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ABSTRACT

Starmerella bacillaris is an osmotolerant yeast with interesting winemaking traits such as low-ethanol and high-glycerol
production, previously considered as wine spoilage and recently proposed to improve the sensory quality of wine. This is
the first work performing a whole-genome analysis of the variants identified by comparing two S. bacillaris strains (PAS13
and FRI751). Additionally, an extensive search for orthologous genes against Saccharomyces and non-Saccharomyces yeasts
produced a detailed reconstruction of the pan-genome for yeast species used in winemaking. Starmerella bacillaris PAS13
was able to produce 36% more glycerol than S. bacillaris FRI751 without increasing ethanol level over 5% (v/v). Orthologous
genes revealed new insights in the response to osmotic stress determined by the mitogen-activated protein kinase (MAPK)
from S. bacillaris strains. The comparison between the two S. bacillaris genomes revealed 33 771 high-quality variants that
were ranked considering their predicted impact on gene functions. Furthermore, analysis of structural variations in the
genome revealed five translocations. The absence of some transcriptional factors involved in the regulation of GPD
(glycerol-3-phosphate dehydrogenase), like the protein kinases YpK1p and YpK2p, and the identification of a tandem
duplication increasing the GPP1 (glycerol-3-phosphate phosphatase) gene copy number suggest a remarkably different
regulation of the glycerol pathway for S. bacillaris in comparison to S. cerevisiae.
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INTRODUCTION

Alcoholic beverages are appreciated worldwide, but their over-
consumption is related to health and financial issues (Goold
et al. 2017). Among these beverages, wine is a product originat-
ing from a complex fermentation process that, if consumed in
a moderate way, can bring health benefits (WHO 2014). In this
context, a great number of wine consumers that are concerned
about the quality of life and health, created a new food and bev-
erage demand representing a major challenge for wineries pro-
ducing high-quality wines (Goold et al. 2017).

Indigenous or inoculated yeasts play a crucial role during
grape must fermentations as they are major determinants for
wine sensory quality and terroir (Ciani et al. 2016). During spon-
taneous fermentations, the first days are characterized by a
rapid yet progressive switch from non-Saccharomyces to Saccha-
romyces yeasts that are part of the resident grape and cellar mi-
crobiota, such as Torulaspora, Kluyveromyces, Zygosaccharomyces,
Pichia, Hanseniaspora, Metschnikowia and Starmerella (Jolly, Varela
and Pretorius 2014; Padilla, Gil and Manzanares 2016; Comitini
et al. 2017).

Starmerella bacillaris (synonym Candida zemplinina) is an os-
mophilic early-colonizing wine yeast that is preferentially
isolated from high sugar grape musts (Sipiczki 2003; Wang,
Esteve-Zarzoso and Mas 2014). It is part of the grape marc micro-
biota, the main winemaking by-products (Bovo, Giacomini and
Corich 2011; Bovo et al. 2012; Campanaro et al. 2014). Like most
non-Saccharomyces yeasts, S. bacillaris is moderately ethanol tol-
erant, although it possesses interesting properties related to
technological aspects and flavor development. Due to a very
limited ethanol production, S. bacillaris cannot be applied as
single-strain starter culture, but its technological characters (de-
crease of ethanol level, increase of glycerol content and mod-
erate volatile acidity production) can be enhanced when used
as co-inoculum in sequential fermentations with Saccharomyces
cerevisiae (Magyar and Téth 2011; Englezos et al. 2015; Masneuf-
Pomarede et al. 2015). Due to its fructophilic character, a mul-
tistarter including S. bacillaris strains can be successfully used
in high sugar grape must where fructose residues are generally
present after fermentation (Jolly, Varela and Pretorius 2014). Re-
cently, strains of this species were demonstrated to possess an-
tifungal properties, suggesting a possible use of S. bacillaris as
biocontrol agent (Lemos Junior et al. 2016).

Although S. bacillaris technological properties are well-
characterized, little is known on genes modulating the related
metabolic pathways. This is due to the lack of information
at gene and genome level for S. bacillaris, a problem ham-
pering a global comparison between Saccharomyces and non-
Saccharomyces yeasts or even within the Starmerella genus. One of
the most relevant technological traits possessed by this species
is its high glycerol production. Glycerol production can be con-
sidered as one of yeast strategies to counteract the high osmotic
pressure present in the environment where S. bacillaris is used
to live. From a metabolic point of view the glycerol production
pathway, known as glyceropyruvic fermentation, is very well-
known in the model organism S. cerevisiae, where it occurs using
the glycolytic intermediate dihydroxyacetone phosphate (DHAP)
as precursor (Oliveira et al. 2014).

Cytosolic glycerol content is positively correlated with stress
conditions such as intracellular phosphate levels, NAD*/NADH
redox balance and osmotic stress (Shen et al. 2006).

