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Abstract

Red yeasts ascribed to the species Rhodotorula mucilaginosa are gaining increasing
attention, due to their numerous biotechnological applications, spanning carotenoid
production, liquid bioremediation, heavy metal biotransformation and antifungal and
plant growth-promoting actions, but also for their role as opportunistic pathogens.
Nevertheless, their characterization at the ’omic’ level is still scarce. Here, we applied
different proteomic workflows to R. mucilaginosa with the aim of assessing their
potential in generating information on proteins and functions of biotechnological
interest, with a particular focus on the carotenogenic pathway. After optimization
of protein extraction, we tested several gel-based (including 2D-DIGE) and gel-free
sample preparation techniques, followed by tandem mass spectrometry analysis.
Contextually, we evaluated different bioinformatic strategies for protein identifica-
tion and interpretation of the biological significance of the dataset. When 2D-
DIGE analysis was applied, not all spots returned a unambiguous identification and
no carotenogenic enzymes were identified, even upon the application of different data-
base search strategies. Then, the application of shotgun proteomic workflows with
varying levels of sensitivity provided a picture of the information depth that can
be reached with different analytical resources, and resulted in a plethora of informa-
tion on R. mucilaginosa metabolism. However, also in these cases no proteins related
to the carotenogenic pathway were identified, thus indicating that further impro-
vements in sequence databases and functional annotations are strictly needed for
increasing the outcome of proteomic analysis of this and other non-conventional
yeasts. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction recalcitrant substrates, organochemicals and indus-

trial wastes (Cheirsilp et al., 2011; Johnson, 2013;

Yeasts ascribed to the genus Rhodotorula Harrison
are basidiomycetes (subphylum Pucciniomycotina)
occurring in terrestrial, aquatic and marine habitats.
These yeasts are natural inhabitants of the
phylloplane and of decaying plants, but can also
be isolated from air, soil, food, stool and human skin
(Fell and Stratzell-Tallman, 1998). Their strong
oxidative metabolism enables the degradation of
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Taskin, 2013). They are also naturally capable of
bioconverting a variety of by-products of the
agrifood industry into added value primary and sec-
ondary metabolites and, based on that, have been
proposed as a source of pigments and metabolites
of interest in the food industry (Herndndez-Almanza
et al., 2014), as oil producers for biofuel application
(Galafassi et al., 2012; Li et al., 2010; Tampitak
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et al., 2015) and as enzyme producers (Canli
et al., 2011; Taskin, 2013). Moreover, these
yeasts show antimicrobial activity against patho-
genic fungi involved in postharvest diseases of
fruit and vegetables (Li er al, 2011; Zhang
et al., 2008, 2014).

Among the different species ascribed to the
genus, Rhodotorula mucilaginosa is highly het-
erogeneous at the genetic and phenotypic levels
and presents a number of synonyms (Libkind
et al., 2008). Yeasts ascribed to this species are
the object of increasing interest, due to their bio-
technological potential. Accordingly, a number of
strains of R. mucilaginosa have been explored
for the commercial production of carotenoids,
mainly f-carotene, torulene and torularhodin
(Aksu and Eren, 2005; Maldonade et al., 2012),
for liquid bioremediation processes (Jarboui
et al., 2012), for heavy metal biotransformation
(Rajpert et al., 2013) and for their antifungal
and plant growth-promoting actions (Ignatova
et al., 2015). In addition, there is also interest
concerning their role as emergent opportunistic
pathogens in immunocompromised individuals
(Wirth and Goldani, 2012).

Recently, the draft genome sequence of R.
mucilaginosa has been released (Deligios et al.,
2015). However, although our knowledge on
red yeasts is expected to increase in the near
future, due to the renewed interest on their bio-
technological potential and the recent develop-
ment of molecular and -omic tools (Mannazzu
et al., 2015), this species is still poorly charac-
terized at the genomic and proteomic level.
Concerning proteome characterization, different
approaches were applied to uncover the salt
stress response (Lahav et al., 2004) and the
mechanisms underlying copper resistance in R.
mucilaginosa (Irazusta et al., 2012) in view of
its possible uses in bioremediation. Moreover,
a number of studies regarding the optimization
of carotenoid production by R. mucilaginosa
have been published, but further information
on the location and the tight and complex reg-
ulation of the carotenogenic pathway is needed
to convert these non-conventional yeasts in
promising biocatalysts.

Here, with the aim of contributing to the develop-
ment of molecular tools useful for the identification
of proteins and functions of potential biotechno-
logical interest in the non-conventional yeast R.
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mucilaginosa, we applied different proteomic
approaches, from 2D-DIGE to an array of other
gel-based and non-gel-based proteomic analysis
workflows, and evaluated their output in a critical
and comparative manner. Moreover, we evaluated
the impact of using different sequence databases on
improvements of the proteomic analysis outcome.
Then, in order to assess their potential for the dissec-
tion of pathways of biotechnological interest, we in-
vestigated the level of proteomic information
generated on the carotenogenic pathway with the dif-
ferent workflows.

Materials and methods

Strains, culture conditions and carotenoid
analysis

The strains utilized were: C2.5t1, previously iden-
tified as R. glutinis and recently ascribed to the
species R. mucilaginosa (Deligios et al., 2015),
deposited at the Yeast Collection of Dipartimento
di Scienze della Vita e dell’Ambiente (DiSVA),
Universita™ Politecnica delle Marche (Ancona, It-
aly); and 400A15 and 200A6, primary mutants of
C2.5t1 deposited at the Culture Collection of the
Dipartimento di Agraria, Universita degli Studi di
Sassari (Sassari, Italy). Mutants were obtained by
UV mutagenesis, as described by Cutzu et al.
(2013b). The yeasts were maintained on YEPD
(glucose 2%, yeast extract 1%, bacto-peptone
2%, agar 2%) at 4 °C for short-term conservation,
and on YEPD with added 20% glycerol at —80 °C
for long-term storage. The yeasts were grown in
250 ml baffled flasks containing 50ml YEPGLY
(glycerol 2%, yeast extract 1%, bacto-peptone
2%) under shaking conditions (180rpm) at 30 °C,
and collected after 16, 40 and 72h (Cutzu et al.,
2013a, 2013b). Carotenoid extraction and quantifi-
cation was carried out as described by Cutzu et al.
(2013b). Unless otherwise stated, biological repli-
cates were obtained from at least three independent
cultures.

