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Abstract Proteomics and fermentation technology have
begun to integrate to investigate fermentation organisms in
bioprocess development. This is the first shotgun proteomics
study employed to monitor the proteomes of Scheffersomy-
ces stipitis during xylose fermentation under oxygen limi-
tation. We identified 958 nonredundant proteins and
observed highly similar proteomes from exponential to early
stationary phases. In analyzing the temporal proteome, we
identified unique expression patterns in biological processes
and metabolic pathways, including alternative respiration
salicylhydroxamic acid (SHAM) pathway, activation of
glyoxylate cycle, expression of galactose enzymes, and
secondary zinc-containing alcohol dehydrogenase and
O-glycosyl hydrolases. We identified the expression of a
putative, high-affinity xylose sugar transporter Xutlp, but
low-affinity xylose transporters were absent. Throughout
cell growth, housekeeping processes included oxidative
phosphorylation, glycolysis, nonoxidative branch of the
pentose phosphate pathway, gluconeogenesis, biosynthesis
of amino acids and aminoacyl total RNA (tRNA), protein
synthesis and proteolysis, fatty acid metabolism, and cell
division. This study emphasized qualitative analysis and
demonstrated that shotgun proteomics is capable of moni-
toring S. stipitis fermentation and identifying physiological
states, such as nutrient deficiency.
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Introduction

Scheffersomyces stipitis (synonymy Pichia stipitis) has
gained research interests due to near theoretical ethanol
yield and low xylitol yield from pentose. The expressions
of various novel hemicellulolytic «-glucuronidases and
xylosidases give further industrial promises in lignocellu-
lose bioconversion [35]. With the biochemistry and phys-
iology of xylose fermentation characterized, researchers
have conducted extensive research to investigate S. stipitis
ethanol fermentation with the ultimate goal of economical
ethanol production using lignocellulosic hydrolysate. The
complete sequenced and assembled genome of S. stipitis
(P. stipitis CBS 6054) provides the insight into this peculiar
yeast and enables researchers to perform large-scale anal-
ysis of S. stipitis transcriptomics and proteomics [16]. A
more systematic approach to studying S. stipitis fermen-
tation is needed, and system biology and fermentation
technology can be more fully integrated with advanced
high-throughput proteomic techniques, such as multidi-
mensional protein identification technology (MudPIT) [21,
44, 47]. MudPIT allows observation of the global profile of
the organism’s proteome, such as yeast, and analysis of the
proteome allows evaluation of yeast physiology at greater
depth with a much simpler technique than 2D polyacryl-
amide gel electrophoresis mass spectrometry (PAGE-MS)
[44]. In fermentation technology, researchers have applied
metabolomics in bioprocessing to find targets for metabolic
engineering and biomarkers for clone selection or media
development [27]. In proteomics, S. cerevisiae proteome
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under stress conditions in lignocellulosic hydrolysate was
studied and exhibited differential expression in tricarbox-
ylic acid cycle (TCA) cycle and glycolysis, potentially a
guideline for process development in future lignocellulosic
ethanol production [20]. Also, shotgun proteomic profiling
of Clostridium acetobutylicum from the butanol fermenta-
tion process was carried out to elucidate the molecular
functional mechanisms in butanol production [39]. Moni-
toring the proteome of S. stipitis throughout the growth
cycle could be used to investigate and elucidate cell stress,
stages in cell cycles, nutrient deficiency, cell death, and
even to discover metabolic pathways.

The analysis of genome and expression-array studies
provided insights into central carbon metabolism and spe-
cialized physiological traits in S. stipitis [17]. However, the
study reported here is the first shotgun proteomics study of
xylose fermentation by S. stipitis on the proteome level.
The study focused on qualitative analysis of the proteome
and in some cases provided semiquantitative data of rela-
tive abundance based on spectral counts. Shotgun proteo-
mics supported the predicted protein coding regions in the
S. stipitis genome, and in analyzing the temporal proteome
of S. stipitis, we discovered proteins expressed in peculiar
metabolic pathways and that exhibited unique expression
patterns when compared with the well-studied model
organism S. cerevisiae, even though the structures of many
core-function gene-coding regions are highly similar
between the two [17]. Shotgun proteomics also showed the
physiological state of S. stipitis during fermentation.