In the past few years, numerous fungal genomes were an-
alyzed using high throughput sequencing. This sequencing
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effort made available genome data of many non-Saccharomyces
yeasts having strongly different relevance in technological ap-
plications. With the availability of these genomes, comparative
studies are becoming feasible to reveal which genomic features
are influencing phenotypic characters. Despite the characteri-
zation of these fungal genomes, a comparative study investi-
gating differences in terms of gene content and genomic differ-
ences between strains and species is still lacking (Albertin et al.
2016). Currently, many tools can be used to perform comparative
genomic analyses and help establishing a link between geno-
type and phenotype in fungal species (Dujon 2010; Mohanta and
Bae 2015).

In the present work, two recently sequenced Starmerella bacil-
laris strains, FRI751 and PAS13 (Lemos Junior et al. 2017a,b), were
compared and both genomes were investigated to unravel ge-
nomic differences with S. cerevisiae and other non-Saccharomyces
species related to the enological environment. Investigation
on such differences enabled to identify genes responsible for
the technological properties of S. bacillaris and to evaluate
how the related metabolic pathways are conserved with respect
to the model-species S. cerevisiae.

MATERIAL AND METHODS

Starmerella bacillaris FRI751 and PAS13 technological
features

Starmerella bacillaris FRI751 and PAS13 used in this work were iso-
lated from fermenting must obtained from dried grapes (Lemos
Junior et al. 2016). Fermentation trials have been performed in
triplicate in 120-mL capacity bottles as described by Bovo et al.
(2016) with some modifications. Starter cultures were prepared
from colonies on YPD agar plates (yeast extract 10 g/L, peptone
10 g/L, dextrose 20 g/L) used to inoculate 5 mL of YPD broth in
15-mL tubes. A stationary phase culture with approximately
7.107-3.108 cells/mL, determined by OD measurement and con-
firmed by plate count analysis (CFU/mL) was obtained after 24 h
of incubation at 30°C.

In single-strain fermentation, the inoculum concentration
was 1 x 10° cells/mL. In sequential fermentation, the same
inoculum size for both the S. bacillaris strain and S. cerevisiae
EC1118 (1-1.5 x 10° cells/mL) was used. EC1118 was added 48 h
after the inoculum of S. bacillaris. The synthetic must MS300 was
prepared with 100 g/L of glucose, 100 g/L of fructose and 6 g/L of
malic acid at pH 3.3 as described by Bely, Sablayrolles and Barre
(1990). When the weight loss was less than 0.05 g per day, fer-
mentations were considered concluded. Afterwards, each sam-
ple was filtered through surfactant-free cellulose acetate filters
(0.22 um, WWR filters) and 10 uL were analyzed by HPLC (Shi-
madzu, Japan) equipped with a refractive index detector, set at
600 nm wavelength for the determination of glucose, fructose,
glycerol and ethanol, while for the acetic acid quantification a
UV detector was used. Calibration curves for glucose, fructose,
glycerol, acetic acid and ethanol were made before sample injec-
tion in the HPLC column. The chromatographic conditions were
realized with the ROA-Organic Acid H + column (Phenomenex,
USA), which was run at 65°C with 5 mM H,S0,4 as the mobile
phase, with a flow rate of 0.5 mL/min. Simple analysis of vari-
ance (oneway ANOVA) followed by the Fisher test as ‘post hoc’
test was performed and differences were considered statistically
significant for P-value less than 0.05.
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Table 1. CO, production during fermentation, residual glucose and fructose concentrations and concentrations of the main fermentation
products at the end of the fermentation of S. bacillaris and at the end of sequential fermentation of S. bacillaris strains with S. cerevisiae EC1118

in MS300.
CO; g/100 mL

Strains 48 h 624 h Glucose (g/L) Fructose (g/L) Glycerol (g/L)  Acetic acid (g/L)  Ethanol (%v/v)
FRI751 0.26 + 0.40% 3.28 + 0.50¢ 78.22 + 2.41B 24.49 + 1.84% 5.72 + 0.20¢ 0.38 + 0.05% 452 + 0.10¢
PAS13 0.28 + 0.04®2  3.54 + 0.33C 85.46 + 2.104  23.87 + 1.314  7.81 + 0.36* 0.40 + 0.263 494 4 0.24C
EC1118 1.10 + 0.14%  9.57 + 0.20* - - 5.77 + 0.14€ 0.51 + 0.024 13.16 + 0.024
FRI751 + EC1118  0.21 + 0.018  9.29 + 0.18%8 - - 6.57 + 0.298 0.47 4+ 0.03% 12.39 + 0.068
PAS13 + EC1118 0.33 + 0.06® 8.95 + 0.058 1.36 + 0.68° 2.30 + 1.038 7.59 + 0.14% 0.42 + 0.01% 12.20 + 0.08F

Data are expressed as the average of three replicates + standard deviations. Within the column, mean values followed by the same letter are not significantly different

according to Fisher’s test (P < 0.05).

