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variations in abundance (±twofold, p  <  0.01, confidence 
intervals 99  %) between pseudohyphal vs yeast-like mor-
phology produced on fruits. Among them, 30 proteins 
changed their levels when the two morphologies were 
developed in liquid medium. The identified proteins belong 
to several pathways and functions, such as glycolysis, 
amino acid synthesis, chaperones, and signalling transduc-
tion. The possible role of a group of proteins belonging to 
the carbohydrate pathway in the metabolic re-organisation 
during P. fermentans dimorphic transition is discussed.

Keywords  Antagonistic yeast · Biological control · 
Dimorphic transition · Yeast proteome · Candida lambica · 
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Introduction

In the past 20 years, knowledge of the negative impact of 
pesticides on the environment and human health and the 

Abstract  The Pichia fermentans strain DISAABA 726 
is a biofilm-forming yeast that has been proposed as bio-
control agent to control brown rot on apple. However, when 
inoculated on peach, strain 726 shows yeast-like to pseu-
dohyphal transition coupled to a pathogenic behaviour. To 
identify the proteins potentially involved in such transition 
process, a comparative proteome analysis of P. fermentans 
726 developed on peach (filamentous growth) vs apple 
(yeast-like growth) was carried out using two-dimensional 
gel electrophoresis coupled with mass spectrometry analy-
sis. The proteome comparison was also performed between 
the two different cell morphologies induced in a liquid 
medium amended with urea (yeast-like cells) or methionine 
(filamentous cells) to exclude fruit tissue impact on the 
transition. Seventy-three protein spots showed significant 
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public pressure to reduce the use of chemical input on agri-
cultural systems has emphasised the need to find alternative 
means to control post-harvest diseases of fruits and vegeta-
bles (Wisniewski and Wilson 1992; Lima et  al. 1999). To 
this purpose, biological control by microbial antagonists 
has emerged as one of the most promising alternatives. The 
use of biofilm-forming yeast as effective antagonists has 
been given to a remarkable attention (Droby et  al. 2009). 
However, biofilm formation in yeast should be regarded 
with care, as it is controversial whether the yeast or hyphal 
form is the most aggressive towards the host tissues. The 
so-called “strange case” of P. fermentans strain DISAABA 
726 (Giobbe et  al. 2007) emphasised the need for a deep 
assessment of candidate microbial antagonists to assure the 
safe use of any novel biocontrol agent. This strain proved 
an excellent antagonist towards brown rot caused by the 
pathogenic fungus Monilinia spp. on apple, but when inoc-
ulated on peach fruits, it unexpectedly displayed a patho-
genic behaviour, causing rapid decay of fruit tissues even in 
the absence of Monilinia spp. By scanning electron micros-
copy techniques, P. fermentans 726 was shown to retain its 
yeast-like morphology when sprayed onto apple fruit, but 
upon inoculation on peach fruit, it underwent transition 
from budding growth to filamentous growth, suggesting 
that this morphology may be involved in the pathogenicity 
of P. fermentans 726 on peach tissue (Giobbe et al. 2007).

Critical depletion of nutrients often induces dimorphic 
switch to filamentous growth, characterised by branch-
ing networks of cell chains or hyphae to form a mycelium 
(Gancedo 2001). Filamentous growth should be consid-
ered an important adaptive response that functions analo-
gously to cell motility by allowing a starving fungal col-
ony to seek for nutrients (Lee and Elion 1999). Branching 
elements permit wider exploration of the environment at 
a lower energy cost than non-filamentous growth. Hence, 
the ambiguous behaviour of P. fermentans 726 could be 
related to induction of different genes by environmental 
factors, such as nutrient conditions peculiar to each fruit 
species. Characterisation of the differentially expressed 
genes during yeast-like to pseudohyphal transition may 
help to understand the biology of this peculiar yeast model. 
To this purpose, Fiori et al. (2012) identified several genes 
which differentially expressed between yeast and filamen-
tous growth developed on fruit tissues. Additionally a pro-
teomic approach could be also useful for elucidating the 
transition processes in P. fermentans. Proteomics has been 
successfully applied to study the effect of temperature on 
the proteome of P. pastoris (Dragosits et al. 2009) and the 
yeast-to-hypha transition in Candida albicans (Monteoliva 
et al. 2011). To the best of our knowledge, a study on the 
proteome changes in the two morphologies of P. fermen-
tans has not yet been carried out. Hence, the aim of this 
work was to compare the proteome profile of yeast-like and 

filamentous morphologies of P. fermentans 726 to identify 
the proteins potentially involved in the yeast-filamentous 
cell switch.

Experimental

Organism and maintenance of yeast strain

P. fermentans Lodder [anamorph: Candida lambica (Lind-
ner & Genoud) Uden & H.R. Buckley ex S.A. Mey. & 
Ahearn (1983)] DISAABA 726 (=DBVPG 3627) was 
isolated from wine must and maintained in the culture col-
lection of the ‘Dipartimento di Agraria’, University of Sas-
sari, Italy, in YEPD (2 % glucose, 2 % peptone, 1 % yeast 
extract, 2  % agar) at 4  °C for short-term storage, and in 
YEPD plus 20 % glycerol at −80 °C for long-term storage.

P. fermentans DISAABA 726 was precultured overnight 
at 25 °C in YEPD. The cells were then rinsed twice in ster-
ile distilled water, inoculated on solid (5 ×  106 cells) or 
liquid (5 × 106 cells mL−1) media, and incubated statically 
at 25 °C.

Induction of dimorphic switch on liquid medium

Single yeast cells and filamentous growth were sampled 
using a Singer MSM micromanipulator (Singer Instru-
ments Co. Ltd., Somerset, UK), plated onto either YCBU 
(YCB plus 0.2 % urea) or YCBM (YCB plus 0.2 % methio-
nine) and incubated at 25 °C while being observed for up to 
3 days according to Sanna et al. (2012).

Induction of yeast‑like and pseudohyphal growth on apple 
and peach fruits

Samples of yeast-like and pseudohyphal-like cells of P. 
fermentans were grown on apple and peach fruits, respec-
tively, as described by Fiori et al. (2012). Briefly, a single, 
fresh colony of P. fermentans DISAABA 726 was inocu-
lated into a flask containing 30  mL of 1  % yeast extract, 
2  % bacto peptone, 2  % dextrose broth (YPD) and incu-
bated for 24 h at 25 °C on a rotary shaker (200×g). Cells 
were then recovered by centrifuging at 3,000×g for 
5  min, washed and suspended in sterile Ringer’s solution 
(H2O, 0.9 % NaCl) and brought to a final concentration of 
1 × 109 cells mL−1 by direct counting with a hemocytom-
eter. One hundred microliters of this suspension was spread 
between two autoclaved circular sheets of cellophane mem-
brane backing sheets (Bio-Rad, Hercules, CA) permeable 
to liquids and nutrients, which were then placed between 
either on apple or peach fruits (Supplementary Fig. S1). 
Fruits selected for the study were at the same maturity 
and had been disinfected in sodium hypochlorite (0.8  % 
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as chlorine) and air-dried prior to being halved. A total of 
66 each of apple and peach fruits were treated to recover a 
high quantity of yeast cells. The fruits were stored for 24 h 
at 25 °C at 85 ± 5 % relative humidity and then the yeast 
was scraped from the cellophane sheets with a sterile spat-
ula, collected in 1.5-mL Eppendorf tubes and immediately 
frozen in liquid nitrogen and stored at −80 °C until further 
processing.