Materials and methods
Microorganism and culture conditions

Scheffersomyces stipitis (a.k.a. P. stipitis CBS 6054) was
obtained from American Type Culture Collection
(Manassas, VA, USA) and maintained on YPX agar slants
(20 g/L xylose, 20 g/L peptone, 20 g/L. Difco Bacto-Agar
and 10 g/L yeast extract) (BD-Canada, Mississauga, ON,
Canada). Inoculums were grown in YPX at 26 °C for
~20 h at 100 rpm until the optical density at 600 nm
(ODgqp) reached ~ 2. Xylose fermentation of S. stipitis was
carried out using a 250 -ml Erlenmeyer flask with 100-ml
working volume at 26 °C in the incubator at 100 rpm.
Medium composition for S. stipitis xylose fermentation
was 20 g/L xylose, 20 g/L. peptone, and 10 g/L yeast
extract.

Fermentation parameters analysis

Xylitol concentration was measured using the R-Biopharm
enzymatic assay kit (Darmstadr, Germany). Xylose,
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ethanol, and glycerol were measured using Megazyme
enzymatic assay kits (Wicklow, Ireland). S. stipitis growth
was monitored by measuring the ODgoo With an ultraviolet
visual spectroscopy (UV-VIS) spectrophotometer.

Cells lysis and protein extraction

Three protein samples were taken throughout the growth cycle
at 25, 45.5, and 64 h. Approximatelyl0 mg of dry-mass cell
pellet for each sample was obtained and processed through
single-tube cell lysis and protein digestion [40, 42]. Protein
concentrations were ~6 mg/ml for each sample after
extraction. Tris/10 mM calcium chloride (CaCl,) at pH 7.6
and 6 M guanidine/10 mM dithiothreitol (DTT) (Sigma-
Aldrich Canada, Oakville, ON, Canada) were used to lyse
cells and extrude proteins. In brief, the mixture was placed on
the rocker for the first hour and vortexed every 10 min and
then incubated for 12 hat 37 °C. The mixture was spun down
at 10,000 g. The supernatant was discarded and the pellet was
diluted with sixfold 50 mM Tris/10 mM CaCl,. Approxi-
mately 5 pg of sequencing-grade trypsin (Promega, Madison,
WI, USA) was added to each sample and digested for 12 h at
37 °C by gentle rocking. The same amount of trypsin was
added a second time and incubated at 37 °C for another 12 h;
1 M DTT was added to a final concentration of 20 mM and
incubated for another hour with gentle rocking at 37 °C, fol-
lowed by centrifugation at 10,000g for 10 min. The super-
natant was kept and samples were cleaned and desalted via
solid-phase extraction with Sep-Pak Plus cartridges (Waters
Limited, Mississauga, ON, Canada), concentrated, solvent
exchanged, filtered, aliquotted, and frozen at —80 °C [46].

2D-LC MS/MS

Each extracted and digested sample was analyzed twice to
achieve technical replications in 2D liquid chromatography
tandem mass spectroscopy (LC MS/MS). Samples were
loaded onto the back column of a split-phase 2D column
[26] (~3-5 cm Luna SCX 5 pm and ~3-5 cm C;g Aqua
5 pm 100A) (Phenomenex, Torrance, CA, USA) using a
pressure cell and then connected to a front column with an
integrated nanospray tip (~ 15 cm of Aqua C;g Aqua 5 pm
100A, Phenomenex; 150 pm with 15 um tip, New Objec-
tive, Woburn, MA, USA). Samples were analyzed via 2D
LC-nano electrospray ionization (ESI)-MS/MS on a
Thermo LTQ (ThermoFisher Scientific, San Jose, CA,
USA), as previously described [31, 42]. Samples were
analyzed via 13-h (6 step with 1 wash step) runs [26, 46].

