the predicted proteins for both strains was made,
using CLC Genomics Workbench. All the protein-
encoding genes predicted by the automatic anno-
tation were used and the protein-encoding genes
from the annotated M2 genome were used as a ref-
erence sequence. From this BLAST resulted that
of the 5,422 protein-encoding genes predicted for
BJK 1A 1,154 were aligned with a resulting e-value
superior to 1 × 10−20. These genes from BJK 1A
were verified and for 1,104 genes it was discov-
ered that they were the result of sequencing bac-
terial contaminations. It is unclear the origin of this
contamination although after several attempts we
could confirm that this is not present in our DNA
sample suggesting that it may result from a con-
tamination in the DNA sequencing facility setting.

An initial manually refinement of the automatic
annotation allowed the removal of the genes that
were a result of contamination during the sequenc-
ing step. Therefore, as a result of the automatic an-
notation the predicted ORFeome of C. ethanolica
BJK 1A has 4,278 protein-encoding genes. The
average protein length ranges between 6 proteins
having a size of over 3000 amino acids and 20 pro-
teins having a size smaller than 50 amino acids,
being the remaining 4,252 of a size between 3000
and 50 amino acids. The gene structure analysis
predicted that 64.9% of the genes (2776) have 1
exon, 20.7% (886) have 2 exons, 8.3% (356) have
3 exons, and 260 genes have 4 or more exons.

Table 1: General features of the C. ethanolica BJK 1A genome
obtained after the manually curated annotation.

Annotation statistics
BJK 1A M2

Total number of contigs 4,974 2,193
Total number of contigs with genes 1,815 1982

Maximum contig length (bp) 104,226 88,862
Minimum contig length (bp) 1,000 1,000

Average contig size (bp) 3,321.1 10,609.3
Assembly size (bp) 16,519,089 23,266,223

Average GC content (%) 35.0 26.4
Total number of CDS 4,278 10,504

mRNAs 7 4
Genes with 1 exon 2776 9,080
Genes with 2 exons 886 1304

Genes with more than 2 exons 616 120

9. Discussion
The first part of this work consisted in a screen-
ing of phenotypic characteristics applied to a small
cohort of non-conventional yeast strains belong-
ing to the S’codes ludwigii, C. ethanolica, C.
glabrata, S. cerevisiae, H. guilliermondii and I. ori-
entalis species. Firstly a group of sugars were
tested to understand which ones could be as-
similated and used by the strains. For glucose,
fructose and mannose all of the strains showed
assimilation capability. According with the liter-
ature, all of the species were able to grow on
glucose [18]. For fructose assimilation it was
also expected to observe growth capability for