Genome comparison between Starmerella bacillaris
strains

Identification of small variants between S. bacillaris FRI751 and
PAS13 was performed by checking the alignment of the reads
obtained from S. bacillaris FRI751 on S. bacillaris PAS13 genome
sequence. High-quality reads obtained after filtering with Trim-
momatic software (Bolger, Lohse and Usadel 2014) were aligned
to S. bacillaris PAS13 using Bowtie2 software (v2.2.4) (Langmead
and Salzberg 2012). The output file in SAM format was converted
to BAM and sorted using SAMtools (Li et al. 2009); then it was
checked using mpileup tool (SAMtools package) to extract the
variants from the alignment output file. The Binary Call Format
(BCF) generated was converted to VCF format using BCFtools
(https://github.com/samtools/BCFtools).

SnpEff program (ver 4.3g) (Cingolani et al. 2012) was run using
the VCF file as input and using the genes of S. bacillaris PAS13
as reference. Only variants with predicted ‘high’ or ‘moderate’
effect were selected. Function of the genes with variants was
obtained annotating proteins with blastKOALA software (Kane-
hisa, Sato and Morishima 2016).

Progressive MAUVE (Darling et al. 2004) was used for genome
alignment and the presence of translocations between S. bacil-
laris FRI751 and PAS13 were identified by visual inspection.

Orthologous analyze and ITS-1-based phylogenetic tree

Prediction of protein-coding sequences in S. bacillaris FRI751, S.
bacillaris PAS13, S. bombicola NBRC10243, S. bombicola JCM9596, H.
uvarum DSM2768 and S. cerevisiae EC1118 was performed using
GeneMark-ES software (Ter-Hovhannisyan et al. 2008). Ortholo-
gous analysis tool SPOCS (Species Paralogy and Orthology Clique
Solver) web application (Curtis et al. 2013) was used to compare
protein sequences from S. bacillaris FRI751 and PAS13, S. bombi-
cola NBRC10243 and JCM9596 and H. uvarum DSM2768 and S. cere-
visiae S288c. Due to the solid gene prediction and annotation
available for S. cerevisiae S288c, this strain was selected for the
analysis of orthologous genes performed with SPOC software. In
the comparison performed on the number of proteins assigned
to different KEGG categories, genes were predicted ‘de-novo’ for
all the fungal species, and S. cerevisiae EC1118 was the selected
strain.

A global ITS1-based phylogenetic tree was constructed with
3942 Saccharomyces and non-Saccharomyces yeasts ITS sequences,
downloaded from the National Center for Biotechnology Infor-
mation (NCBI RC 2017) and the ITS sequences of S. bacillaris
FRI751 and PAS13 extracted from their genome sequences af-
ter similarity search. ITS sequences were aligned using muscle

software with 16 iterations (Edgar 2004) and visualizing the tree
with Dendroscope (Huson et al. 2007). A subset of 174 yeasts
species related to S. bacillaris was selected from the tree and
manually checked.

Prediction of regulation sites and protein structures

Gpplp protein modeling from non-Saccharomyces strains was
generated using the automated protein-structure homology-
modeling server SWISS-MODEL with Gpplp from EC1118 used
as reference template (Biasini et al. 2014). Gpplp promoter re-
gion and binding sites for transcriptional factors were predicted
with the Neural Network Promoter Prediction (Reese 2001) and
the YEASTRACT database (Teixeira et al. 2014), respectively.

RESULTS AND DISCUSSION

Starmerella bacillaris FRI751 and PAS13 technological
features

In order to evaluate the technological properties of the two
S. bacillaris strains, single-strain and sequential fermentations
with the industrial strain S. cerevisiae EC1118 were monitored
in synthetic must MS300 at 20°C. Fermentations were stopped
at 624 h, corresponding to the period needed to the industrial
strain S. cerevisiae EC1118 to complete the fermentation when
used as single-strain starter. Regarding single-strain fermen-
tations, S. bacillaris FRI751 and PAS13 showed lower CO, pro-
duction (CO,/100 mL) when compared to S. cerevisiae EC1118
(Table 1), as expected, while a comparison between FRI751 and
PAS13 at 48 and 624 h of fermentation revealed a very similar
fermentation ability, in terms of CO, production, with no signif-
icant differences (P < 0.05).

Regarding the ability of S. bacillaris FRI751 and PAS13 to use
glucose and fructose as carbon sources and to produce ethanol,
significant differences (P < 0.05) were found only for glucose.
Conversely, S. cerevisiae EC1118 was able to utilize completely
both carbohydrates and to produce a high amount of ethanol
(13.16 + 0.02% v/v). These results confirm the poor fermentation
ability and the fructophilic character of S. bacillaris species.

Concerning glycerol production, our findings highlight that
S. bacillaris FRI751 production was higher (approximately 36%)
than that found for EC1118. Strains PAS13 and EC1118 pro-
duced similar amounts, although the yield in terms of glyc-
erol produced over sugar consumed was higher in PAS13 (0.09)
than in EC1118 (0.03). During sequential fermentations, due to
the presence of S. cerevisiaze EC1118, most of the sugars were
transformed and the glycerol concentration was significantly
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higher than that found in EC1118 single-strain fermentation
(Table 1). Although high glycerol production was demonstrated
to be a species-related technological trait (Sipiczki 2003) our re-
sults show that PAS13 production was significantly lower than
that of FRI751. These results suggest the presence of differences
between the two strains in the genetic traits involved in glycerol
production.