Proteome informatics

Proteome Discoverer 1.1 (ThermoFisher Scientific) and the
SEQUEST algorithm [8] were used to correlate peptide
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spectra with the S. stipitis protein-sequence filtered models
containing 5,839 entries downloaded from the Joint Gen-
ome Institute (http://genome.jgi.doe.gov/Picst3/Picst3.
home.html; downloaded on 05/15/2011) [16]. Proteome
Discoverer 1.1 was used to filter SEQUEST results and sort
peptides into protein identification based on a modified
method of Verberkmoes et al. [42] (minimum Xcor of at
least 1.5 [+1], 2.3 [4+2], 2.8 [+3]; minimum probability
score of at least 2 [+1], 7 [+2] and 7.5 [+3]; minimum
two fully tryptic peptides and at least one unique peptide
among the two fully tryptic peptides). We enabled protein
grouping, counted only rank 1 peptides, and only in the
top-scored proteins. Reverse protein sequences of S. stipitis
were included in the search database to estimate the overall
false-positive rates of protein identification using the
reverse database method (false positive rate = 2[n../
(Nyey + Npea)] * 100; 1, = number of peptides identified
from the reverse database; n,, = number of peptides
identified from the real database) [30]. Differentially
expressed proteins between time points were calculated
based on the spectral counts using the software PatternLab
[4]. AC test and expression fold changes were two criteria
used to statistically determine differentially expressed
proteins between each time set [fold change cutoff = 1,
p value cutoff = 0.01, flow direction reversal (FDR) =
0.05]. No normalization, Row Sigma or Total Signal nor-
malization was applied and compared, and differentially
expressed proteins satisfied all normalization.

Functional categorization and metabolic pathway
analysis

For a protein to be further analyzed in the biological study,
the protein needed to be identified in both technical repli-
cates. Functional annotations [Kyoto Encyclopedia of
Genes and Genomes (KEGG), Gene Orthology (GO) and
Clusters of Orthologous Groups (COGs) databases] of
S. stipitis were downloaded from the Joint Genome Insti-
tute [16]. Proteomes were examined and compared manu-
ally with each functional annotation, and in-house Perl
scripts were written to perform functional COG counts.
The metabolic pathways were visualized using KEGG
Mapper [19]. Normalized spectral abundance factors, such
as label-free estimation of relative protein abundance, were
determined as described in [11].

Results and discussion

Our results represent the first shotgun proteomic study of
S. stipitis collected at exponential (25-h), late exponential
(45.5-h), and early stationary (64-h) stages. Key metabo-
lites, including ethanol, xylose, and xylitol, were measured

and monitored throughout S. stipitis xylose fermentation
(Fig. 1). We observed low xylitol (<0.1 g/L) and low
glycerol (<0.2 g/L) throughout the growth cycle. Ethanol
5.86 g/L was achieved at the end of fermentation at 73 h,
which resulted in ~30 % theoretical yield. Ethanol for-
mation throughout the growth cycle indicated oxygen
limitation, as S. stipitis exhibits strictly aerobic growth
under fully aerobic conditions. The shotgun approach we
used identified and matched peptide mass data to the
sequenced S. stipitis sequence database (filtered model:
5,839 entries) [16]. Shotgun proteomics enabled observa-
tion of the cell proteome and confirmed ~1/6 (17 %) of
the predicted open reading frames in the S. stipitis genome.
Combining all six runs, two technical runs for each time
point, we identified 958 proteins throughout fermentation.
The complete list of proteins identified for each sample
(both technical replicates) is available in the Electronic
supplementary material. The false discovery rates of 2D
LC-MS/MS runs were from 0.33 % to 4.22 %. It is
important to note that the observation of 958 proteins was
still an underrepresentation of the entire S. stipitis prote-
ome. Through immunodetection, Ghaemmaghami et al.
[13] found that ~ 4,500 proteins (80 %) of the S. cerevisiae
proteome were expressed during the exponential phase in
normal growth conditions.