all strains [11][21][9][31][12][19]. The more rel-
evant differences observed concerning this mat-
ter were observed in metabolization of galactose,
which was not observed to occur for H. guillier-
mondi UTAD222 and S’codes ludwigii UTAD17.
Differences between strains started to be noticed
with galactose assimilation. Differences concern-
ing the utilization of arabinose and xylose was
also observed, with all of the strains but S’codes
ludwigii UTAD17 showing assimilation capability,
H. guilliermondii UTAD222 and S’codes ludwigii
UTAD17 not being able to assimilate xylose and
only C. ethanolica BJK 1A, I. orientalis SD108 and
C. glabrata UTAD68 being the sole strains able to
grow using arabinose. On YPD agar plates suple-
mented with xylose all of the species were able
to grow, meaning that S’codes ludwigii UTAD17
and H. guilliermondii UTAD222 were using other
compounds present in the rich and non-defined
YPD medium as carbon source. This behaviour
was also noticed for arabinose where all but the
S’codes ludwigii strains were able to grow. Re-
garding glycerol, all but H. guilliermondii UTAD222
were able to assimilate this carbon source. Al-
though it is not a fermentable sugar, glycerol is a
by-product of biodiesel production that can be used
as a carbon source for oleaginous yeast, promoting
lipid production, a product that is only economically
feasible is it can be produced from a cheap sub-
strate like glycerol [22] [5] [17]. Therefore, in order
to be used for single cell oils production, it is impor-
tant that a yeast can assimilate this carbohydrate.
As a result of the assimilation test, the species that
stood out were C. ethanolica BJK 1A and I. orien-
talis SD108 because they were the ones that could
assimilate all of the sugars tested. Resistance to
organic acids is another desirable trait in the con-
text of industrial biotechnology, being relevant for
fermentation of hydrolysates but also if one is inter-
ested in the production of these molecules which
are themselves recognized add-value compounds
[2]. Under the conditions that we used, the con-
centrations of levulinic acid used (in the range of
50-80mM) did not significantly inhibited growth of
any of the strains tested, including of the S. cere-
visiae strain which was used as a control. Re-
garding acetic acid, concentrations of 60, 80, 100,
120 and 140mM were tested and only C. ethano-
lica BJK 1A, I. orientalis SD108 and both strains
of S’codes ludwigii could sustain growth in such
high concentration , in the range of those that are
found in lignocellulosic hydrolysates. The strains of
S’codes ludwigii were those exhibiting higher re-
silience being able to tolerate the higher concen-
tration of this acid, 100mM. All of the other species
could stand concentrations of 1, 10 and 100mM of
succinic acid. Acrylic, gluconic, itaconic, propionic
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and adipic acids are also recognized commodity
chemicals and therefore tolerance of the strains to
different concentrations of these organic acids was
also assessed. The results obtained showed that I.
orientalis was the most tolerant species to all acids
tested, with C. ethanolica BJK 1A ranking as the
second more tolerant strain being able to grow in
the presence of 2.5mM acrylic acid, 10mM adipic
acid and 100mM gluconic acid.

Considering the good results obtained in the
phenotypic screening undertaken it was decided to
take a closer look into the C. ethanolica BJK 1A
strain. In specific, a more thorough physiological
analysis was performed aiming to better character-
ize this species and this strain in particular. The
first observation was the morphological observa-
tion of C. ethanolica BJK 1A cells, this showing that
these are ellipsoidal-shapped cells with ability to
form pseudohyphae. This kind of organization is
used to better decompose substrates, being also
associated with species potentially pathogenic for
plants and humans [13]. Under a 1000x magni-
fication it was possible to see dark bodies within
the cells. DAPI staining and observation with fluo-
rescence microscopy made possible to conclude
that those bodies were not nucleic acids, leav-
ing the hypothesis of being lipid bodies. [30] and
[11] referred C. ethanolica as a yeast capable of
producing and accumulate lipids. This hypothesis
should be further confirmed in order to assess in C.
ethanolica BJK 1A can in fact produce lipids that
can be used in microbiological produced biodiesel.
The extreme phenotype of resistance to acetic acid
exhibited in the phenotypic screening performed
was further confirmed, the C. ethanolica BJK 1A
cells being able to grow even in the presence of
400mM acetic acid. HPLC analysis of the super-
natant collected over time showed that the acetic
acid concentration in the supernatant was reduced
to almost zero. It was referred by [28] that this
strain of C. ethanolica was able to resist concen-
trations of acetic acid up to 30g/L and these results
could provide an explanation for this. These results
suggest that C. ethanolica BJK 1A is able to use
acetate as the carbon source, even when glucose
is present in the medium.

The fact that C. ethanolica BJK 1A exhibited sev-
eral traits that are relevant in the context of ethanol
production from lignocellulosics prompted us to ex-
amine how this strain would behave in two real
hydrolysates obtained from wheat straw and oak
sawdust. These hydrolysates had different com-
positions in sugar and also in inhibitors, specially
in acetic acid. Results showed that C. ethanolica
BJK 1A was able to grow using both hydrolysates
even when not supplemented with MMB medium.
This result complemented the one from the growth

with acetic acid in the medium, a higher concen-
tration of this compound led to higher biomass
amount. Under very high gravity conditions C.
ethanolica BJK 1A was able to grow on 300g/L
of glucose producing approximately 10%(vv) of
ethanol. Although this result shows that C. ethano-
lica BJK 1A was able to survive in VHG conditions
it was also elucidative about the toxicity of ethanol
to the cells. From the final glucose concentration
on the medium it was possible to conclude that the
corresponding ethanol levels were sufficiently in-
hibitory to stop biomass production.