Preparation of P. fermentans DISAABA 726 total protein 
extracts

A total of 50 mg of yeast or filamentous cells were washed 
in PBS buffer and collected by centrifugation. Then the 
cells were broken in a mortar and pestle with acid-washed 
glass beads and liquid nitrogen. The powder was suspended 
in 150  µL extraction buffer and incubated for 20  min at 
25  °C with vortexing at 5-min intervals. The extraction 
buffer contained 50 mM Tris, pH 8.8, 10 % glycerol, 7 M 
urea, 2 M thiourea, 1 % Triton X-100, 1 % SB 3-10, 20 mM 
EDTA, 2 % IPG buffer 3-10, 1 mM PMSF, and 50 mL per 
gram cells of protease inhibitor cocktail. The mixture was 
centrifuged for 20 min at 15,000  rpm and 18 °C. Follow-
ing extraction, interfering components were removed using 
2D-Clean Kit™ (GE-Healthcare). The pellet was sus-
pended in 2  mM Tris, 7  M urea, 2  M thiourea, 4  % v/w 
CHAPS, 1 % IPG buffer 4–7 and subjected to a first step 
of reduction/alkylation before IEF, according to Herbert 
et al. (2001). Briefly samples were reduced by 5 mM TBP 
(Tributylphosphine Stock Solution, Sigma-Aldrich, Italy) 
for 1 h, followed by alkylation with 30 mM IAA for 3 h, in 
the dark. The protein concentration was determined using 
the RC-DC Protein Assay Kit (BioRad).

Two‑dimensional gel electrophoresis (2‑DE)

2-DE analysis was carried out using the gradient pH 4–7 
linear IPG strips (GE Healthcare) for the isoelectric focus-
ing. IPG strips (18 cm) were rehydrated for 6 h in passive 
mode and 6 h in active mode (50 V) at 22 °C in 350 µL of 
rehydration/sample buffer containing P. fermentans yeast-
like or filamentous growth extracts (approximately 450 µg 
expressed as total proteins were loaded). IEF was carried 
out using the PROTEAN® IEF Cell System (BioRad) under 
the following conditions: Step 1, 250 V for 60  min; Step 
2, 500 V for 120 min; Step 3, 500–1,000 V for 4 h; Step 
4, ramped to 8,000 V for 4  h; and Step 3, 8,000 V for a 
total of 55,000 V/h. Strips were then equilibrated first for 
15 min in a reducing solution (6 M urea, 50 mM Tris-HCl 
pH 8.8, 30  % v/v glycerol, 2  % w/v SDS and 2  % w/v 
DTT) and then 15 min in an alkylating solution (6 M urea, 
50 mM Tris-HCl pH 8.8, 30 % v/v glycerol, 2 % w/v SDS 
and 4 % w/v iodoacetamide). Equilibrated IPG strips were 

then placed and fixed using agarose on the top of home-
made 12  % SDS-polyacrylamide gels. Protein separation 
in the second dimension was carried out in a Protean XL 
cell (BioRad). The protein spots were visualized by stain-
ing with BioSafe Coomassie gel stain (BioRad), following 
manufacturer’s instructions.

Image acquisition and statistical analysis

After de-staining, the gels were scanned using a GS-800 
densitometer (BioRad) at 600  dpi resolution. To ensure a 
good statistical power, each experiment group (P. fermen-
tans developed on YCBU, YCBM, apple, or peach fruits) 
contained five biological replicates for each morphology 
and each inducing condition, generating a total of 20 indi-
vidual gels. Computerised analysis was performed match-
ing the gel images by means of Redfin Solo software 
(www.ludesi.com). Comparisons were carried out between 
filamentous versus yeast morphology whatever the induc-
ing strategy. Spot volume was calculated as integration 
of spot area. In order to reduce errors due to slight differ-
ences in gel staining or protein concentration, the volume 
of each spot was divided for the sum of the volume of all 
spots detected on gels to obtain normalised spot volume 
(% V). To find the differentially abundant proteins, sta-
tistical analysis was carried out using the web-based NIA 
array software tools (lgsun.grc.nia.nih.gov) (Sharov et  al. 
2005). The software selects statistically valid protein spots 
based on analysis of variance (one-way ANOVA). The raw 
data set was loaded on NIA and after indication of biologi-
cal replications and transformation in log10, the data were 
analysed using the following settings: error model “max 
(average, actual)”, 0.01 proportion of highest variance val-
ues to be removed before variance averaging, 10 degrees of 
freedom for the Bayesian error model, 0.05 FDR threshold, 
and zero permutations. Pairwise comparison of protein spot 
mean abundance values were performed with the software 
tools using the following settings defining differentially 
abundant proteins: confidence intervals 99  %, P value 
<0.01, twofold change threshold. To explore the associa-
tion between protein abundance and morphology, hierarchi-
cal clustering was undertaken using the average distance 
method. Also, principal component analyses (PCA) were 
carried out using the following settings: correlation matrix 
type, three principal components, twofold change and 0.7 
correlation threshold for clusters.

Biological processes and functions involving differentially 
abundant proteins

The biological processes and molecular functions associ-
ated with the differentially abundant proteins were inferred 
by searching on UniprotKb database (www.uniprot.org).

http://www.ludesi.com
http://www.uniprot.org
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Protein identification by LC‑MS/MS

Spots of interest were excised from preparative gels. 
In-gel digestion was performed with the Progest system 
(Genomic Solution) according to a standard trypsinol-
ysis protocol. Gel plugs were first washed twice with 
10 % (v/v) acetic acid, 40 % (v/v) ethanol in water, and 
then with acetonitrile. They were further washed with 
25  mM NH4CO3 and dehydrated in acetonitrile (two 
alternating cycles). Following reduction (10  mM DTT, 
1  h at 57  °C) and alkylation (55  mM idodacétamide, 
45  min at 20  °C), digestion was performed for 6  h at 
37  °C with 125  ng of modified trypsin (Promega) dis-
solved in 20  % (v/v) methanol in 20  mM NH4CO3. 
Tryptic peptides were first extracted with 50  % (v/v) 
acetonitrile, 0.5  % trifluoroacetic acid in water, and 
then with pure acetonitrile. Both peptide extracts were 
pooled, dried in a vacuum speed concentrator, and sus-
pended in 25 μL of 2 % (v/v) acetonitrile, 0.08 % (v/v) 
trifluoroacetic acid in water.