For a protein to be further analyzed in the biological
analysis, only technical replicates from each growth phase
were considered. This resulted in identification of 518
proteins at 25-h time set, 526 proteins at 45.5-h time set,
and 548 proteins at 64-h time set (Fig. 2). Shotgun pro-
teomics showed highly similar S. stipitis proteomes
throughout the growth cycle. In general, all three time
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Fig. 1 Ethanol, xylose, xylitol, glycerol, and optical density at 600
nm (ODggy) were monitored throughout the growth period of
Scheffersomyces stipitis xylose fermentation under oxygen limitation.
Glycerol and xylitol were detected at a low level, at <0.2 g/L.
Fermentation was terminated at 73 h, with final S. stipitis ODgq at
6.19 and ethanol concentration of 5.86 g/L. (~30 % theoretical yield)
(open triangle xylose, times symbol glycerol, closed box ethanol, open
diamond ODygy, open circle xylitol)
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Fig. 2 Numbers of proteins identified (in both technical replicates) at
exponential (25-h), late exponential (45.5-h), and early stationary (64-
h) phases of Scheffersomyces stipitis during xylose fermentation
under oxygen limitation. The temporal proteomes exhibited highly
similar proteomes throughout growth, with 399 proteins observed
between all proteomes, 39 proteins only observed between 25 and
45.5 h, 61 proteins only observed between 45.5 and 64 h, and 18
proteins only observed between 25 and 64 h

points observed throughout cell growth contained house-
keeping processes such as oxidative phosphorylation, gly-
colysis, nonoxidative branch of the pentose phosphate
pathway, gluconeogenesis, biosynthesis of amino acids and
aminoacyl-tRNA, protein synthesis and proteolysis, fatty
acid metabolism, and cell division. The highly similar
proteomes required further statistical analysis to observe
how cells progressed throughout the fermentation period.
We calculated normalized spectral abundance factors
(NSAFs) to estimate the relative protein abundance of each
run. By comparing technical replicates of each data set, we
obtained highly reproducible results, with the linear
regression line R? = 0.93 for 25 h, 0.96 for 45.5 h, and
0.97 for 64 h (Fig. 3). The slope of each linear regression
close to 1 showed consistency between two technical runs.
The most abundant proteins observed throughout xylose
fermentation under oxygen limitation came from those of
expected processes. Gyceraldehyde-3-phosphate dehydro-
genase (Tdh3p), enolase (Enolp), and phosphoglycerate
mutase (Gpml.lp) involved in glycolysis were highly
abundant. The abundance of nicotinamide adenine dinu-
cleotide phosphate, reduced (NADPH)-dependent p-xylose
reductase and p-xylulose reductase showed active xylose
metabolism shunting xylose into the pentose phosphate
pathway and glycolysis [43]. p-xylulokinase (Xkslp) and
transketolase (Tktlp) were also relatively abundant in
whole proteomes. The high abundance of mitochondrial
porin (Porlp), F-Fy-adenosine triphosphatase (ATPase)
complex beta subunit (Atp2p) and ubiquinol-cytochrome-c
reductase (Cox13p) along with high abundance of alcohol
dehydrogenase (Adhlp) showed P. stipitis respiration was
not repressed at low oxygen. Contrary to the earlier-
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Fig. 3 Comparison of normalized relative abundance factors of two
technical runs at early stationary phase (64 h). Each point represents a
protein identified in both technical replicates 1 and 2. The proteins
closer to 0.04 showed higher abundance. R? value of 0.97 with slope
~1 showed high reproducibility and consistency between technical
duplications