Protein extraction and quantitation

Protein extraction from R. mucilaginosa cells was
carried out according to three different methods
(thiourea—urea—CHAPS buffer with mechanical
disruption, TUC-MD; thiourea—urea—_CHAPS
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buffer with mechanical disruption plus sonication,
TUC-MD+S; SDS-based buffer with thermal
shock plus mechanical disruption, SDS-TS + MD),
as detailed below. Initially, 1x10° cells were
resuspended in two-dimensional (2D) Protein
Extraction Buffer III (GE Healthcare, Little
Chalfont, UK) (TUC-MD and TUC-MD+S) or
in a preheated (95 °C) buffered solution containing
20mM Tris—HCI, pH8.8, 1% sodium dodecyl
sulphate (SDS) (SDS-TS+MD). In all cases,
protease inhibitors were added (SIGMAFAST""
Protease Inhibitor Tablets, Sigma-Aldrich, St.
Louis, MO, USA), according to the manufacturer’s
instructions. Then the samples were directly
subjected to mechanical homogenization (TUC-
MD), sonicated in a Transsonic Digital ultrasonic
bath (Elma Electronic, Wetzikon, Switzerland)
and then subjected to mechanical homogenization
(TUC-MD+S) or incubated at 95°C for 20 min
at 500 rpm in a Thermomixer Comfort (Eppendorf,
Hamburg, Germany), followed by a combination
of freeze—thawing cycles, as described previously
(Tanca et al., 2014b) (SDS-TS+MD). For the
mechanical homogenization procedure, a stainless
steel bead (5Smm diameter; Qiagen, Hilden,
Germany) was added to each sample, after which
the samples were subjected to bead beating for
10min at 30cycles/s in a TissueLyser mechanical
homogenizer (Qiagen). The samples were finally
centrifuged at 14 000xg for 10min at 4°C and
the whole supernatants were collected. Standard
colourimetric and fluorimetric protein quantifica-
tion assays could not be applied, due to the strong
interference caused by the yeast pigments. Protein
concentration was therefore estimated by whole-
lane densitometry, using QuantityOne software
(Bio-Rad, Hercules, CA, USA) after electropho-
retic separation through an Any kD Mini-
PROTEAN TGX Gel (Bio-Rad) and gel staining
with SimplyBlue SafeStain (Invitrogen, Carlsbad,
CA, USA).

2D-PAGE

Proteins extracted from three independent 72h
cultures of R. mucilaginosa strain C2.5t1 using
the SDS-TS +MD method were analysed by 2D-
PAGE, according to two different protocols.

In the first case, proteins were sequentially
diluted 1:10 in 2D Protein Extraction Buffer III
(GE Healthcare) and labelled with CyDye Fluor 3

Copyright © 2016 John Wiley & Sons, Ltd.
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(GE Healthcare), according to the minimal
labelling protocol provided by the manufacturer.
IPG buffer (pH3-11 NL; GE Healthcare) was
added to a final concentration of 1% and DeStreak
Rehydration Solution (GE Healthcare) was added
to a total volume of 200 pl. First-dimension iso-
electro focusing (IEF) was carried out using 3-10
NL 1lcm IPG strips (BioRad, Hercules, CA,
USA), which were passively rehydrated overnight
at room temperature and focused on IPGphor
equipped with the Ettan' IPGphor3™ loading
manifold (GE Healthcare) at 20 °C. After focusing,
the strips were equilibrated, reduced and alkylated
by sequential incubation in 2% w/v dithiotreitol
(DTT) and 2.5% w/v iodoacetamide (IAM), both
in 50mM Tris—HCI, pH8.8, 6 M urea, 30% v/v
glycerol and 2% w/v SDS for 15min. Second-
dimension SDS—polyacrylamide gel electrophore-
sis (SDS-PAGE) was conducted in a Criterion
Dodeca Cell (Bio-Rad) with 4-20% and AnyKD
Criterion gels (Bio-Rad), as described previously
(Addis et al., 2012).

In the second case, proteins underwent precipita-
tion using the 2D-Clean up Kit (GE Healthcare),
according to manufacturer’s instructions, and the
obtained pellets were resuspended in 2D Protein
Extraction Buffer V (GE Healthcare) plus 10 mm
Tris—HCI, pH8.8, to facilitate solubilization. IPG
buffer (pH3-11 NL; GE Healthcare) was added
to a final concentration of 1%, and DeStreak
Rehydration Solution (GE Healthcare) was added
to a total volume of 450 ul. First-dimension IEF
was carried out using 3—11 NL 24 cm IPG strips
(GE Healthcare), which were passively rehydrated
overnight at room temperature and focused on
IPGphor equipped with the Ettan  IPGphor3""
loading manifold (GE Healthcare) at 20 °C. After
focusing, the strips were equilibrated, reduced
and alkylated as above. The second-dimension
SDS-PAGE was performed as described previ-
ously (Tanca et al., 2013c), using 12.5% poly-
acrylamide gels in an Ettan DALT Twelve
electrophoresis system (GE Healthcare). Gel
images were acquired on a Typhoon Trio +image
scanner (GE Healthcare) at a resolution of 100 um.