Liquid chromatography was performed with a NanoLC-
Ultra Eksigent system. The sample (4 μL) was loaded at a 
flow rate of 7.5 μL/min into a precolumn cartridge (20 mm, 
100 μm internal diameter; stationary phase, Biosphere C18, 
5  μm; NanoSeparations, Nieuwkoop, The Netherlands) 
and desalted with 0.1 % (v/v) formic acid and 2 % ACN. 
After 3 min, the precolumn cartridge was connected to the 
separating column (150 mm, 75 μm internal diameter; sta-
tionary phase, Biosphere C18, 3  μm; NanoSeparations). 
The buffers used were H2O (buffer A) and ACN (buffer B) 
each containing 0.1 % (v/v) HCOOH. Peptides were sepa-
rated using a linear gradient from 5 to 95 % B for 37 min at 
300 nL/min. A single run took 45 min, including the regen-
eration step in 100  % buffer B and the equilibration step 
in 100  % buffer A. Eluted peptides were analysed online 
with an LTQ XL ion trap (Thermo Electron) using a nano-
electrospray interface. Ionisation (1.5 kV ionisation poten-
tial) was achieved with a liquid junction and an uncoated 
capillary probe (10 μm internal diameter; New Objective, 
Cambridge, MA, USA). Peptide ions were analysed using 
Xcalibur 2.0.7, with the following data-dependent acqui-
sition steps: (1) full MS scan (mass-to-charge ratio m/z 
400–1,400, centroid mode) and (2) MS/MS (qz  =  0.25, 
activation time  =  30  ms, and collision energy  =  35  %; 
centroid mode). Step 2 was repeated for the three major 
ions detected in step 1. Dynamic exclusion was set to 45 s. 
The raw mass data were first converted to mzxml with the 
ReAdW sofware (SPC Proeomic Tools, Seattle, USA). 
Protein identifications in a Pichia genius database (Uni-
prot, 2010/09/15) were performed using the X! Tandem 
pipeline sofware (http://pappso.inra.fr/bioinfo/xtandem-
pipeline) with the following parameters: enzymatic cleav-
age was declared as a trypsin digestion with one possible 

miscleavage event. Cys carboxyamidomethylation and Met 
oxidation were set to static and possible modifications, 
respectively. Precursor mass and fragment mass tolerance 
were 1.0 and 0.5 Da, respectively. A refinement search was 
added with similar parameters, except that semitryptic pep-
tide and possible N-terminal amino acid acetylation, dehy-
dratation, or deamidation was searched.

Identified proteins were filtered and grouped according 
to the following specifications: (1) at least two different 
peptides with an E value of <0.01 and a protein E value 
(calculated as the product of unique peptide E values) of 
<10−4. In the case of identification with only two or three 
MS/MS spectra, the similarity between the experimen-
tal and theoretical MS/MS spectra was checked visually. 
In the absence of positive identification by mass match-
ing, due to the fact that Pichia fermentans genome has not 
been sequenced, peptide sequences were determined by de 
novo interpretation of MS/MS spectra using DeNovo pipe-
line software (http://pappso.inra.fr/downloads/archives/
DeNovo_pipeline_v1.4.4/). Only sequences containing 
a tag of at least six amino acids with an associated prob-
ability greater than 0.9 were selected. Sequence similarity 
was searched in the Pichia genius database and in a Fungi 
kingdom database (Uniprot 2011.05.30). Sequences cor-
responding to keratins or trypsin were first removed by 
querying a homemade contaminant database. Protein iden-
tifications were validated with a minimum of two inde-
pendent peptides and an E value of <0.001. In all cases, 
the automatic de novo interpretation of MS/MS spectra 
was confirmed visually. The mass spectrometry proteom-
ics data have been deposited to the ProteomeXchange 
Consortium (Vizcaíno et  al. 2014) via the PRIDE partner 
repository (Vizcaino et al. 2013) with the dataset identifier 
PXD001664”.

RNA extraction and semi‑quantitative PCR (sqPCR)

Five proteins identified by mass spectrometry analysis were 
validated by sqPCR (Supplementary Table S1). The cDNA 
sequences used were found in Gene Bank starting from the 
peptides matching the selected proteins. The web-based 
Primer3 software provided by the Whitehead Institute at 
Massachusetts Institute of Technology was used to design 
the primers (Supplementary Table S2).Total RNA extrac-
tion was performed modifying the method suggested for 
the Taqman® Gene Expression Cells-to-CT™ Kit (Applied 
Biosystems). 10  mg of liquid-nitrogen frozen yeast or 
filamentous cells was extracted with PBS; 5  μL of the 
extracted suspension were added to lysis buffer plus DNase 
to exclude genomic contamination as described by the 
manufacturer. 2 μL of the reverse transcribed samples was 
used for PCR amplification performed with GoTaq® Green 
Mastermix (Promega, USA). As the Applied Biosystems 

http://pappso.inra.fr/bioinfo/xtandempipeline
http://pappso.inra.fr/bioinfo/xtandempipeline
http://pappso.inra.fr/downloads/archives/DeNovo_pipeline_v1.4.4/
http://pappso.inra.fr/downloads/archives/DeNovo_pipeline_v1.4.4/
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extraction method was performed for cell culture we vali-
dated the method using a standard RNA extraction pro-
cedure (Quiagen). The following standard thermal profile 
was used for all PCRs: 93 °C for 3 min; 33 cycles of which 
93 °C for 30 s, 54 °C for 40 s, and 72 °C for 50 s; 72 °C for 
5 min as final extension.

PCR products were separated by 1 % agarose gel elec-
trophoresis and stained with ethidium bromide. cDNA 
fragments were purified from gels and sequenced by BMR-
Genomics (Italy). For each PCR, the concentration of 
cDNA and the number of cycles were optimised to observe 
a quantifiable signal within the linear range of amplification, 
according to the putative level of each mRNA amplified and 

the size of the corresponding PCR product. Control reac-
tions were performed in the absence of reverse transcriptase. 
Transcript levels were compared with 18S rRNA gene.

Actin immunostaining analysis

Immunostaining analysis of actin was performed with 
Phalloidin-TRITC staining: yeast-like and pseudohyphal 
cells of P. fermentans DISAABA 726 were fixed in 4  % 
paraformaldehyde without full drying for 30  min, rinsed 
with PBS three times, and incubated in a solution of 
0.1–0.2 μg/mL phalloidin labelled with TRITC (Tetrame-
thyl Rhodamine Isothiocyanate, Fluka 77418) in PBS in 

Fig. 1   Representative 2-DE 
patterns of protein extracted by 
P. fermentans strain DISABAA 
726 in yeast and filamentous 
morphology. Proteins were 
separated on a 4–7 pH linear 
gradient in the first dimension 
(IEF) and 12 % SDS-poly-
acrylamide gels in the second 
dimension. Spot IDs correspond 
to those listed in Table 1a–d 
and supporting information 
Table S3. Label Ax indicates the 
proteins increased in abundance 
in yeast morphology devel-
oped on apple; Yx indicates the 
proteins increased in abundance 
in yeast morphology developed 
both on apple and in YCBU; Px 
indicates the proteins increased 
in abundance in filamentous 
morphology developed on 
peach; Hx indicates the proteins 
increased in abundance in fila-
mentous morphology developed 
both on peach and in YCBM. 
Differentially abundant spots 
with at least twofold-change 
ratio and FRD <0.01 were used 
for calculation
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the dark at room temperature for 1 h. After three rinses in 
PBS, the slides were coverslipped using antifading mount-
ing fluid (Millipore). Cell wall staining was performed in 
yeast-like and pseudohyphal cells of P. fermentans DIS-
AABA 726 with Lectin-Fluorescein isothiocyanate conju-
gate, from Canavalia ensiformis (Conc A) powder, 61761, 
Sigma-Aldrich (200 μg/mL in PBS, pH 7.4), according to 
the manufacturers’ instructions, and incubated for 90  min 
in the dark at 30 °C.