expression sequence tag data performed by Jeffries et al.
[16], Adhlp was actually one of the most abundant proteins
observed throughout xylose fermentation, further demon-
strating the difference between transcriptomic and proteo-
mic studies. Long-chain fatty acid acyl-coenzyme A (CoA)
synthetase (Faadp) was another highly abundant protein
that may have contributed to balancing nicotinamide ade-
nine dinucleotide (NAD+) and nicotinamide adenine
dinucleotide phosphate (NADP+-)-specific cofactors in
xylose fermentation by channeling the reductant into
lipid synthesis [16]. Other fatty acid synthase and long
chain acyl-CoA synthase (Faslp and Fas2p) were found
throughout the exponential phase but in lower abundance
relative to Faad4p. One hypothetical protein (protein model
84089) of unknown function was among the highly abun-
dant protein in log phase. No putative conserved domain
was detected on this protein but possibly had as role in
eisosome assembly. As mentioned earlier, underrepresen-
tation of the proteome existed, and one limitation was
contributed from the bias toward acquisition of more
abundant peptide ions, which frequently leads to the
identification of low-abundance proteins by one or two
peptides [22]. In this experiment, we were not able to
identify the essential mitogen-activated protein kinase
(MAPK), and only one cyclic adenosine monophosphate
(cAMP)-dependent protein kinase regulatory subunit was
identified (Protein model 82287), possibly due to their
lower abundance.

Proteins identified in each growth phase were classified
into COGs functional categories. All three time points
showed similar counts in functional attributes, with minor
differences. The majority of the protein counts was
involved in amino acid transport and metabolism, energy
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Fig. 5 Gene Ontology (GO)
cellular component
demonstrated unbiased
distribution of Scheffersomyces
stipitis at 64 h

production and conversion, posttranslational modification,
protein turnover, translation, ribosomal structure, and bio-
genesis (Fig. 4). When comparing the three time points,
protein counts in translation, posttranslational modification,
and protein turnover functions were slightly higher at 25 h,
whereas protein counts in energy production and conver-
sion were slightly higher at 65 h. At the proteome level, the
exponential phase exhibited the highest activity in ribo-
some biogenesis. The overrepresentation of energy pro-
duction and conversion in the stationary phase may infer

M cytoplasmic part
o intracellular organelle

® intracellular non-membrane-

bounded organelle
B ribonucleorotein complex

u intracellular membrane-bounded

organelle
® mitochondrial part

" organelle membrane

¥ intrinsic to membrane
organelle inner membrane

m chromosomal part

' others

adaptation to the different and less efficient carbon or a
more complicated carbon metabolism for cell maintenance.
The cellular component distribution of identified proteins
based on GO showed unbiased distribution of various
cellular components, with intracellular parts being the most
common; membrane proteins with hydrophobic parts were
also obtained (Fig. 5).

We compared KEGG pathway annotations with the
temporal proteome and identified the majority of the
enzymes involved in citric acid cycle, glycolysis, and the
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pentose phosphate pathway. Rate-limiting enzymes,
including citrate synthase (Citlp) in the TCA cycle and
glucose-6-phosphate-1-dehydrogenase (Zwflp) in the
pentose phosphate pathway were found throughout the
growth period in xylose fermentation. We also obtained all
enzymes in the oxoreductive pathway for xylose use,
including Xyllp, Xyl2p, and Xkslp. Ethanol was
observed—along with pyruvate decarboxylase (Arol0p), a
key enzyme in alcohol fermentation—committed pyruvate
of glycolysis to ethanol. Our metabolite data further con-
firmed the active role of the enzymes involved in glycolysis
and xylose use. Throughout the growth phase, we identified
a principal enzyme of the glyoxylate cycle: isocitrate lyase
(Icllp), a key enzyme for growth on ethanol and acetate in
yeast. We also identified another principal glyoxylate cycle
enzyme, malate synthase, at 65 h. In S. cerevisiae, ICLI
expression is tightly regulated, and growth on ethanol
requires the glyoxylate pathway for replenishing C4 com-
pounds to the tricarboxylic acid cycle. In S. cerevisiae,
ICLI is induced by growth on ethanol and repressed by
growth on glucose [9]. However, our study showed that
unlike S. cerevisiae metabolism, xylose did not repress
Icllpin S. stipitis. As xylose is not a two-carbon compound,
the assimilation of xylose into the TCA cycle does not
require a glyoxylate cycle. The function of Icllp in S. sti-
pitis xylose fermentation may be to bypasses the catabolic
steps of the TCA cycle. This suggests simultaneous
biological functions of the glyoxylate cycle and TCA in
S. stipitis in xylose fermentation under oxygen limitation.
The limitations of shotgun proteomics can also been seen in
the incomplete pathways identified. Gaps of enzymes
existed between metabolites (see Electronic supplementary
material for the complete list of enzymes found in the
KEGG pathway). Incomplete pathways can be caused by
underrepresentation of the whole proteome; however,
another key factor is the misannotation of molecular func-
tion in enzymes or the protein coding regions, as automated
genome/functional annotations contained errors, and the
majority of protein sequences in S. stipitis have not been
experimentally characterized [3, 36].