2D-DIGE

2D-DIGE experiments were performed according
to the second sample preparation protocol
described in the previous section. Concerning
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protein-labelling schemes, in the first experiment
(growth curve analysis) samples collected at three
sequential points of the growth curve (16, 40 and
72 h) were labelled with CyDye 2, 3 and 5, respec-
tively; in the second experiment (mutant strains
comparison) proteins were labelled with CyDye
DIGE Fluors 3-5 (GE Healthcare), according to
the minimal labelling protocol provided by the
manufacturer, and, in parallel, a mixture of all
samples was labelled with CyDye DIGE Fluor 2
and employed as a pooled internal standard. Gel
images were acquired on a Typhoon Trio+image
scanner (GE Healthcare) at 100 pm resolution and
exported to the Batch Processor and Differential
In-gel Analysis (DIA) modules of Decyder 2D v.
7.0 software (GE Healthcare) for statistical analy-
sis. The results were compared and statistically
evaluated by one-way analysis of variance
(ANOVA) using the biological variation analysis
(BVA) module, applying the false-discovery rate
(FDR) to minimize the number of false-positive
results. Protein spots with statistically significant
variation (p <0.05) and average ratio > 1.5 or <—
1.5 were selected as differentially expressed.

Separation, digestion, MS analysis and
identification of differential protein spots

Preparative 2D gels were generated in order to cut
and identify differential protein spots selected
upon DIGE analysis. Specifically, 600 ug C2.5t1
and 400A15 protein extract pools were loaded into
3-11 NL 24 cm strips (GE Healthcare) and 12.5%
polyacrylamide gels. The same protocol used for
2D-DIGE was followed, except for CyDye
labelling. The gels were subjected to Coomassie
R-250 staining (Westermeier, 2006), digitalized
by scanning with an ImageScanner III (GE
Healthcare) and matched to the respective 2D-
DIGE gel image, in order to track the spots to be
excised for protein identification. Spots of interest
were manually excised from the gels, destained
and subjected to overnight tryptic digestion, as
described previously (Tanca et al., 2011).
LC-MS/MS analysis of peptides was performed
on a XCT Ultra 6340 ion trap equipped with a
1200 HPLC system and a chip cube (Agilent Tech-
nologies, Palo Alto, CA, USA), according to an
established procedure (Ghisaura et al., 2014). Peak
lists generated from MS/MS spectra were analysed
using Proteome Discoverer v. 1.4.1.14 (Thermo

Copyright © 2016 John Wiley & Sons, Ltd.
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Scientific), using Sequest-HT as search engine for
peptide identification, with the following parame-
ters: trypsin as enzyme; maximum of two missed
cleavage sites; 250 ppm precursor mass tolerance;
0.5Da fragment mass tolerance; cysteine carba-
midomethylation as static modifications; methio-
nine oxidation as dynamic modification. Peptide
identifications were filtered according to a 1%
FDR threshold, based on the Target-Decoy Peptide
Validator tool provided by Proteome Discoverer.
Peptide and protein groupings according to Prote-
ome Discoverer’s algorithms were allowed, apply-
ing a strict maximum parsimony principle.

Three alternative sequence databases were used
for peptide identification from gel spots: S-DB,
comprising all UniProtKB (v. 2015_02) sequences
belonging to the order Sporidiobolales (13 005 se-
quences); C-DB, comprising all UniProtKB (v.
2015_02) sequences related to the carotenoid bio-
synthesis pathway (starting from acetyl-coenzyme
A acetyltransferase to lycopene cyclase), irrespec-
tive of the organism of provenience, with cluster-
ing at 90% homology (243 146 sequences); and
G-DB, comprising all sequences generated upon
genome sequencing of the C2.5t1 strain, as de-
scribed in Deligios et al. (2015) (6412 sequences,
of which 4352 associated to a UniProt Accession
No. upon blastp alignment).

Gel-based fractionation and ion trap LC—MS/MS
analysis of protein extracts (EGIT)

Samples (30 ng) of each protein extract were sepa-
rated in an AnyKD TGX gel (Bio-Rad) and stained
with SimplyBlue SafeStain (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s in-
structions. Then each lane was fractionated into
26 gel slices, which were destained, reduced, car-
bamidomethylated and trypsin-digested, as de-
scribed previously (Pisanu et al., 2013; Tanca
et al., 2012). LC-MS/MS analysis of peptides
was performed on a XCT Ultra 6340 ion trap
equipped with a 1200 HPLC system and a chip
cube (Agilent), as above. Peak lists generated from
MS/MS spectra were analysed by Proteome Dis-
coverer, using Sequest-HT as the search engine
for peptide identification, with the same parameters
described in the previous section. Peptide signifi-
cance was validated at the peptide level, based on
Percolator ¢ values (¢<0.01). The ’merged’
sequence database employed here (262 527
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sequences) was generated by merging the three
sequence databases described above.

FASP and LTQ-Orbitrap Velos LC—MS/MS
analysis of protein extracts (EFOV)

Samples (30 ug) of protein extract were diluted to
200 uL with 8M urea, 100mM Tris—HCI, pH 8.8,
loaded into a Microcon Ultracel YM-30 filtration
device (Merck Millipore, Billerica, MA, USA)
and then processed according to the 'FASP II’
protocol (Wisniewski et al., 2009), with minor
modifications (Tanca et al., 2013a). Briefly, sam-
ples were subjected to repetitive washings by filter
centrifugations with buffers, DTT and IAM,
followed by overnight on-filter digestion with tryp-
sin, peptide elution using acetonitrile (ACN) and
formic acid, an additional step with Ultrafree
MC-GV centrifugal filters (Merck Millipore), dry-
ing, and final reconstitution of the peptide mixture
in 0.2% formic acid. Peptide concentration was
estimated by measuring absorbance at 280 nm with
a NanoDrop 2000 spectrophotometer (Thermo
Scientific, San Jose, CA, USA), using dilutions of
the MassPREP Escherichia coli Digest Standard
(Waters, Milford, MA, USA) to generate a calibra-
tion curve, as illustrated elsewhere (Tanca et al.,
2014a). Peptide mixtures (4ug) were analysed
using an LTQ-Orbitrap Velos interfaced with an
UltiMate 3000 RSLCnano LC system (both from
Thermo Scientific), using a 485 min gradient for
peptide separation, as described previously (Tanca
et al., 2014b). Peak lists generated from MS/MS
spectra were analysed by Proteome Discoverer,
using Sequest-HT as the search engine for peptide
identification with the same parameters illustrated
above, except for precursor mass tolerance
(10ppm) and fragment mass tolerance (0.02 Da).
Peptide significance was validated at the peptide
level, based on Percolator ¢ values (¢ <0.01). A
‘merged’ sequence database was employed as
described above.