Results

2‑DE separation and identification of P. fermentans 
proteins

Total protein extracts of P. fermentans DISAABA 
726 were analysed by 2-DE to detect the differentially 
abundant proteins between yeast and filamentous cells. 
First, the two morphologies were induced both on apple 
and peach fruits (Supplementary Fig. S1). Addition-
ally, a simplified liquid medium was used to minimise 
the possible interference of the complex fruit environ-
ment (Sanna et  al. 2012), yeast-like morphology being 
induced in liquid medium enriched of urea (YCBU), 
whereas the filamentous form was obtained after inocu-
lating on methionine-enriched medium (YCBM) (Sup-
plementary Fig. S1).

Computerised analysis showed around 930 protein spots 
in both yeast and filamentous morphologies, whatever the 
induction strategy (Supplementary Fig. S2). The proteome 
maps were reproducible and presented about 789  ±  67 
matches between the two morphologies. After statistical 
analysis, a total of 110 protein spots were excised from the 
protein gels and analysed by LC-MS/MS analysis (Supple-
mentary Table S3).

Differential protein spots in yeast and filamentous 
morphologies of P. fermentans DISAABA 726 were 
induced in apple and peach fruits

The comparison of the proteome of filamentous and yeast 
cells induced during growth on apple and peach fruits 
showed 73 protein spots whose abundance was changed 
significantly (Fig. 1).

Out of 73 identified protein spots, 41 showed an increase 
in abundance in the filamentous form, whereas the other 32 
were more abundant in the yeast morphology (Table 1a–d).

Differential protein spots in the two  
P. fermentans DISAABA 726 morphologies induced 
by liquid medium

Among the 73 differentially abundant proteins observed 
during growth in fruit tissue, 30 proteins were also found 
to change in their abundance in P. fermentans DISAABA 
726 when the dimorphic transition was induced by liq-
uid medium. Eleven of these proteins were more abun-
dant in the yeast form, while 19 in the filamentous form 
(Table 1a–d).

Multivariate analysis

In order to understand the relationship between the protein 
abundance and the different morphologies, hierarchical 
clustering and PCA were undertaken using data from 2-DE 
separation. The hierarchical clustering of the experiments 
highlighted that yeast cells clustered together, whatever 
the induction strategy and had protein abundance profiles 
different from those of pseudo-hyphal cells (Fig.  2a). On 
the other hand, hierarchical clustering among replicates 
showed a good correlation within replicates (Supplemen-
tary Fig. S3). PCA displays the principal components that 
distinguish among sources of variation within a dataset. In 
this work PC1, representing 53.9 % of variance, showed a 
clear separation between protein profiles from pseudohy-
phal morphologies which clustered in the left quadrants 
and those from yeast morphologies, clustering in the right 
quadrants. PC2, which represents 29.6 % of the variance, 
displays the separation between the two inducing strate-
gies. PC3, representing 16.3 % of the variance, underlines 
the similarity between the protein profiles of different mor-
phologies (Fig. 2b and Supplementary Fig. S4).

Functional analysis of the differentially abundant proteins

The 73 differentially abundant proteins in the different 
strategies were classified according the biological pro-
cesses and the molecular function inferred by UniprotKB 
database. The most represented proteins in yeast cells 
belong to glycolysis/gluconeogenesis (38  %), aminoacid 
synthesis (19  %), and protein folding (13  %), whereas in 
the filamentous form there was not a prevalence of one pro-
cess over the others (Fig. 3).

Several proteins, such as mitochondrial matrix ATPase, 
enolase, triosephosphate isomerase, mitochondrial ketoil-
acid reductoisomerase, and alcohol dehydrogenase were 
found in more than one spot of the same yeast morphology.
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Table 1   Proteins whose abundance changed in P. fermentans DISAABA 726 developed on apple fruits and YCBU (yeast form) or peach fruits 
and YCBM (filamentous form). The confidence intervals were 99 ‰. Underlined IDs indicate the proteins also tested with other techniques

Spot 
IDa Accessionb Reference proteinc Reference 

organismd Biological processe Molecular functionf MWg pIg Protein profilei P/Aj Protein profilek M/Ul 

YEAST FORM 

Protein folding

Y1 C4R4C3 Mitochondrial matrix 
ATPase Pichia pastoris Protein folding ATP binding 69.6 5.4 3.8 -5.6 

Y2 C4R4C3 Mitochondrial matrix 
ATPase P. pastoris Protein folding ATP binding 69.6 5.4 -4.7 -2.2 

A24 C4R4C3 Mitochondrial matrix 
ATPase P. pastoris Protein folding ATP binding 69.6 5.4 -2.4   

Response to stress

Y3 A3LZ15 Heat shock protein HSP 
70 P. stipitis Response to stress ATP binding 66.3 5.2 -2.0 -3.5 

Y4 C4R5E4 
Cytoplasmic ATPase, a 

ribosome associated 
molecular chaperone 

P. pastoris Response to stress ATP binding 66.3 5.1 -3.4 -3.0 

Glyoxylate pathway

Y5 Q9HFN2 Isocitrate lyase P. jadinii Glyoxylate bypass 
Tricarboxylic acid cycle Lyase 62.1 6.8 -5.9 -4.2 

Glycolysis and gluconeogenesis

Y6 A9YTT1 Enolase Issatchenzia 
orientalis 

Glycolysis
Gluconeogenesis 

Phosphopyruvate 
hydratase activity  40.5/45 4.9/5.5 -5.6 -2.1 

A11 A9YTT1 Enolase I.orientalis Glycolysis 
Gluconeogenesis 

Phosphopyruvate 
hydratase activity 40.6 4.9 2.5-

Y8 A8J6W1 Phosphoglycerate 
kinase P. minuta Glycolysis 

Gluconeogenesis 
Phosphoglycerate 

kinase activity 44.4 5.9 -8.4 -2.3 

A20 C4R5P4 Phosphoglycerate 
mutase P. pastoris Glycolysis 

Gluconeogenesis 
Phosphoglycerate 

mutase activity 28.2 6.0 -2.9   

A21 C4R5P4 Phosphoglycerate 
mutase P. pastoris Glycolysis 

Gluconeogenesis 
Phosphoglycerate 

mutase activity 28.2 6.0 -2.9   

A22 C4R626 Triosephosphate 
isomerase P. pastoris Glycolysis 

Gluconeogenesis 
Triose-phosphate 
isomerase activity 27.1 5.7 -2.5   

A23 A3LZL0 Triosephosphate 
isomerase P. stipitis Glycolysis 

Gluconeogenesis 
Triose-phosphate 
isomerase activity 26.4 5.3 -2.5   

A25 Q92263 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

P. pastoris Glycolysis 
Gluconeogenesis NAD binding 35.5 6.5 -3.3   

A26 Q92263 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

P. pastoris Glycolysis 
Gluconeogenesis NAD binding 35.6 6.5 -2.2   

A31 A8J6W1 Phosphoglycerate 
kinase P. minuta Glycolysis 

Gluconeogenesis 
Phosphoglycerate 

kinase activity 44.5 5.9      -3.5   

Y12 A3LQ70 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

P. stipitis Glycolysis 
Gluconeogenesis NAD binding 35.7 6.1     -4.5 -5.4 

Y11 C4QW09 Fructose 1,6-
bisphosphate aldolase P. stipitis Glycolysis 

Gluconeogenesis 
Fructose-bisphosphate 

aldolase activity 23 4.2 -3.3 -3.2 

Pentose shunt

A29 A3M0D0 Transaldolase P. stipitis Pentose shunt Transferase 35 5.2 -3.1   

Aminoacids synthesis

A13 A3M0H4 Homo-isocitrate 
dehydrogenase P. stipitis

Aminoacid 
biosynthesis 

Lysine biosynthesis. 
Oxidoreductase 40.8 5.5 -4.1   

A15 A3LUW4 Mitochondrial ketoil-acid 
reductoisomerase P. stipitis

Branched-chain amino 
acid biosynthetic 

process 
Isomerase activity 44.3 6.9 -3.3   

Mitochondrial ketoil-acid Branched-chain amino 
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Table 1   continued