Genome structure, annotation of genomic variants of S.
bacillaris strains and phylogenetic analysis

The comparison between the genome alignment of the two S.
bacillaris strains, FRI751 and PAS13, using MAUVE software, ev-
idenced a general synteny between the two genomes, with-
out the presence of strain-specific insertions derived from lat-
eral gene transfer, although five main translocations are present
(Fig. 1).

Annotation of the genomic variants identified comparing the
two S. bacillaris strains was relevant to estimate putative pheno-
typic effects determined by changes in the genome sequence. A
high number of SNPs (33 771 high-quality variants) were found
in 1146 genes. To understand the putative effect of these SNPs on
phenotype, 543 protein-coding genes harboring variations with
‘high’ or ‘moderate’ predicted effect were grouped according to
their functions (Table 2).

Interestingly, nucleotide variants with ‘high’ or ‘moderate’
effect were mainly identified in signal transduction and trans-
lation genes. These results suggest that nucleotide variations in
the molecular response system to environmental changes could
be responsible for a different modulation of some metabolic
pathways in the two strains.

Considering large structural variations occurring between S.
bacillaris FRI751 and PAS13, five large translocations were iden-
tified by visual inspection of the genome alignment (Fig. 1).
By considering genes localized close to these breakpoints, 12
were found in S. bacillaris PAS13, and 11 in S. bacillaris FRI751.
The most interesting genes identified encode: endoplasmic
reticulum protein-retaining receptor (KDEL), biosynthesis of
aromatic amino acids protein (Aro1lp), farnesyl diphosphate syn-
thase (FDPS) protein, dUTP pyrophosphatase, cytochrome c oxi-
dase subunit 2 and mitochondrial ribosomal protein of the large
subunit (Table S1, Supporting Information).

Hotspots sites are essential for chromosomal rearrange-
ments like duplication, insertion—deletion and translocations.
Duplications occur more frequently when fragile sites are repli-
cated, giving a strong impact in yeast evolution (Lemoine et al.
2005; Mohanta and Bae 2015). Five translocations were close to
genes involved in mitochondrial and nucleotides metabolisms.
A genomic and transcriptomic comparison performed on four S.
cerevisiae strains isolated from vineyard environment (Treu et al.
2014a,b), revealed that most of the genes adjacent to the translo-
cations were involved in stress response and had a putative in-
fluence in the adaptation to enological environment. Results ob-
tained in the present study are strongly different since the only
gene putatively associated with S. bacillary native environment
that encodes cytochrome oxidase subunit 2 can be related to the
ability of S. bacillaris PAS13 to perform respiration on the grape
berry surface in vineyard.

The ITS sequences of the two S. bacillaris strains were com-
pared to those of 3942 fungal species. The phylogenetic tree
was generated reducing the species number to 174, including
those taxonomically and environmentally related to S. bacil-
laris (Fig. 2a). Starmerella bacillaris was previously identified as
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belonging to the Candida genus; therefore, 56 Candida species
were included. Among the remaining 116 species, the most
relevant enological yeasts were considered, as well. Moreover,
PAS13 and FRI751 were isolated from dried grape must where
the main groups of yeasts belong to Candida, Hanseniaspora and
Metschnikowia genera as evidenced by Urso and co-workers that
studied yeast biodiversity and dynamics during sweet wine
production (2008). For this reason, all the Hanseniaspora and
Metschnikowia sequences deposited in Genbank were included
together with the Candida species. The Zygoascus genus was
added as it was part of the microbiota during PAS13 and FRI751
isolation. As expected, S. bacillaris FRI751 and PAS13 were as-
signed to the clade including other Starmerella spp. strains. This
clade (Fig. 2b) did not include other enological yeast species, sug-
gesting a strong genetic divergence from the wine yeasts group.
Although previously classified in the Candida genus (Duarte et al.
2012), Starmerella clustered closer to Metschnikowia rather than to
most of the Candida species present in the tree.

Based on the phylogenetic analysis, the genomes of two
strains of the most taxonomically related species, S. bacillaris,
one strain of H. uvarum, the most abundant non-Saccharomyces
species at the beginning of must fermentation (Fleet 2008) and
belonging to the enological yeasts group, and one S. cerevisiae
wine industrial strain (EC1118) were considered to further inves-
tigate genomic differences.

Genome comparison between S. bacillaris, S. bombicola,
H. uvarum and S. cerevisiae: abundance of different
functional classes and orthologous gene analysis

Genes identified in S. bacillaris FRI751, S. bacillaris PAS13, S. bombi-
cola NBRC10243, S. bombicola JCM9596, H. uvarum DSM2768 and
S. cerevisiae EC1118 were classified according to their functional
role in the KEGG database. The annotation process resulted in
2149, 2159, 2382, 2383, 1440 and 3124 functional assignments
for protein-encoding genes in the six species examined, re-
spectively (Table S2, Supporting Information). Regarding abun-
dance of functional classes in terms of gene number, S. bacillaris
FRI751 and PAS13 displayed a majority of proteins involved in
‘metabolism’, ‘transcription’, ‘folding’, ‘sorting and degradation’
and ‘signal transduction’ pathways (Fig. 3).