Gel-based fractionation and Q-Exactive LC—
MS/MS analysis of residual pellets (PGQE)

Samples (10 mg) of residual extraction pellets (see
section ’Protein extraction and quantitation’) were
incubated with 50 ul Laemmli buffer (Laemmli,
1970) at 95°C for 15min and partially separated
in an AnyKD TGX gel (Bio-Rad) for 5 min (Paulo

Copyright © 2016 John Wiley & Sons, Ltd.
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et al., 2013); then, five slices/sample were cut and
destained, reduced, carbamidomethylated and
trypsin-digested, as above. Peptides were analysed
using a Q-Exactive mass spectrometer interfaced
with an UltiMate 3000 RSLCnano LC system
(both from Thermo Scientific). Peptide LC separa-
tion was carried out using a 485 min gradient, as
for the EFOV method and in a previous study
(Tanca et al., 2014b). MS data were acquired
using a data-dependent top 10 method, dynami-
cally choosing the most abundant precursor ions
from the survey scan, under direct control of
Xcalibur software (v. 1.0.2.65 SP2), where a
full-scan spectrum (300-1700m/z) was followed
by tandem mass spectrometry (MS/MS). The in-
strument was operated in positive mode, with a
spray voltage of 1.8kV and a capillary tempera-
ture of 275°C. Survey and MS/MS scans were
performed in the Orbitrap with a resolution of 70
000 and 17 500 at 200 m/z, respectively. The auto-
matic gain control was set to 1 000 000 ions and
the lock mass option was enabled on a protonated
polydimethylcyclosiloxane background ion as in-
ternal recalibration for accurate mass measure-
ments. The dynamic exclusion was set to 30s.
Higher-energy collisional dissociation (HCD),
performed at the far side of the C-trap, was used
as the fragmentation method by applying a 25eV
value for normalized collision energy and an isola-
tion width of m/z 2.0. Nitrogen was used as the
collision gas. Peptide identification tools, database
and parameters, as well as the peptide validation
method, were as described for the EFOV
approach.

Shotgun proteomic data analysis

The normalized spectral abundance factor (NSAF)
was calculated as described elsewhere (Tanca
et al., 2014a; Zybailov et al., 2006) and used to es-
timate peptide abundance. The relative abundance
of a feature (protein or functional category) was
calculated by summing the NSAF values of all
peptides matched to that given feature. The NSAF
log ratio was calculated as previously described
(Tanca et al., 2012), using 2 as the correction fac-
tor, and employed to estimate the extent of differ-
ential abundance. Gene Ontology categories were
retrieved from the UniProt website (http://www.
uniprot.org; 2015). KEGG orthology groups
(KOGs) information was gathered using KAAS
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(http://www.genome.jp/tools/kaas) (Moriya et al.,
2007). The number of transmembrane domains
within protein sequences was predicted using the
TMHMM Server (v. 2.0; http://www.cbs.dtu.dk/
servicess TMHMM) (Krogh et al., 2001). The inter-
active Pathways Explorer (iPath v.2, http://path-
ways.embl.de) was used to map proteins into
metabolic pathways (Yamada et al., 2011). Data
were parsed using in-house scripts, and graphs
were generated using Microsoft Excel and Venn
Diagram Plotter (http://omics.pnl.gov/software/
venn-diagram-plotter).

Results

Optimization of sample preparation for protein
electrophoresis

The first aim of our study was to devise an effi-
cient protocol for extraction and solubilization of
R. mucilaginosa proteins, able to combine high
yields with compatibility with 2D-PAGE analysis.
Therefore, a classical 2DE-compatible buffer
(TUC) was initially used for solubilizing proteins,
along with bead beating for mechanical disruption
of the cells. However, the results obtained on
three independent replicates were largely unsatis-
factory (Figure 1, TUC-MD). A sonication step
was therefore added to aid cell lysis, providing a
slight improvement in extraction yield (three-fold
higher than without sonication), but still far from
being satisfactory (Figure 1, TUC-MD+S). In

TUC-MD

TUC-MD+S

3
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order to boost protein solubilization and improve
disruption of the yeast cell wall, a stronger SDS-
based extraction buffer was used, and sequential
bead-beating steps were alternated with either
freezing or boiling. This harsher procedure led to
a dramatic increase in protein extraction yield
(>400-fold higher compared to TUC-MD,
according to relative abundance estimation based
on densitometric values; Figure 1, SDS-
TS+MD).

We next assessed the suitability of the obtained
protein extracts for 2D-PAGE analysis of the R.
mucilaginosa whole proteome. Given the low
compatibility of SDS with IEF separation, the pro-
tein extracts were diluted 1:10 in TUC buffer to
bring SDS concentration below 0.1%. Further-
more, the performances of medium—small-format
gels were evaluated. As a result (Figure 2, top),
2D map profiles revealed focusing problems in
the acidic zone, along with a large and disturbing
interference in the bottom-left edge of the gel,
possibly due to binding of fluorescent dyes to
some contaminating molecules. To overcome this
issue, the protein extract was cleaned up using
an established commercial method to eliminate
interfering substances, and large-format gels were
employed to increase 2D-PAGE resolution. This
enabled us to obtain patterns of considerably
higher quality and complexity, and underlined
the need for protein clean-up and large-format
gels to generate satisfactory 2D-PAGE maps of
the R. mucilaginosa whole proteome (Figure 2,
bottom).