A28 A5DDN3 ATP synthase subunit 
beta P. guilliermondii ATP synthesis 

Transport ATP binding 52.5 4.9 -2.2   

A30 C4R396 Vacuolar ATP synthase 
subunit B P. pastoris ATP synthesis process 

Transport ATP binding 55.4 5.3 -4.3   

Cell cycle

A12 Q9P8N0 
B05 

Mannose-1-phosphate 
guanyltransferase P. angusta Cell cycle GTP binding 40.0 6.0 -4.1   

A14 Q9P8N0 
B06 

Mannose-1-phosphate 
guanyltransferase P. angusta Cell cycle GTP binding 40.2 6.0 -3.3   

PSEUDOHYPHAL FORM 
Protein folding

H1 C4R4C3 Mitochondrial matrix 
ATPase P. pastoris Protein folding ATP binding 69.6 4.2 26.8 14.8 

H2 C4R4C3 Mitochondrial matrix 
ATPase P. pastoris Protein folding ATP binding 69.6 4.2 13.2 10.9 

Response to stress  

H12 A3LY16 Heat shock protein 70 P.angusta Response to stress Chaperone 70.3 5.1 7.6 5.4 

H43 E7RB53 Ascorbate peroxidase P.angusta Response to oxidative 
stress Oxidoreductase 39.3 5.6 15.2 13.1 

H10 A3LXG8 
Multifunctional 

chaperone (14-3-3 
family) 

P.stipitis Response to stress NA 29.2 4.6 10.3 9.8 

Glycolysis

H7 C4R5P4 Phosphoglycerate 
mutase P. pastoris Glycolysis 

Gluconeogenesis 
phosphoglycerate 

mutase activity 27.6 5.3 7.9 4.1 

P14 A3LQ70 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

P. pastoris Glycolysis 
Gluconeogenesisis 

NAD binding 
NADP binding 35.9 6.6 26.3   

P18 C4R0P1 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

P. angusta Glycolysis 
Gluconeogenesis 

NAD binding 
NADP binding 35.8 6.6 20.3   

Fermentation

H9 O13309 Alcohol dehydrogenase P. stipitis Fermentation 
Ehrlich Pathway Oxidoreductase 37.2 6.1 3.8 2.6 

H11 O43106 Pyruvate decarboxylase  
Belongs to TPP family P. stipitis Fermentation 

Ehrlich Pathway 
Pyruvate decarboxylase 

activity 61.2 5.5 5.6 6.7 

A16 A3LUW4 reductoisomerase P. stipitis acid biosynthetic 
process 

Isomerase activity 44.3 6.9 -3.2   

A17 A3LS93 NADP-glutamate 
dehydrogenase P. stipitis Amino acid metabolic 

process Oxido-reductase activity 44.3 6.9 -3.3   

Y9 A3M037 Glutamine synthetase P. stipitis Glutamine biosynthetic 
process Ligase 49.2 5.9 33.4 2.1 

Protein synthesis

Y7 C4R4X4 Elongation factor Tu P. pastoris Protein biosynthesis GTP binding 47.1 5.6 -4.2 -6.7 

A19 A5DNL8 Elongation  factor 1-
alpha P. guilliermondi Protein biosynthesis GTP binding 35.2 4.2 -3.3   

ATP synthesis

A18 Q0ZIE5 ATP synthase subunit 
beta I. orientalis ATP synthesis 

Transport ATP binding 36.1 4.8 -3.7   

A27 A5DECO Vacuolar ATP synthase 
subunit B P. guilliermondi ATP synthesis 

Transport TP binding 58.3 5.0 -5.9   

Spot 
IDa Accessionb Reference proteinc Reference 

organismd Biological processe Molecular functionf MWg pIg Protein profilei P/Aj Protein profilek M/Ul 



1099Proteome changes in dimorphic switch of the yeast Pichia fermentans

1 3

Table 1   continued

Signal transduction

H4 C4R4V8 
cAMP-dependent 

protein kinase regulatory 
subunit 

P. pastoris Signal transduction Kinase activity 44.7 5.5 2.0 2.5 

Cell cycle

H25 Q96VU9 Cofilin P. angusta Cell cycle 
Cell division NA 16.1 4.9 25.9 15.8 

H8 A5DQP9 Actin P. guillermondii Cell cycle ATP binding 42.2 6.3 4.9 3.1 

P29 Q96VU9 Cofilin P.angusta Cell cycle NA 15.9 4.9 6.6   

Proteasome

P22 A3LN33 26S proteasome 
regulatory particle P. stipitis Proteasome NA 48.0 4.8 7.2   

P38 A3LPI7 Predicted protein P. stipitis 
Ubiquitin dependent 

protein catabolic 
process 

Threonine-type 
endopeptidase activity 32.4 4.5 7.5   

H39 O13309 Alcohol dehydrogenase P. stipitis Fermentation Oxidoreductase 36.5 6.1 12.6 11.3 

P28 C4R3T2 
Major of three pyruvate 

decarboxylase 
Belongs to TPP family 

P.pastoris Fermentation 
Ehrlich Pathway 

Pyruvate decarboxylase 
activity 61.4 5.6 5.1   

ATP synthesis

P30 Q0ZIE4 ATP synthase subunit 
beta P. fermentans ATP synthesis ATP binding 36 4.9 4.5   

Aminoacid synthesis

H5 C4QZU2 Cobalamin–independent 
methionine synthase P. pastoris Methionine 

biosynthetic process 
Methyltransferase 

activity 85.8 5.9 3.2 4.6 

H20 A3LVA0 

Methionine-synthesizing 
5-

methyltetrahydropteroyl 
triglutamate-

homocysteine 
methyltrasferase 

P. stipitis Methionine 
biosynthetic process 

Methyltransferase 
activity 85.5 5.3 16.2 12.7 

H6 C4R560 Thyazole synthase P. pastoris 

Thiamine biosynthetic 
process 

Adaptation to stress 
condition 

Metal ion binding 37 6.0 3.8 4.1 

P20 C4R588 Asparagine synthetase P.pastoris Asparagin biosynthetic 
process ATP binding 65 5.6 26.6   