Additionally, S. bacillaris strains encode more proteins re-
lated to ‘stress response’ in comparison to Saccharomyces and
non-Saccharomyces yeasts considered in this study. According to
Gongcalves et al. (2017), signal transduction plays a crucial role
in mechanisms involved in a coordinated cell response to en-
vironmental changes, which is highly dependent on transcrip-
tion factors. This finding suggests that S. bacillaris is capable of
a more ‘elaborate’ response to environmental changes. On the
contrary, the domestication process that shaped the S. cerevisiae
genome, determined a selective loss of genes related to response
to environmental changes, while genes related to the fermenta-
tion process and other technological characters were positively
selected (Mohanta and Bae 2015).

The number of orthologous genes determined in pairwise
comparisons between S. cerevisiae, S. bacillaris, H. uvarum and S.
bombicola is reported in Table 3. The pairwise comparisons be-
tween S. bacillaris and S. bombicola showed the highest num-
ber of orthologous genes. This finding was expected since
they are strictly related in the ITS phylogenetic tree analy-
sis. Starmerella bacillaris KEGG pathways analysis revealed that
MAPK signaling, carbon metabolism and amino acid biosynthe-
sis had a high number of genes (29, 24 and 13, respectively) that
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Figure 1. Selected genomic regions presenting translocations between S. bacillaris FRI751 and PAS13. Letters (A-E) represent double-strand DNA breakpoints. Genes
located close to the translocated regions are: (A), cytochrome oxidase subunit 2 (B), mitochondrial ribosomal protein of the large subunit/sUTP pyrophosphatase (C),
coaE/FDPs/VPS54/AR01 (D) and KDELR (E). Bold asterisks represent the genomic regions were translocations have been identified. Local co-linear blocks (syntenic
regions) identified by MAUVE software are represented in different colors.
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Table 2. Functional categories of the genes presenting variants in the
comparison between S. bacillaris PAS13 and S. bacillaris FRI751.

Protein-
encoding

Pathway genes (%)

Signal transduction 67 12.34
Translation 66 12.15
Transport and catabolism 51 9.39
Replication and repair 46 8.47
Cell growth and death 45 8.29
Carbohydrate metabolism 41 7.55
Folding, sorting and degradation 41 7.55
Amino acid metabolism 27 4.97
Metabolism of cofactors and vitamins 25 4.60
Lipid metabolism 24 4.42
Nucleotide metabolism 21 3.87
Transcription 20 3.68
Glycan biosynthesis and metabolism 19 3.50
Energy metabolism 17 3.13
Metabolism of other amino acids 7 1.29
Metabolism of terpenoids and polyketides 7 1.29
Cellular community—eukaryotes 7 1.29
Xenobiotics biodegradation and metabolism 5 0.92
Cell motility 3 0.55
Membrane transport 2 0.37
Biosynthesis of other secondary metabolites 1 0.18
Cellular community—prokaryotes 1 0.18

Only variants having a predicted ‘high’ and ‘moderate’ phenotypic effect on pro-
tein functions are reported. Analysis of KEGG shows that ‘Environmental In-
formation Processing’ and ‘Genetic Information Processing’ are the categories
including most of the genes presenting polymorphisms and, consequently, are
those potentially determining different phenotypes between strains.

S,
s,
PR
=

Enological yeasts

did not find an orthologous counterpart in the other species
considered.

MAPK is an important regulatory system related to stress
response in different environmental conditions such as cell
wall stress, starvation and high osmolarity (Yang, Sharrocks
and Whitmarsh 2013). Genes involved in the utilization of
carbon sources are extremely important to determine phe-
notypic differences between yeast species. Non-orthologous
genes are concentrated in the upper part of the glycolysis
and pentose phosphate pathways. In this context, S. bacillaris
glucose-6-phosphate dehydrogenase (G6PDp), that routes
glucose-6-phosphate in the pentose phosphate pathway, was
highly divergent from the S. cerevisiae protein and the software
used for orthologous identification was not able to match
the two proteins. This result is relevant because glucose-6-
phosphate plays a central role in yeast sugar metabolism, as it
can enter the glycolysis pathway, glycogen, trehalose and cell
wall synthesis and is also important to determine the redox
state of the cell (Kletzien, Harris and Foellmi 1994; Konig, Unden
and Frohlich 2009). Moreover, regarding sugar transporters, no
orthologous identification was found in the case of S. cerevisiae
hexose permeases. Saccharomyces cerevisiae encodes a total of 18
putative hexose transporters that belong to the major facilitator
superfamily. The majority, in fact, are capable of transporting
glucose and fructose across the plasma membrane, while
the remaining are involved in glucose sensing or serving as
multidrug transporters. Therefore, the high divergence in G6PD
protein, the low level of orthologous genes in the upper part
of the glycolysis and pentose phosphate pathways, the strong
divergence in the sugar transport systems could provide clues
into the fructophilic behavior found for S. bacillaris. In fact, in
S. cerevisiae the preferential glucose degradation (glucophilic