SDS-TS+MD
SDS-TS+MD (1:10)
1 2 3 1 2 3

kDa 1 2 3 1 2
250 [
150
100
75
50
37

25
20

15

g

Figure |I. Comparison of SDS—PAGE patterns obtained with protein extraction methods of increasing harshness levels. Re-
sults from three independent R. mucilaginosa C2.5 tl cultures are shown. For the SDS—TS + MD extraction method, both neat

and diluted extracts are displayed
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Figure 2. 2D-PAGE profiles of protein extracts from three independent R. mucilaginosa C2.5t| cultures. Extracts were ei-
ther diluted 10-fold and separated on small-format gels (top) or cleaned up, resuspended in TUC buffer and separated on

large-format gels (bottom)

Application of 2D-DIGE to wild-type and mutant
strains

As a further investigation, the ability of 2D-DIGE
to identify proteins of interest in R. mucilaginosa
was evaluated. The production of carotenoids is
one of the characterizing features of the species.
Therefore, the two pilot experiments described be-
low were designed to assess the ability of this tech-
nique to uncover possible protein abundance
differences in the carotenogenic pathway.

== dry weight
100,00 £y eld
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Dry weight (g/L)
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0 8 16 24 32 40 48 56 64 72 80 88 96

Pilot experiment A

Based on the kinetics of carotenoid production
during growth in YEPGLY (Figure 3), we assessed
the performance of 2D-DIGE when employed to
detect protein expression changes at the different
growth stages of interest (16, 40 and 72h) in the
parental strain C2.5t1. The rationale behind this
experimental design was that, if the enzymes in-
volved in the biosynthesis of carotenoids change

their expression level during growth and
=== total carotenoids
3,5
3
a
2,5 &
E
-2 %
g
15 E
g
-
0,5

0

Time (h)

Figure 3. Growth and carotenoid production. Growth was measured by evaluating the dry weight of biomass (shown on a
log scale). Total carotenoids are expressed as mg/L S-carotene equivalents. Data are mean =SD of six independent experi-

ments; where not visible, bars lie within the symbols
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carotenoid accumulation, they could be high-
lighted among differentially expressed proteins at
the different sampling times. Overlay images of
the 2D-DIGE comparisons are provided in
Figure 4 (top). Upon DeCyder analysis, only 22
differential spots showed a consistently higher
intensity in one of the three time points analysed,
when compared to at least one of the other time
points. Among them, six spots, which could be
evidently tracked in the preparative gels, were
selected for cutting and MS analysis (circled in
Figure 4, top). The MS results are described in
the following section.

Pilot experiment B

The second pilot experiment was aimed at compar-
ing the protein expression profile of the parental
strain C2.5t1 with those of two mutants, 400A15
and 200A6, that differ from the parental strain in
the amount and type of carotenoids produced.
Strain 400A15 over-produces f-carotene (Cutzu
et al., 2013a, 2013b), while 200A6 is unable to

WT 16h vs
pl

WT 16h vs 72h

vs 400A15

M. F. Addis et al.

produce detectable amounts of the main caroten-
oids found in the parental strain (data not shown).
Based on the assumption that the phenotypic
characteristics of the mutants could be originated
by alterations in different stages of the biosynthetic
pathway, we employed these three strains to iden-
tify the enzymes involved in carotenoid produc-
tion. To this aim, the three strains were analysed
after 72h of growth in YEPGLY medium. Repre-
sentative overlay images of the 2D-DIGE compar-
isons are provided in Figure 4 (bottom). Upon
DeCyder analysis, 119 differential spots showed
consistently higher intensity in one of the three
strains when compared to at least one of the other
strains. Among them, 26 spots were selected for
cutting and MS analysis (circled in Figure 4,
bottom), based on two conditions: (a) to be clearly
visible on the preparative gels; and (b) to be either
more intense in C2.5t1 and 400A15 when
compared to 200A6, or more intense in 400A15
when compared to both C2.5tl and 200A6. The
results of MS analysis are described in the follow-
ing section.

WT

AAIND Yyimoa3d

vs 200A6

3 pl 11

suleJis jueinw

Figure 4. 2D-DIGE experiments. (Top) 2D-DIGE overlay images from the growth curve analysis experiment: dark blue,
green and red characters indicate Cy2, Cy3 and Cy5 labelling, respectively; overlay patterns are marked in light blue (16
vs 40 h), lilac (16 vs 72h) and yellow (40 vs 72 h); differential spots cut and analysed by LC—MS/MS are highlighted and
numbered. Strain C2.5t| is indicated as WT. (Bottom) 2D-DIGE representative overlay images from the mutant strains com-
parison experiment: green and red characters indicate Cy3 and Cy5 labelling, respectively; overlay patterns are marked in
yellow; differential spots cut and analysed by LC—MS/MS are highlighted and numbered

Copyright © 2016 John Wiley & Sons, Ltd.
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Comparison of database search strategies for
mass spectrometry identification of spots

In view of the often limited availability of se-
quence information on non-conventional yeasts,
another relevant aim of our work was to find the
best database-searching strategy for improving
the outcome of a gel-based proteomic study.
Therefore, a critical comparison was carried out
among three different sequence databases, as fol-
lows. The spectra obtained from MS analysis of
the peptide mixtures deriving from the 32 differen-
tial spots described above (pilot experiments A and
B) were searched against three different sequence
databases: S-DB (UniProtKB sequences assigned
to the order Sporidiobolales, to which R.
mucilaginosa belongs); C-DB (UniProtKB protein
sequences, without any taxonomic filter, mapping
to the carotenoid biosynthesis pathway); and
G-DB (sequences generated upon genome
sequencing of R. mucilaginosa strain C2.5t1,
recently deposited and published; Deligios et al.,
2015). As a result, G-DB clearly outperformed
the competing databases, even though both S-
and C-DB provided a few unique peptide identifi-
cations (Figure 5).