Genomic analysis of C. ethanolica BJK 1A was
the final step of this work. The sequencing step
of this genomic analysis was made by STAB Vida
using two rounds of paired end HiSeq Illumina se-
quencing. The resulting reads were assembled us-
ing CLC Genomic Workbench resulting in 4,974
contigs with a total genome size of ca 16Mbp and
an average GC content of 35%. A list of 2,193 con-
tigs from C. ethanolica M2 that were already pub-
licly available at the NCBI databese was annotated
and used as a reference to annotate BJK 1A. Us-
ing Progressive Mauve it was possible to see that
BJK 1A had a large region that did not align with
the contigs of M2. This was either due to genes
that were only present in BJK 1A but not in M2
or contigs coming from contaminations of the se-
quencing step. The annotation of BJK 1A using the
M2 as reference allowed to understand, compar-
ing protein sequences from both strains, that 1,154
protein-encoding genes had a e-value higher than
1×10−20. After verifying said genes it was possible
to conclude that they were in fact the result of con-
tamination from the sequencing step. After remov-
ing the wrongly sequenced genes and using Pro-
gressive Mauve it was possible to observe that the
non-aligning region had decreased considerably.
The result of the annotation for BJK 1A after the ini-
tial curation predicted 4,278 genes, with a genome
size of ca 16Mbp and a GC content of 35.0%. This
annotation resulted in a smaller number of genes
than those predicted for M2, 10,504. This fact
could be explained be the fact that M2 is probably
an hybrid, having repeated contigs that were not
assembled in a single contig but in two with small
differences. The KEGG Koala blast tool allowed
to use the annotated genes from BJK 1A to re-
construct the metabolic pathways resulting in 187
genes that encode enzymes involved in carbohy-
drate metabolism, including glycolysis and gluco-
neogenesis, TCA cycle, pentose phosphate path-
way, fructose, mannose, galactose, starch and su-
crose metabolism, among others. The presence of
enzymes involved with the metabolism of said sug-
ars comes in line with the sugars assimilation test,
confirming the strain’s ability to grow on glucose,
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fructose, mannose and galactose and supports the
tests in [11] that conclude that C. ethanolica can
assimilate sucrose, confirming that C. ethanolica
can use a large range of carbon sources. The
presence of genes used in the metabolism of a
large range of carbon sources sustained the ini-
tial tests of carbon assimilation that were used to
chose C. ethanolica BJK 1A from the initial group
of yeasts. It also allowed to predict that this strain
has 94 genes associated with lipid metabolism,
mainly biosynthesis of triacylglycerols usually as-
sociated with oleaginous yeasts [27], placing C.
ethanolica BJK 1A as a potential lipid producing
yeast consisting with the results shown by [30] and
[11].

The physiological and genomic analysis of C.
ethanolica BJK 1A contributed to a better knowl-
edge about this strain. It was possible to compile
useful information about carbon sources that this
strain can use and also about concentrations of or-
ganic acids that it can stand. Being able to grow in
lignocellulosic hydrolysates and under VHG condi-
tions is also an advantage for this strain, not only
for bioethanol production but also for the produc-
tion of lipids. The genome annotation allowed to
understand which genes are present in C. ethano-
lica BJK 1A and as for future wok it would be inter-
esting to complete the validation of the predicted
gene models of C. ethanolica BJK 1A. This analy-
sis could provide information about genes present
that are responsible for the production of add-value
products but also which ones can be engineered to
form a better performing strain. Having been identi-
fied as a possible oleaginous yeast, the production
of lipids from this strain of C. ethanolica is also an
interesting feature to be studied.
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