Another peculiar observation was identification of the
alternative oxidase in S. stipitis throughout its growth on
xylose. We obtained the mitochondrial precursor of sali-
cylhydroxamic acid (SHAM)-sensitive terminal oxidase
(Aox1p), which is part of the alternative respiration path-
way that consumes oxygen, oxidizes NADH to NAD+, and
generates water [37]. Understanding of the SHAM pathway
is limited, and contrary to the expression sequence tags
data set done earlier by Jeffries et al. [16], we confirmed
the expression of Aoxlp at the protein level. The SHAM
pathway in xylose fermentation could possibly scavenge
for oxygen to regenerate reducing equivalents in S. stipitis
[37]. Observing the SHAM pathway in parallel with the
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classic respiratory chain may possibly prevent generation
of reactive oxygen species (ROS) by limiting ubiquinol
auto-oxidation [33].

We obtained uridine diphosphate (UDP) glucose-4-epi-
merase (GallOp), both a mutarotase and UDP galactose
4-epimerase [12, 24]. Both are key enzymes in the process
of galactose catabolism. In S. cerevisiae, galactose genes
are highly regulated at the transcription level in response to
the specific carbon source. Glucose repressed GAL struc-
tural genes, and whereas glycerol was poised for low
induction, galactose was induced to a high level [23].
However, in our study, we found xylose induction of the
GallOp in S. stipitis, suggesting other roles of GallOp in S.
stipitis, as galactose was not present in the feedstock
medium. GallOp in S. stipitis may infer active intercon-
version between sugars and possibly to their beta-anomers
[24]. We identified the expression of a putative high-
affinity xylose sugar transporter Xutlp at 25 and 45.5 h
[16]. However, we were not able to identify the low-
affinity glucose- and xylose-shared transporters Sutlp,
Sut2p, and Sut3p [45]. Adhlp was observed throughout in
high abundance, but a secondary zinc-containing alcohol
dehydrogenase (Sad2p) was also constitutively expressed
throughout. PsSAD2 shared homology with ScADH5 in
S. cerevisiae, and induction under oxygen limitation most
likely contributed to the reduction of acetaldehyde to eth-
anol [16]. Another NADP-dependent alcohol dehydroge-
nase (Adh4p) was also expressed at mid- and late-log
phases, which may be involved in cofactor regeneration
under xylose growth. Regulation of various alcohol dehy-
drogenases in S. stipitis largely remained obscure and has
been proposed to be regulated by the oxygen level or
possibly involved in respiration and regulation of reduc-
tants [6]. Xylose may contribute to alcohol dehydrogenase
regulation, and further in-depth study is needed to deter-
mine the regulatory pathway of alcohol dehydrogenase in
S. stipitis.

Throughout growth on xylose under oxygen limitation,
we obtained the main enzymes involved in glycogen
metabolism: glycogen phosphorylase (Gphlp) and glyco-
gen synthase (Gsylp) [29]. Research in S. cerevisiae
showed increased Gphlp activity as cells approached the
exponential phase, but cells in the early exponential phase
under carbon-limited conditions also showed low activity
[1]. However, in our study, xylose limitation was intro-
duced. Hence, its expressions may coincide with the roles
of glycogen in xylose fermentation in S. stipitis. Other
stress proteins observed included peroxiredoxin (Prx1p)
and thioredoxin reductase (Trrlp), a key regulatory enzyme
in the thioredoxin system and that protects cells against
both oxidative and reductive stress [34, 41]. Antioxidant
activity by thioredoxin seemed essential for growth under
oxygen limitation in P. stipitis fermentation, as active