Then, the percentage of spots with a reliable
protein identification (i.e. with at least two unique
peptides detected) was investigated for each
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database search. G-DB allowed the achievement
of reliable protein identifications for about half of
the spots analysed, versus one-fifth and zero for
S- and C-DB, respectively (Figure 6).

Based on these results, the availability of
genomic sequences from the same strain analysed
by proteomics was demonstrated to provide a
significant improvement in protein identification
performances, leading to 3.5-fold more peptide
identifications when compared to the deposited
sequences from taxonomically related yeasts,
presumably due to significant changes in genome
coding sequences.

On the whole, 3 and 15 protein spots returned a
valid identification (FDR > 1%, at least two unique
peptides) for the two pilot experiments, A and B
(described in section 3.2), respectively. However,
even when the results obtained using G-DB and
S-DB were merged, only in very few cases it was
possible to assign a specific and unambiguous pro-
tein identity to a spot (e.g. spots 1, 6 and 19 in the
2D maps of pilot experiment B). Conversely, many
different proteins with a few peptides each were
detected in most spots, sometimes with the most
abundant ones being uncharacterized proteins. Sur-
prisingly, no carotenogenic enzymes could be
identified, not even using C-DB. The complete
data concerning spot identifications are given in
Table S1 (see supporting information).

C-DB

Figure 5. Distribution of all peptide identifications achieved from gel spots. Venn diagram illustrating the identifications
achieved with the experimental genome (G-DB), UniProtKB Sporidiobolales (S-DB) or UniProtKB carotenogenesis-related

proteins (C-DB) as sequence databases
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Figure 6. Reliability of spot identifications according to the different databases used. The percentages for which reliable
(proteins with at least two unique peptides), ambiguous (proteins with only one unique peptide) or no protein identifications
were obtained are reported according to the experimental genome (G-DB), UniProtKB Sporidiobolales (S-DB) or
UniProtKB carotenogenesis-related proteins (C-DB) databases

Application of shotgun proteomic workflows

Three different combined proteomic workflows
with varying degrees of sensitivity, affordability
and technical complexity were evaluated for their
performances in assessing the changes occurring
during R. mucilaginosa growth. In order to maxi-
mize protein expression differences, we selected
the two extreme time points of the growth curve,
i.e. 16 and 72 h. Specifically, we compared a newer
gel-free approach requiring high resolution mass
spectrometry with a more labour-intensive and
affordable GeLC-MS/MS approach. Furthermore,
we decided to also analyse the strongly orange-
coloured residual pellet to verify whether a rele-
vant portion of the cell proteins (and/or, possibly,
some specific protein classes) could not be prop-
erly partitioned and solubilized in the so-called
“protein extract’ and remained ’trapped’ in the pel-
let; to ensure an adequate analysis depth, a very
high resolution mass spectrometer was employed
in this latter case. Concerning analysis of MS data,
a merged database was generated by appending se-
quences from S- and C-DB to those of G-DB, in
order to maximize the search space. The three ap-
proaches were constructed as follows:

1 EGIT. The first strategy was named 'EGIT’, as
the protein extract was subjected to gel-based
clean-up/fractionation and the peptide mixtures

Copyright © 2016 John Wiley & Sons, Ltd.

obtained from each gel slice by in-gel digestion
were analysed using an XCT Ultra Ion Trap as
the mass spectrometer.

2 EFOV. The second strategy was named
"EFOV’, as the protein extract was cleaned up
and digested according to the FASP approach,
and the peptide mixture was analysed using an
LTQ-Orbitrap Velos as the mass spectrometer.

3 PGQE. The third strategy was named 'PGQE’,
as the analysis was carried out on the residual
cell pellet obtained after the last centrifugation
step in the protein extraction phase, which was
cleaned up and separated by short gel electro-
phoresis, and the peptide mixture obtained upon
in-gel digestion was analysed using a Q-
Exactive as the mass spectrometer.

At first, we assessed the results produced by
each of the three strategies by merging 72 and
16 h data and comparatively evaluated as shown in
Figure 7.

In general, the PGQE strategy enabled the iden-
tification of a higher number of proteins, corre-
sponding in turn to a higher number of metabolic
and functional features detected, followed by
EFOV and EGIT. Globally speaking, the three
strategies produced heterogeneous and comple-
mentary results, since only about one-quarter of
the identified features were common to all
approaches, with PGQE and EFOV providing the
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proteins

enzyme classes

443

GO - biological processes

Figure 7. Distribution of proteins, enzyme classes and biological processes among the three non-2D gel-based strategies.
Venn diagrams depicting distribution of proteins (left), enzyme classes (middle) and GO biological processes (right) among
the three different shotgun proteomic strategies being compared; percentages of common features are indicated in the over-
lapping yellow area, while the total number of identified features for each individual approach is shown in parentheses

higher amounts of both total and unique identifica-
tions (Figure 7). In total, shotgun proteomic analy-
sis led to the detection of >12% of the ORFs
included in the G-DB.

To investigate on qualitative differences, we
calculated the percentage of proteins containing
transmembrane domains, in order to highlight a
possible enrichment in membrane/hydrophobic
proteins with one of the approaches. As a result,
the amount of transmembrane proteins was quite
similar for the three strategies, in the range 10—
13% of the total (slightly higher for PGQE). Then,
we assigned each protein to a KEGG orthology
group (KOG) and KOG data were imported into
iPATH to generate metabolic maps associated with
each strategy. As illustrated in Figure 8, PGQE
provided the deepest metabolic map coverage,
followed by EFOV and EGIT.

We then carried out a specific comparison
between 70 and 16h data, in order to identify
functional features exhibiting abundance changes
along the cell growth and carotenoid accumulation.
Figure 9 reports KOGs (A) and GO-biological
processes (B) consistently showing a differential
expression between the two time points, according
to the results achieved with the two best-
performing techniques [EFOV and PGQE; further
details are given in the legend to Figure 9, while
the overall data are provided in Table S2 (see
supporting information)]. Specifically, 19 KOGs
and 18 biological processes increased from 16 to
72h of growth, whereas 46 KOGs and 42 biologi-
cal processes decreased. Again, no protein

Copyright © 2016 John Wiley & Sons, Ltd.

functions strictly belonging to the carotenoid bio-
synthesis pathway were detected, either in general
or as differentially expressed.