P32 P34733 3-isopropylmalate 
dehydrogenase P.angusta 

Branched amino-acid 
biosynthesis 

Leucine biosynthesis 
Dehydrogenase activity 37.9 5.2 6.2   

Phosphate metabolic processes

P8 O13505 Inorganic 
pyrophosphatase P. pastoris Phosphate metabolic 

processes 
Inorganic diphosphatase 

activity 32 5.5 24.7   

P25 A5DEU1 Inorganic 
pyrophosphatase P.guillermondii Phosphate metabolic 

processes 
Inorganic diphosphatase 

activity 32 5.1 6.1   

Translation

P9 A3GHD3 Nascent polypeptide-
associated complex P. stipitis Translation NA 19 4.8 25.5   

P10 C4R5H6 
Protein component of 

the small (40S) 
ribosomal subunit 

P. pastoris Translation RNA binding 25 9.3 22.4   

P17 C4R5H6 
Protein component of 

the small (40S) 
ribosomal subunit 

P. pastoris Translation RNA binding 25 9.3 17.9   

P26 C4QYK0 40S ribosomal protein P.pastoris Translation structural constituent of 
ribosome 29 4.6 8.9   

Spot 
IDa Accessionb Reference proteinc Reference 

organismd Biological processe Molecular functionf MWg pIg Protein profilei P/Aj Protein profilek M/Ul 
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Differentially abundant proteins involved in energy 
production pathways

Several enzymes belonging to the glycolysis/gluoconeo-
genesis pathway were found to be more abundant in yeast 
cells compared to filamentous ones. Also the isocitrate 
lyase belonging to glyoxalate cycle and the NADP-gluta-
mate dehydrogenase showed higher abundance in yeast 
over filamentous cells. On the other hand, the pyruvate 

decarboxylase and alcohol dehydrogenase involved in 
alcoholic fermentation increased their abundance in fila-
mentous cells. In the filamentous morphology, an increase 
in abundance of proteins involved in the biosynthesis of 
methionine and asparagine was also observed.

Interestingly, different species of two proteins, phospho-
glycerate mutase and glyceraldehyde-3-phosphate dehy-
drogenase increased their abundance either in yeast or in 
filamentous morphology.

Table 1   continued

Unknown

P24 A3LWH7 WD repeat protein P.stipitis Unknown Unknown 34.5 5.6 4.5   

P27 A3LWH7 WD repeat protein P.stipitis Unknown Unknown 34.5 5.6 6.1   

H55 C4R3X5 Primary component of 
eisosomes P.pastoris Unknown Unknown 33.8 4.8 4.1 4.9 

H13 A3GG33 
Long chain base 

stimulates 
phosphorylation 

P. stipitis Unknown Unknown 34 4.7 4.7 2.3 

P35 C4R3X5 Primary component of 
eisosomes P.pastoris Unknown Unknown 33.8 4.8 2.91

P36 C4QXG9 
Putative 

uncharacterized protein 
TRP repeat domain 

P.pastoris Unknown Unknown 36.2 4.8 2.2   

P37 F2QN63 Small glutamine-rich 
tetratricopeptide P. angusta Unknown Unknown  36 4.8 7.7   

No match

2.407hctamoN3H 33.3 30.5 

P15  No match 0.561 3.6   

4.652hctamoN43P 5.3   

Spot 
IDa Accessionb Reference proteinc Reference 

organismd Biological processe Molecular functionf MWg pIg Protein profilei P/Aj Protein profilek M/Ul 

a ID corresponds to spot position in the gel as illustrated in Fig.2. A indicates protein spots  more abundant  in the yeast form developed on   apple fruits;  P indicate  protein spots  more abundant  in 
the filamentous  growth  developed on peach fruits; Y indicates protein spots more abundant  in yeast form  developed both on apple fruit and  on YCBU;  H indicated protein spots more abundant in 
the filamentous growth developed both on peach fruit  and on YCBM. 
bProtein accession number 
cReference protein  (as inferred by Uniprotkb , www.uniprot.org) 
dReference organism (as inferred by Uniprotkb) 
eBiological process in which the protein  is involved as annotated in Uniprotkb 
fMolecular function as annotated in Uniprotkb 
g M W  and pI  indicate molecular mass and isoelectric point of the identified proteins, respectively 
iProtein profile  in yeast-like     and         filamentous  form  of P. fermentans grown on apple or peach fruits;  Vertical bars indicate the mean value (n=5) ±SE.  
j Fold change in dimorphic transition induced on fruits : filamentous form  (P) normalized volume/yeast  form (A) normalized volume;  more abundant proteins (≥ 2);  less abundant  proteins (≤ -2); 
confidence intervals 99%;  P value  < 0.01 
kProtein profile  in yeast-like      and         filamentous  form  of P. fermentans grown on YCBU or YCBM;  Vertical bars indicate the mean value (n=5) ±SE. 
lFold change in dimorphic transition induced in liquid medium: filamentous form(M) normalized volume/yeast form (U) normalized volume;  more abundant proteins (≥ 2);  less abundant proteins (≤ -
2); Confidence interval 99%; P value < 0.01 

Proteins also tested  with other techniques: By Fiori et al. (2012): Heat shock protein HSP 70, phosphoglycerate kinase, elongation factor 1, and NADP(+)-dependent glutamate dehydrogenase  
were tested using RaSh; glyceraldehyde-3-phosphate dehydrogenase, enolase, thiazole synthetase and pyruvate decarboxylase  were tested using PCR-select TM cDNA substraction.  In this 
work: actin was tested by immunostaining (Figure 4A);   the  major of the three pyruvate decarboxylase, alcohol dehydrogenase, methionine-synthesizing 5-methyltetrahydropteroyl triglutamate-
homocysteine methyltrasferase, multifunctional chaperone (14-3-3 family) and the primary component of eisosomes were tested by sqPCR (Figure 4B). 
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Differentially abundant proteins related to other cellular 
processes

Actin was more abundant in filamentous cells developed 
on peach and on methionine (spot H8). Also other proteins, 
such as Hsp90 and Hsp70, which could be interconnected 
with actin were more abundant in filamentous cells. These 
proteins are generally known to be involved in protein fold-
ing, refolding, and stabilisation. Another actin-binding pro-
tein, the multifunctional chaperone belonging to the 14-3-3 
family, has been found increased in filamentous cell.

Ascorbate peroxidase, a protein involved in the protec-
tion against oxidative stress and a principal component of 
eisosomes, was more abundant in filamentous than in yeast 
cells.

Validation of proteomic data by other techniques

The presence of actin was also tested by immunostaining 
analysis that confirmed the higher levels of the protein in 
the filamentous growth with respect to yeast cells (Fig. 4a). 
To validate the abundance levels of five proteins, the major 

Fig. 2   a Dendogram showing 
the hierarchical clustering of the 
four experimental conditions: 
yeast cells induced in apple fruit 
(A); filamentous growth induced 
in peach fruit (P); yeast cells 
of P. fermentans DISAABA 
726 induced in YCBU (U); 
filamentous growth induced 
in YCBM (M); b PCA and 
eigenvalues table diagram, as 
inferred by NIA Array Analysis 
Tool (www.lgsun.grc.nia.nih.
gov): yeast cells of P. fermen-
tans DISAABA 726 induced in 
apple fruit (A) or in YCBU (U), 
and filamentous growth induced 
in peach fruit (P) or in YCBM 
(M). Differentially abundant 
spots with at least twofold-
change ratio and FRD <0.01 
were used for calculation

Fig. 3   Biological processes found increased in abundance in yeast (a) and filamentous growth (b) of P. fermentans DISAABA 726 as inferred 
by www.uniprot.org

http://www.lgsun.grc.nia.nih.gov
http://www.lgsun.grc.nia.nih.gov
http://www.uniprot.org
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of the three pyruvate decarboxylase, alcohol dehydroge-
nase, methionine-synthesising 5-methyltetrahydropteroyl 
triglutamate-homocysteine methyltrasferase, multifunc-
tional chaperone (14-3-3 family), and primary component 
of eisosomes, sqPCR analysis was performed using the 
respective peptide sequences identified by MS, as tem-
plate for designing the primers. The transcript expression 
was positively correlated with the abundance profile of the 
respective protein and was higher in the filamentous growth 
than in yeast cells (Fig. 4b).