Starmerella spp.

s 2308

aversa_CBS 4074
Upomyces olgophaga. CBS.T107

Figure 2. ITS1 sequence-based phylogenetic trees. (A) Phylogenetic tree of 174 reference yeast strains (56 Candida species, 116 non-Candida species and S. bacillaris
FRI751 and PAS13. Green asterisks (x) mean that enological and non-enological yeasts were isolated from the same environment of S. bacillaris FRI751 and PAS13; (B)
zoomed-in phylogenetic tree showing the Starmerella clade. S. bacillaris FRI751 and PAS13 are highlighted.
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Figure 3. Percentage of protein-encoding genes assigned to different KEGG pathways and present in Saccharomyces and non-Saccharomyces yeasts.

Table 3. Number of orthologous genes identified by comparing Saccharomyces and non-Saccharomyces yeast species.

H. uvarum
DSM2768

S. cerevisiae

Strain S288c FRI

S. bacillaris

S. bombicola
NBRC10243

S. bombicola
JCM9596

S. bacillaris

751 PAS13

1691

S. cerevisiae S288c

H. uvarum DSM2768

S. bacillaris FRI751

S. bacillaris PAS13

S. bombicola JCM9596

S. bombicola NBRC10243

2198
1194

2200
1200
3898

2387
1285
3252
3262

2389
1284
3261
3272
4412

behavior) has been demonstrated to be determined by the
characteristics of the hexose transporters as well as by the
sugar phosphorylating enzymes (Konig, Unden and Frohlich
2009; Cabral et al. 2015).

A high level of orthologous genes was found among those
encoding Krebs cycle proteins confirming the presence of
the respiration process in S. bacillaris. To regulate fermenta-
tion/respiration processes in S. cerevisiae, three major glucose
signaling pathways are present: the Sfn1 kinase pathway that
activates respiration and alternative carbon source transforma-
tions, the cAMP/PKA pathway, which enhances glycolytic activ-
ity during fermentation, and Snf3p and Rgt2p sensing system
related to the activation of the HXT3 gene, coding for the main
hexose transporter during alcoholic fermentation. These regu-
latory pathways assure the activation of the fermentation pro-
cess, instead of respiration, until approximately 2 g/L glucose
residues are obtained (Konig, Unden and Frohlich 2009). This
mode of metabolism has been called the ‘Crabtree effect’. No
orthologous identification was found in the case of S. cerevisiae
SNF3 and RTG2 genes. On the contrary, a high similarity level
was found for SFN1 genes. The cAMP/PKA pathway is the most
complex. No orthologous genes were found in the upper part
of the regulatory cascade, in particular for the S. cerevisiae glu-
cose sensing GPR1, and CRY1 responsible for the synthesis of the
signal transductor cAMP, which removes the inhibitory subunit
Bcylp from the main regulator Protein Kinase A (PKA). Only one
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of the two genes coding for PKA was found to be orthologous.
Globally, these findings suggest a mode of regulation of the fer-
mentation/respiration processes that is partially different from
that of S. cerevisiae.

Another relevant technological character is the ability of dif-
ferent yeast species (and strains) to synthesize higher alco-
hols. These compounds have a relevant importance for wine
organoleptic characters. Some higher alcohols are produced
from branched chain and aromatic amino acids via the Ehrlich
pathway (Hazelwood et al. 2008). Interestingly, the branched-
chain amino acid aminotransferase of S. bacillaris was strongly
divergent from the protein encoded in S. cerevisiae and this could
influence valine, leucine and isoleucine degradation, and poten-
tially the corresponding higher alcohol productions.

Glycerol biosynthetic pathway and regulation

High glycerol production, in response to high sugar level of the
grape must, is one of the most relevant technological charac-
teristics of S. bacillaris. In order to find a possible explanation
for this phenotype, a genome comparison was performed
considering the two S. bacillaris strains previously sequenced
and the other yeasts, S. bombicola JCM9596, S. bombicola
NBRC10243, H. uvarum DSM2768 and S. cerevisiae EC1118,
previously analyzed.



Downl oaded from https://academ c. oup. conl fensyr/article-abstract/18/7/foy069/5046425

by DTU Library
on 25 July 2018

8 | FEMS Yeast Research, 2018, Vol. 18, No. 7

HYPERHOSMOLARITY

, ,
, ,
L}

: !
L}

L ]

[eove. eese
VAAAAAAAVAAAVAAAVAVAAATAYA

GDP1,GPP2,STL1

@ S. bacillaris FRI751

@ S. bacillaris PAS13

@® H. uvarum DSM2768

@ S. bombicola JCM9596

@ S. bombicola NBRC10243
© Gene absent/not identified

*
s*

Figure 4. Schematic representation of the HOG pathway in different fungal species. Proteins involved in the HOG pathway were checked in different fungal genomes
and their presence is reported by circles labeled with different colors. Circles are ordered consistently (from S. bacillaris FRI751 to S. bombicola NBRC 10243) for all the
genes reported. Proteins not identified in one fungal genome are highlighted using a circle with a red diagonal line through it. The dotted line reported at the bottom
of the figure represents the nuclear membrane and three genes regulated by Hog are also reported.