Discussion

The proteomic study of non-conventional yeasts
poses several problems relating to both cell struc-
ture, with a thick and complex cell wall, and the
scarcity of data concerning genome sequencing
and characterization. Nevertheless, the applica-
tion of proteomics to these organisms may unveil
features of significant interest for either environ-
mental, biotechnological or health implications.
Here, we assessed the performance of different
proteomic approaches in characterizing the pro-
tein repertoire expressed by the non-conventional
yeast R. mucilaginosa. Specifically, adding to
traditional gel-based proteomics, three different
proteomic worflows were also implemented and
applied. Due to the combination of the two
different analytical strategies, a fair coverage of
the proteomic repertoire was expected. In fact,
although gel-based proteomics has its advantages,
including the ability to reveal some post-
translationally modified proteins entailing charge
or size changes (Westermeier et al., 2008),
shotgun proteomics usually exhibits higher
sensitivity, with the key added ability to provide
information on the whole proteomic profile (Otto
et al., 2014).
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Figure 8. iPath metabolic pathways mapping all identified proteins: bars representing pathway steps are marked in blue-
green (top), green (middle) and claret (bottom) for EGIT, EFOV and PGQE, respectively
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Figure 9. Bar graphs illustrating KEGG Orthology Groups (left) and Gene Ontology biological processes (right). The cate-
gory distributions consistently show a differential expression between two growth curve time points (16 and 72 h) using the
EFOV and PGQE methods. Quantitative comparisons were carried out by calculating the 72:16 h NSAF log ratio for each
functional category, and features with log ratio > 0.25 or < —0.25 with both methods (as well as with a minimum of two pep-
tides in at least one time point) are reported; data are ordered according to decreasing mean NSAF log ratio values

The first and significant problem encountered in
proteomic analysis of R. mucilaginosa was the
difficulty of obtaining an efficient cell lysis with
a satisfactory protein extraction and solubilization
efficiency. In fact, strong detergents and harsh
physical treatments were required to break the cell
walls, and a protein precipitation step was needed
to remove interfering substances in order to obtain
acceptable electrophoretic patterns. This notwith-
standing, we observed that the insoluble, pelleted
cell debris remained pigmented, while the extract

Copyright © 2016 John Wiley & Sons, Ltd.

was only lightly coloured. There is therefore the
possibility that some interesting proteins, includ-
ing those related to carotenoid biosynthesis or to
the biosynthesis of other relevant proteins, may
remain ’trapped’ in the pellet and escape
extraction and analysis (Guo et al., 2014). In fact,
when this fraction was specifically investigated
(by PGQE), a slight enrichment in hydrophobic
proteins was observed. Nevertheless, no carote-
nogenic enzymes were identified, even in this
fraction, leaving open the possibility that this
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function may be tightly associated with some in-
soluble component.

Concerning 2D-DIGE, the application of this
technique to cleaned protein extracts did success-
fully highlight significant spot differences among
patterns, in the case of both different strains and
different growth stages of the same strain. Never-
theless, when cut and subjected to MS analysis,
many spots returned identifications related to abun-
dant proteins or to uncharacterized proteins. This
problem is likely caused by the poor availability
of a well-annotated database, which hampers the
successful identification of less common or charac-
terized proteins. In addition, the protein precipita-
tion step, which was found to be necessary to
minimize interference on gel-based separation
and detection, may have led to the selective loss
of some protein categories (Tanca et al., 2013a).
In virtue of their wider proteome coverage, an
advantage of shotgun proteomics when compared
to 2D gel-based workflows lies in the ability to
provide indirect information on a pathway of inter-
est by means of the ’context’ proteins, i.e. proteins
belonging to interacting or biochemically related
pathways (Otto et al., 2014). An example of this
is provided by the pathway maps illustrated in
Figure 7.

Two of the proteomic analysis workflows
assessed here (EGIT and PGQE) integrate a
preliminary gel-based protein separation, facilitat-
ing elimination of most of the interfering mole-
cules, which remain trapped into the gel matrix.
In addition, these have the added advantage of
providing sample prefractionation. These two
aspects may be especially relevant when dealing
with a yeast such as Rhodotorula spp., when
considering that, due to the cell characteristics,
some contaminants are present, such as lipids,
complex polysaccharides and pigments, that may
be extracted together with the proteins and act as
interfering contaminants when analysing the
protein mixture. Methods that can enable the
removal of such substances, such as those entailing
a gel-based separation, although performing less
well in terms of identified proteins, may be
preferable due to these *sample-cleaning’ features.
Nevertheless, the EGIT approach (elsewhere also
named GeLC-MS/MS), although being the most
labour-intensive and time-consuming in terms of
operator hands-on time, provided less satisfactory
results in terms of protein identifications. In this

Copyright © 2016 John Wiley & Sons, Ltd.
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specific case, however, it should be considered that
a low resolution and low sensitivity mass spec-
trometer was used. We therefore cannot rule out
that this sample preparation approach may provide
better results when combined with a higher perfor-
mance mass spectrometer.

On the other hand, EFOV, based on the increas-
ingly used FASP procedure, has the advantage of
reproducibility and scalability, and can generate a
richer protein identification dataset. Nevertheless,
it may cause technical drawbacks and performance
problems to the LC-MS/MS equipment or separa-
tion accessories, due to the persistence of “impuri-
ties’ or contaminating molecules, which may cause
build-ups and alter or impair mass spectra quality
(data not shown). In fact, EFOV does not include
sample prefractionation steps, although the use of
a filter device for performing sample digestion
can somewhat enable the removal of small contam-
inant molecules.