Discussion

Yeasts may change their phenotype in response to envi-
ronmental variations. The P. fermentans strain DISAABA 
726 has been reported for its biocontrol properties against 
the brown rot pathogen M. fructicola on apple fruit. How-
ever, P. fermentans DISAABA 726 undergoes revers-
ible morphological changes between yeast (spherical) and 
pseudo-hyphal (filamentous) forms of growth and displays 
pathogenic traits upon inoculation on peach fruits (Giobbe 
et  al. 2007). This finding opens serious problems in the 
use of antagonistic yeasts. In this work the two yeast mor-
phologies were compared by using 2-DE followed by MS, 
to identify the proteins which might be involved in the 
described dimorphic/pathogenic transition. The dimorphic 
switch was induced both by growing the yeast on apple 
or peach fruits (Fiori et  al. 2012) and on liquid medium 
amended with urea or methionine, respectively (Sanna 
et al. 2012) to avoid interference due to the complex fruit 
environment.

The proteome profiles of yeast and filamentous mor-
phologies were visually similar whatever the induction 
strategy (Supplementary Fig S2); however, statistical anal-
ysis showed differences in the abundance of 73 proteins 
between the two morphologies induced on fruits. Thirty of 
them also changed their abundance in the two morpholo-
gies developed on liquid medium.

The good similarity between the protein profiles of 
replicates from the same morphology, showed by the 
hierarchical clustering of the four experimental condi-
tions, pointed out the reproducibility of the two induc-
tion strategies. Hierarchical clustering pointed out the 
distance between the protein profiles of yeast and fila-
mentous cells. This distance was also confirmed by PC1 
(Fig.  3; Supplementary Fig. S4). On the other hand as 
indicated by PC2, the two inducing strategies had minor 
impact on the proteome variation as indicated by PC2. 
The complexity of the fruit environment with respect to 
the simplified liquid medium may account for the higher 
number of differentially abundant proteins (73) found on 
P. fermentans grown on fruits compared to those found 

in cells developed on the liquid medium (30). The unex-
pected similarity between yeast and filamentous mor-
phologies developed on different induction conditions 
displayed by PC3 (Supplementary Fig. S4) might be cor-
related to the increased abundance of several proteins 
such as glyceraldehyde 3 phosphate dehydrogenase and 
phosphoglycerate mutase both in yeast and filamentous 
morphologies (Table  1a–d). This behaviour might indi-
cate that different species of the same protein might be 
involved in the dimorphic transition with different physi-
ological relevance in the two morphologies (Jungblut 
et  al. 2008; Schlüter et  al. 2009). In Candida albicans, 
Monteoliva et  al. (2011) suggested that phosphoglycer-
ate mutase can function as glycolytic enzyme providing 
energy for the yeast growth morphology, whereas in the 
filamentous growth, phosphoglycerate mutase might pro-
vide glucose donor for the synthesis of β-glucans and 
chitin. Further investigations should be performed to 
understand the function of different protein species in the 
transition of P. fermentans.

As the aim of this work was to elucidate the molecu-
lar mechanism determining P. fermentans DISAABA 726 
dimorphic transition, only the putative role of proteins 
showing differential abundance between the two mor-
phologies, whatever the induction strategy, are discussed 
here. A model of metabolic changes taking place during 
P. fermentans DISAABA 726 dimorphic transition is also 
provided.

Fig. 4   Validation of proteomic data. a Image of actin in yeast cells 
induced in YCBU (top) and in filamentous growth induced in YCBM 
(bottom) obtained by immunofluorescence analysis; b sqPCR confir-
mation of abundance levels in yeast (Y) (left), and filamentous growth 
(H) (right) for the genes encoding the five selected proteins whose 
abundance was higher in filamentous growth than in yeast cells. Spe-
cific gene sequences were obtained using as template the peptide 
sequences of the proteins identified by MS analysis. The PCR prod-
ucts were obtained after 35 cycles of amplification. 18S rRNA was 
used as reference gene
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Carbohydrate pathway

Proteomic analysis showed a different organisation of the 
carbohydrate pathway in the two morphologies. Several 
proteins, belonging to glycolysis/gluoconeogenesis path-
way, increased in abundance in yeast morphology of P. fer-
mentans as a consequence of the exponential growth phase 
of the yeast form, and in accordance with data reported 
by Monteoliva et  al. (2011). This behaviour suggests that 
the yeast status is characterised by active aerobic gly-
colysis. Also the increased amount of isocitrate lyase, an 
enzyme involved in the glyoxylate pathway, was found in 
the yeast form. The glyoxylate cycle allows simple carbon 
compounds to be used in the synthesis of macromolecules 
including glucose, and its activation in Pichia yeast-like 
cells may be indicative of the modulation of the carbon flux 
in response to nutrient availability in the growth medium.

The higher levels of NADP-GDH in the yeast form 
with respect to the filamentous growth are not in accord-
ance with the transcriptomic results reported by Fiori et al. 
(2012). However, discordance between mRNA expression 
and protein abundance has been previously reported by 
Chen et al. (2002). NAD- and NADP-dependent glutamate 
dehydrogenases occupy a key position in inter-linking the 
carbon and nitrogen metabolism in fungi. In Benjaminella 
poitrasii, Aradhana et  al. (2004) observed a morphology-
associated increase of NADP-dependent glutamate dehy-
drogenases during yeast-mycelium transition of a dimor-
phic fungus, while Joshi et al. (2010) suggested that a low 
ratio between NADP-GDH/NAD-GDH may have a role in 
the yeast-transition switch from aerobic to fermentation 
metabolism shunting pyruvate to acetaldehyde.

In the filamentous form, increased abundance of two 
enzymes, namely pyruvate decarboxylase and alcohol 
dehydrogenase required for the conversion of pyruvate to 
ethanol in the alcoholic fermentation pathway was found. 
This profile was also confirmed in this work by sqPCR for 
both pyruvate decarboxylase and alcohol dehydrogenase 
(Fig. 4). Additionally, transcriptomic analysis performed by 
Fiori et al. (2012) on yeast samples grown of fruits showed 
overexpression of the gene encoding pyruvate decarboxy-
lase in filamentous morphology induced on peach fruit. The 
catalytic activity of pyruvate decarboxylase depends on the 
presence of the cofactor thiamine diphosphate (König et al. 
2009) a derivative of thiamine. Synthesis of this compound 
requires thiazole synthetase, an enzyme which proved to 
be more abundant in the filamentous morphology of P. fer-
mentans growing on peach fruit than in the yeast-like form 
growing on apple. Thiamine derivatives were suggested to 
be involved in the regulation of gene expression in response 
to adverse environmental conditions through as yet uniden-
tified signal transduction pathways (Tylicki and Siemieniuk 
2011). This observation suggests that the filamentous form 

of P. fermentans DISAABA 726 feeds itself using the fer-
mentation pathway, as represented in the model of Fig. 5.