With regard to the osmotic stress, glycerol accumulation as
compatible solute in S. cerevisiae is connected to the activa-
tion of protein kinases of the high-osmolarity-glycerol (HOG) re-
sponse, a pathway belonging to the MAPK module (Chen and
Thorner 2007) (Fig. 4).The HOG pathway starts with two branches
of signal perception and generation, mediated by SIn1 and Sho1l
(Fig. 4). While high external osmolarity activates the Shol sig-
naling complex, which also requires either Msb2 or Hkr1l, it in-
hibits SIn1 signaling. Shol then interacts with a number of in-
tracellular mediators and generates a phosphorylation cascade
that activates Hogl. High osmolarity also increases Hogl phos-
phorylation through the Slnl-mediated signaling branch. Hogl
activation occurs when Ssk1 phosphorylation is inhibited and
therefore a phosphorylation cascade that activates Hogl is gen-
erated. Dually phosphorylated Hogl acts on various processes,
including the degradation of the glycerol channel Fps1, prevent-
ing glycerol export. Hogl activity induces target genes expres-
sion by interacting with various transcription factors, such as
Hotl, Msn1, Msn2, Msn4 and Skol. In particular, Hogl is in-
volved in the transcription elongation of those genes encod-
ing enzymes for glycerol production (GPD1, GPD2) and import
(STL1) as reviewed in Proft et al. (2006) and in Saito and Posas
(2012). Due to the high number of differences identified in by
the genomic comparisons performed, the results obtained were
prioritized pointing the attention to the genes that in S. cere-
visiae are directly involved in glycerol biosynthesis and regula-
tion. As shown in Fig. 4, the two upstream routes of the pathway
that activates Hoglp are only partially conserved in the non-
Saccharomyces species analyzed; in particular at MAPKK level
as PBS2 ortholog, the MAPKK component was found only for

- Technical Information Center of Denmark user

H. uvarum. In this species, no ortholog gene involved in the Sln1
signaling was found. On the contrary, in S. bombicola strains most
ortholog genes were missing in the Shol signaling. No Stl1 and
FpS1 (glycerol transporters) orthologous genes were found in
the non-Saccharomyces species. This finding confirms strong di-
vergences in the plasma-membrane transport systems between
these species and S. cerevisiae. These results suggest the exis-
tence of relevant differences in gene regulation of the osmotic
stress in the genus Starmerella with respect to the other yeast
analyzed and gave new insights on the HOG pathway in non-
Saccharomyces fungal species.

Regarding glycerol biosynthesis in S. cerevisiae, the NAD-
dependent glycerol-3-phosphate dehydrogenases Gpdlp and
Gpd2p are paralogous genes, derived from whole genome du-
plication of S. cerevisiae, which transform the DHAP into glyc-
erol phosphate. In S. cerevisiae, Gpd1lp and Gpd2p show differ-
ent activities under aerobic conditions and at high osmolarity.
The GPD1 gene expression is involved in the high-osmolarity
response (HOG pathway) and other complex regulatory mech-
anisms that include YpK1p/YpK2p controlled by the station-
ary phase TOR regulatory system and Snflp (alternative carbon
source regulation) (Pahlman et al. 2001; Lee et al. 2012). Overex-
pression of Gpd1p induces increased glycerol accumulation. Re-
garding the two GPD genes, only GPD1 was found in S. bacillaris
FRI751 and PAS13, S. bombicola JCM9596 and NBRC10243 and in
H. uvarum DSM2768. Curiously, neither YPK1 nor YPK2 were iden-
tified. Only Snflp, the repressor of GPD2, was present.

Concerning the second enzyme involved in the S. cerevisiae
glycerol pathway, the glycerol-3-phosphate phosphatase en-
zyme showed two independently regulated isoforms (Gpp1p and
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Table 4. Gpplp model prediction in non-Saccharomyces strains generated using the SWISS MODEL server. GPP1 from EC1118 was used as

template.
Strains

S. cerevisiae S. bacillaris S. bacillaris S. bombicola S. bombicola H. uvarum
Features EC1118 FRI751 PAS13 JCM9596 NBRC10243 DSM 2768
Gene(s) GPP1 GPP1'1 GPP1.2 GPP1_1 GPP1.2 GPP GPP GPP
Length (a.a) 250 241 240 241 240 240 240 254
Mol. Weight (KDa) 27.94 26.07 25.48 26.07 25.48 26.53 26.53 28.62
Isoleletric Point 5.24 5.34 5.03 5.34 5.03 5.71 5.71 5.14
bIdentity (%) 41.82 35.91 41.82 35.91 43.75 4375 67.21
aGMQE 0.71 0.69 0.71 0.69 0.74 0.74 0.82
INDELs 6 6 6 6 6 6 0

2GMQE is the Swiss-Model global quality estimation and has a range from 0 to 1.
bPercentage identity was calculated considering S. cerevisiae as reference species.