J Ind Microbiol Biotechnol (2012) 39:1507-1514

1513

mitochondria are the major source of intracellular reactive
oxygen species, which could cause upregulation of the
antioxidant defense system [25]. We also obtained a nitric
oxide oxidoreductase, a flavohemoglobin involved in nitric
oxide detoxification and that plays a role in oxidative and
nitrosative stress responses [5]. We were not able to obtain
xylanase and mannase in our study, but xylose as a sole
carbon source induced by a diverse list of O-glycosyl
hydrolases, including cellulase endo-1,4-beta-glucanase
(Bgl5p and Bgl7p), beta-1,3 glucan transferase cell wall
glucanase (Scw4dp, a glycoside hydrolase, family 17)
throughout the growth cycle. Beta-glucosidase family 3
(Bgl2p) was observed at 45.5 and 64 h only, and one
chitinase (Ecm33p) was observed, but this is a mucin-like
protein, not likely to be involved in degradation of insect or
fungal cell wall [16].

Using rich media, we found delta 1-pyrroline-5-car-
boxylate dehydrogenase (Pro3p), part of the proline bio-
synthesis, constitutively expressed throughout the growth
cycle, as observed in S. cerevisiae [2]. The constitutive
expression of argininosuccinate synthetase (Arglp) in
S. stipitis, which is involved in anabolic arginine biosyn-
thesis and catabolic citrulline, showed that rich medium did
not repress ARGI [15]. In S. cerevisiae, ARGI is trans-
criptionally repressed in the presence of arginine [7].
Glycine dehydrogenase (Gecv2p) expression is induced by
glycine and methionine and repressed in rich medium in
S. cerevisiae [28, 38]. However, we found the constitutive
expression of Gev2p in S. stipitis in rich medium. Sulfate
adenylyltransferase Met3p in S. cerevisiae expression is
repressed by the presence of methionine or cysteine [14].
Our proteomics data set suggested either media deficiency
or that S. stipitis exhibited a different nitrogen pathway.
However, metabolic influx studies show that S. cerevisiae
and S. stipitis shared the same amino acid biosynthesis
pathway [10].

Although this study focused on qualitative and semi-
quantitative analysis, we attempted to identify differen-
tially expressed proteins from the exponential to the
stationary phase using the statistical AC test as described
earlier. Two proteins are worth mentioning, as they might
provide biological insight into the dynamics of fermenta-
tion. From the 25 and 45.5 h, Rpl8 Ap was downregulated
at 30.5-fold. As observed in a previous S. cerevisiae study
[18], the transcript of ribosomal RNA (rRNA) and ribo-
somal proteins declined early in the growth cycle, indi-
cating estimation and sensing of available nutrient for
potential growth. In the early stationary phase, phosphati-
dylinositol-specific phospholipase C (PLC) was upregu-
lated at 8.5-fold. In S. cerevisiae, phosphatidylinositol-
specific PLC generated the signaling molecules diacyl-
glycerol (DAG) and inositol 1,4,5-triphosphate, which
have roles in nutrient sensing, phospholipid biosynthesis,

growth control, differentiation, and stress-related responses
[32].

Conclusion

We successfully employed shotgun proteomics to monitor
S. stipitis during xylose fermentation under oxygen limi-
tation. This study demonstrates that shotgun proteomics
provides an in-depth physiological state, and this technique
could be especially useful in less well-studied organisms,
such as S. stipitis. Limitation existed as under-representa-
tion of the entire proteome, but the shotgun proteomics
data set provided valuable insights into S. stipitis fermen-
tation. In brief, the qualitative study identified the expres-
sion of the SHAM pathway, the glyoxylate cycle, and the
galactose pathway, suggesting unique expression patterns
in S. stipitis when compared with the model organism
S. cerevisiae. Throughout fermentation, qualitative tem-
poral proteomes observed at three time points highly
resembled each other, and potential cell dynamics between
growth phases was observed, which will need be verified in
future studies.
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