Adding to sample preparation, another crucial
aspect in generating reliable proteomic data for
non-model organisms (as R. mucilaginosa) is the
choice of the proper sequence database to be used
for protein identification (Armengaud et al.,
2014). The data presented here further highlight
how significant protein identification issues can
arise when dealing with poorly characterized
microorganisms, due to difficulties in matching
experimental mass spectra with the deposited
sequences belonging to related, better-charac-
terized species/strains. Accordingly, when using a
matched database produced upon genome se-
quencing of the specific microbial strain under
study, a dramatic increase in the number of identi-
fied proteins can be obtained, as demonstrated here
when interrogating the G-DB. This is in line with
previous results from other Rhodotorula strains
(Tanca et al., 2013b), as well as from other yeasts,
such as Rhodosporidium toruloides. In this latter
case, an LC-MS/MS dataset was initially searched
against a “generic’ yeast dataset, with no more than
184 proteins identified (Liu et al., 2009), while a
subsequent re-analysis of the same dataset with
the translated genome obtained by next-generation
DNA sequencing reached > 3100 protein identifi-
cations, corresponding to a dramatic 17-fold
increase (Zhu et al., 2012). Therefore, the applica-
tion to non-model yeasts of a ’proteogenomic’
workflow, i.e. one in which genome sequencing
data are used to improve proteomic results and, in
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DOI: 10.1002/yea



The potential of proteomics for Rhodotorula mucilaginosa analysis

turn, proteomic data are employed to validate the
actual expression of sequenced genes, can clearly
provide significant improvements. On the other
hand, this is counterbalanced by the fact that
whole-genome sequencing of an eukaryotic micro-
organism implicates significantly higher costs, due
to genome size. Also, and equally important, more
serious bioinformatic issues arise in this case, e.g.
concerning read assembly, ORF finding and func-
tional annotation, to name a few, when compared
to the simpler prokaryotes (Armengaud et al.,
2014). As a confirmation of these issues, most of
the proteins found in this study (especially those
detected as differentially expressed with gel-based
and/or gel-free approaches) could not be reliably
associated with a specific function. The reason
for this can possibly be related to a poor alignment
with the currently deposited protein sequences
(either by the very low homology with known
sequences, or due to the presence of many trun-
cated genes in the genome draft), as well as to
the absence of a functional annotation in the
homologous proteins from related yeast species
(e.g. R. toruloides). The presence of truncated gene
sequences may also partially explain the identifica-
tion of peptides from different proteins within the
same spot, as observed in the 2D-DIGE analysis.

It was, however, surprising that we did not iden-
tify any of the enzymes known as being involved
in the carotenogenic pathway, one of the most
interesting biotechnological features of this yeast,
in spite of the use of many different molecular
approaches evaluated here, including the shotgun
proteomics and genome sequencing and annotation
(with four sequenced genes likely matching with
specific carotenogenic enzymes, according to
BLASTp alignment). Concerning the reasons that
may lie behind this result, it is interesting to high-
light the very low intracellular concentration
reported for carotenogenic enzymes (Sandmann,
1997), which might have prevented their identifi-
cation with the different proteomic approaches
employed here. In addition, the heterogeneity of
R. mucilaginosa protein sequences compared to
those of other yeasts might also have accounted
for this result, worsening the chances of their
detection and identification.

This notwithstanding, the combined proteomic
workflows applied here provided valuable infor-
mation for the generation of a proteome database
that may assist further studies on R. mucilaginosa.

Copyright © 2016 John Wiley & Sons, Ltd.
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Protein mapping to metabolic pathways provided a
good coverage of central metabolism, and the
implementation of PGQE strategy, which enabled
a slight enrichment in membrane proteins,
highlighted a segment of the terpenoid backbone
pathway (Figure 8, bottom). The identification of
functional features showing consistent abundance
changes throughout cell growth returned useful
information on the regulation of different meta-
bolic pathways at two different growth stages. In
particular, as expected during exponential growth
on glycerol-containing medium, pyruvate dehydro-
genase and proteins involved in acetyl-CoA
biosynthesis from pyruvate were upregulated in
cells sampled after 16 h of growth. In contrast, cells
sampled at 72h of growth showed an increase in
the abundance level of proteins involved in
cytosolic acetyl CoA production from acetate
(aldehyde dehydrogenase NAD™, acetate—CoA li-
gase activity, acetyl-CoA biosynthetic process
from acetate and acetyl-CoA metabolic processes).
Cytosolic acetyl-CoA is the source for fatty acids
and sterol but also for carotenoid biosynthesis
(Chen et al., 2012). Thus, the increase in the
expression level of enzymes involved in the bio-
synthesis of cytosolic acetyl-CoA is in accordance
with the accumulation of carotenoids in stationary
phase. Moreover, in accordance with the upregula-
tion of enzymes involved in the stress response
during carotenogenesis (Barbachano-Torres et al.,
2014; Martinez-Moya et al., 2015), at the station-
ary phase of growth there was a slight but consis-
tent increase in the expression levels of catalase
and heat shock protein HSP70. According to
Martinez-Moya et al. (2015), the higher abundance
of enzymes involved in the response to stress in
stationary phase would be related to the induction
of carotenogenesis.

In conclusion, proteomics is able to provide a
wealth of information on numerous protein
functions and biosynthetic pathways of R.
mucilaginosa, as demonstrated by the vast dataset
generated and by the information obtained on
different biosynthetic pathways, and on how these
change upon growth or upon the mutation of
phenotypic traits. Nevertheless, when analysing
the data for one of its most biotechnologically
relevant pathways, i.e. carotenoid production, the
level of information gathered with the different
technical approaches did not provide satisfactory
information, due to the low expression level of
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carotenogenic enzymes but also to poor alignments
of the MS spectra with the currently deposited pro-
tein sequences. Therefore, dedicated efforts in
characterization of the species at the genome level,
together with a careful annotation of genome
sequences, might be required to improve research
efforts aimed to exploit the biotechnological poten-
tial offered by non-conventional yeasts.
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