Table 5. Predicted effect on gene function of the nucleotide variants
identified. The analysis was performed using the SnpEff software.

2004; Cherry et al. 2012), and the sucrose non-fermenting 1 pro-
tein (Snflp) is an AMP-activated serine/threonine-protein kinase
involved in transcriptional activation and repression of cellular

Gene Total High Low Moderate Modifier .

processes essentially related to glucose stress response (Sanz
SEN1 146 0 4 1 141 2003). Saccharomyces cerevisiae SnflA mutants are more sensi-
SSK2 146 0 14 0 132 tive to heat stress, are unable to accumulate glycogen, are aux-
SIN3 137 0 29 27 81 otrophs for inositol and have an impaired growth in the pres-
STE11 44 0 5 5 34 ence of high concentrations of NaCl and LiCl (Sanz 2003). In
SPT3 14 0 0 0 14 S. cerevisiae, it was demonstrated that the improvement of

Only results for genes involved in glycerol production and regulation are re-
ported.

Gpp2p), whose corresponding genes showed a very high simi-
larity level. GPP2 was not identified in all the non-Saccharomyces
species analyzed, while GPP1 was always present. In particular,
in S. bacillaris two copies of GPP1 were found arranged in a tan-
dem array in both strains. Between the two copies there is an
intergenic region 918-bp long. The Gpplp model prediction in
non-Saccharomyces species is reported in Table 4. Both the cor-
responding GPP1 copies are identical in the two strains, while a
low similarity level (62%) was evidenced when the two copies
are compared at nucleotide level in each strain (Fig. S1, Sup-
porting Information). The presence of two copies of GPP1 with
highly divergent sequences can suggest a process of rapid adap-
tive evolution (Dujon 2010; Chin et al. 2012). In the intergenic
region, a promoter has been predicted and two SNPs identified
within, followed by a homopolimeric region that is shorter in
S. bacillaris PAS13 than in FRI751 (Fig. S1, Supporting Informa-
tion). The inter-strain comparison evidenced no differences in
the predicted transcription factor binding sites (Table S3, Sup-
porting Information), suggesting that differences in regulation
(if existing) are determined by other factors.

A prioritization of the variants identified between S. bacillaris
strains, followed by a selection of those affecting known regula-
tors of glycerol production, revealed that five genes could be in-
volved in determining different glycerol levels in the two strains:
SSK2, STE11, SNF1, SIN3 and SPT3. The analysis of FRI751 vari-
ants in these genes revealed their potential role in modulating
the corresponding proteins functions and therefore glycerol pro-
duction (Table 5).

Going more specifically to their function, it is known that
Ssk2p and Stellp are response regulators involved in the HOG
MAPK cascade (Sato et al. 2003), Sin3p is a GPP1 regulator acting
specifically in osmoresponsive promoter regions (De Nadal et al.

ethanol production is related to the reduction of glycerol biosyn-
thesis (Yu, Kim and Han 2010). In this context, Spt3p, a subunit of
the SAGA (Spt-Ada-Gcen5-acetyltransferase) transcriptional reg-
ulatory complex, is a relevant regulator that acts by performing
chromatin modifications, being the first one involved in GPP2 ex-
pression (Cherry et al. 2012). Yu et al. (2012) demonstrated that
the overexpression of both Spt3p and Spt15p was responsible
for reduced glycerol production and, consequently, increased
ethanol yield in engineered S. cerevisiae strains. The identifica-
tion of variants having a predicted ‘high’ and ‘moderate’ effect
on gene functions suggests that the higher glycerol production
in S. bacillaris PAS13, with respect to FRI751, can be due to dif-
ferent regulatory effects of proteins acting on the HOG MAPK
cascade or, alternatively, to proteins acting as pleiotropic regu-
lators, such as Snflp.

CONCLUSIONS

This is the first study performing a genome comparison be-
tween two Starmerella bacillaris strains with different technolog-
ical properties. Yeast genomes belonging to Saccharomyces and
non-Saccharomyces yeast species were also considered in order
to categorize S. bacillaris proteins and to identify differences in
the size of functional categories between the species. This com-
parison provides new insights on glycerol production and on its
regulation in S. bacillaris. Results suggest that S. bacillaris strains
have a different stress response in comparison to Saccharomyces
and non-Saccharomyces yeasts. Moreover, the high divergence of
genes belonging to the canonical HOG pathway in comparison
to S. cerevisiae, combined with the duplication of the GPP1 gene,
provide new insights at genome level on the role of the stress re-
sponse in the biosynthesis of high glycerol levels in S. bacillaris.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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