Ehrlich pathway and yeast‑filamentous growth transition

In P. fermentans, the filamentous switch seems to be trig-
gered by methionine, as demonstrated by the induction of 
pseudohyphal growth on a liquid medium enriched with 
this amino-acid (Sanna et  al. 2012). Interestingly, Bremer 
et  al. (1996) reported that in peach fruits the methionine 
content is higher than in apple fruit. Also, it was observed 
that the presence of methionine was the signal for the onset 
of the transition to filamentous growth in Candida (Maidan 
et al. 2005). It is well known that in particular conditions 
of restricted nitrogen supply, some amino acids such as 
methionine can be assimilated through the Ehrlich path-
way, leading to the production of higher alcohol (Hazel-
wood et  al. 2008). Dickinson (2008) showed that some 
fusel alcohols, which remain after most of the ethanol has 
been removed from any yeast fermentation, can promote 
an aberrant, elongated morphology in S. cerevisiae. Lorenz 
et  al. (2000) characterised the connection between these 
alcohol-induced morphological changes and pseudohy-
phal growth. Several alcohols, notably isoamyl alcohol and 
butanol, promote a filamentous growth on solid medium 
and an elongated or filamentous form in liquid medium. 
Interestingly, pyruvate decarboxylase and alcohol dehy-
drogenase, which increased in abundance in the filamen-
tous growth of P. fermentans, may also act in the Ehrlich 
pathway, suggesting that this pathway might be involved in 
the dimorphic transition of P. fermentans. Thus it may be 
hypothesised that the dimorphic transition in peach fruit tis-
sue can be favoured by the uptake of methionine by P. fer-
mentans. Unexpectedly, two enzymes involved in the bio-
synthesis of methionine were found increased in abundance 
in the filamentous growth developed both on peach fruits 
and on YCBM. Also, the transcript of methionine-synthe-
sising 5-methyltetrahydropteroyl triglutamate-homocyst-
eine methyltrasferase was found overexpressed in the fila-
mentous form growth on YCBM. This finding suggests the 
intriguing hypothesis that filamentous form sustains itself 
by synthesising the substrate necessary for its survival.

Stress response

The levels of several proteins involved in stress response, 
such as ascorbate peroxidase and heat shock protein 70 
(HSP 70), increased in filamentous form growth on peach 
fruits and on YCBM. These results are in accordance with 
transcriptomic analyses carried out by Fiori et  al. (2012) 
that showed enhanced expression of several stress response 
genes in the filamentous growth on peach fruits. Zaragoza 
and Gancedo (2000) reported that filamentous growth is 
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a physiological response to both starvation and a stress-
ful environment. In the first case, it would allow yeasts to 
forage for nutrients which may be present in the vicinity, 
and in the second case it would facilitate the escape from 
harmful agents. On the other hand, in the yeast form, the 
increased abundance of HSP 70 may act as molecular chap-
erone in assisting protein folding to prevent aggregation of 
unfolded polypeptides (Moraes Nicola et al. 2005).

Signal transduction

Two signalling pathways regulate filamentous growth of 
S. cerevisiae in nitrogen limitation (Zurita-Martinez and 
Cardenas 2005). One of the two pathways involves a nutri-
ent sensing G-protein-coupled receptor that signals via 
cAMP and protein kinase A (Pan et  al. 2000). In P. fer-
mentans, a WD repeat protein (ACS1), which is similar to 
a G-protein receptor, may interact with the cAMP-depend-
ent protein kinase, which is also increased in filamentous 
form, hence allowing this enzyme to integrate inputs from 
distinct signalling pathways. The ACS1 might be involved 
in the hyphal development and virulence of P. fermentans, 

as observed by Liu et al. (2010) in the human pathogen C. 
albicans.

Cytoskeleton formation and vesicular trafficking

During the hyphal development, fungi are characterised 
by polarised growth associated with the polarisation of 
the actin cytoskeleton. On the one hand, the higher con-
tent of actin and the associate protein cofilin in filamen-
tous form of P. fermentans compared to yeast form may 
be requested to satisfy the need of more actin protein dur-
ing the filament assembling (Han-Yaku et  al. 1996). On 
the other hand, actin has been suggested to be involved in 
vesicular trafficking (Ayscough et al. 1997) and may inter-
act with another protein that increased abundantly during 
filamentous, a 14-3-3-like protein. The 14-3-3 proteins are 
known to be involved in responses to diverse stresses in 
yeast (Van Hemert et  al. 2001), as well as in various sig-
nal transduction pathways through controlling the activi-
ties of kinases and phosphatases. This function suggests 
that 14-3-3 proteins might regulate multiple pathways 
involved in the dimorphic transition of P. fermentans as has 

Fig. 5   Proposed model of metabolic changes taking place during P. fermentans dimorphic transition
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been previously described for others yeast (Fu et al. 2000; 
Hurtado and Rachubinski 2002). The increase of actin and 
14-3-3 protein in filamentous growth was also correlated 
with overexpression of the encoding genes.

Furthermore, in filamentous growth induced by peach, 
a major component of eisosomes was found increased in 
abundance as well as its mRNA transcript. The eisosomes 
are large protein complexes predominantly composed of 
BAR-domain-containing proteins Pil1 and its homologs are 
situated under the plasma membrane of ascomycetes. A suc-
cessful targeting of Pil1 onto the future site of eisosomes 
accompanies their maturation. During or after recruitment, 
Pil1 undergoes self-assembly into filaments that can serve 
as scaffolds to induce membrane furrows or invaginations 
(Olivera-Couto and Aguila 2012). Although the physiologi-
cal role of eisosomes in the dimorphic transition needs further 
investigation, these data might suggest that in P. fermentans 
the more complex filamentous organisation, with respect to 
the yeast one, requires an increase of cell-to-cell communica-
tion to redistribute cell biomolecules to a different location.

Conclusion

Pichia fermentans DISAABA 726 represents one of the 
very few cases ever reported of a yeast that displays a 
pathogenic behaviour on plant species (Giobbe et al. 2007). 
The results presented in this work indicate that the complex 
and finely tuned switch from yeast-to-filamentous growth 
of P. fermentans on peach might be driven by high levels 
of methionine and stress conditions present in peach fruits. 
A signal transduction pathway involving a putative nutri-
ent sensing G-protein-coupled receptor, cAMP, and protein 
kinase might trigger the dimorphic switch.

Thus, besides the obvious implications in biological 
control and risk assessment studies, this yeast strain may 
represent a new model system to explore protein–protein 
interaction during dimorphic transition in microorganisms.

Pichia fermentans proteome

The mass spectrometry proteomic data have been deposited 
to the ProteomeXchange Consortium (Vizcaíno et al. 2014) 
via the PRIDE partner repository (Vizcaino et  al. 2013) 
with the dataset identifier PXD001664.
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