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Abstract The biocontrol by Pichia anomala strain

Kh6 (Hansen) Kurtzman (Saccharomycetales: End-

omycetaceae) has been extensively studied using

microbial, biochemical and molecular approaches.

However, due to the complexity of the interaction

process, the inhibition mechanism remains uncharac-

terized. An objective study based on proteomic

techniques could allow to increase our knowledge.

Studying modes of action requires conditions as close

as possible to natural infection in order to take into

account interactions between organisms implicating a

more complex protein extraction procedure. In the

present study, we developed an in situ model allowing

the interaction between apple, antagonist and patho-

gen and maintaining the antagonist inhibitory effect

while limiting the contaminations by the apple

components. Moreover, we set up an extraction

protocol compatible with our in situ conditions and

suitable for 2D analysis. Nine protocols, which

differed in cell lysis or protein precipitation proce-

dures, were compared on the basis of the protein yield,

1D gel quality and 2D gel quality.

Keywords Antagonism � In situ conditions �
Pichia anomala strain Kh6 � Saccharomycetales:

Endomycetaceae � Botrytis cinerea � Helotiales:

Sclerotiniaceae � Proteomic study

Introduction

Botrytis cinerea Pers. (Helotiales: Sclerotiniaceae) is

an ubiquist pathogen that causes grey mold disease

during post-harvest storage of fruits (Sholberg and

Haag 1996). Pichia anomala strain K (Hansen)

Kurtzman (Saccharomycetales: Endomycetaceae)

was identified as an antagonist of apple pathogens by

our laboratory (Jijakli and Lepoivre 1993). The modes

of action of P. anomala K on B. cinerea have already

been studied using microbiological, biochemical and

molecular approaches (Friel et al. 2007; Grevesse et al.

2003; Jijakli and Lepoivre 1998; Jijakli et al. 1999;

Massart and Jijakli 2006). An in vitro study demon-

strated that 11 transcripts of P. anomala presented an

increased expression in the presence of B. cinerea cell

walls (Massart and Jijakli 2006). The overexpressed

genes showed homologies to yeast genes with various
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functions, including b-glucosidases, trans-membrane

transport, citrate synthase and external amino acid

sensing and transport. In vivo, two genes coding for

b-glucanases, PAEXG1 and PAEXG2, seemed to be

implied in the mode of action of P. anomala against

B. cinerea (Friel et al. 2007). Indeed, the disruption of

these genes separately or simultaneously implicated a

severe decrease of the P. anomala protective effect.

However, this study revealed the complexity of the

mode(s) of action and suggested the involvement of

other factors. Indeed, the protective level of the parent

strain could be restored by increasing either the mutant

yeast inoculum concentration or the physiological age

of apples. To increase our knowledge about the

mode(s) of action of P. anomala against B. cinerea,

an in situ approach to study the host/pathogen/

antagonist triple interaction is required as well as a

tool allowing to study the genome expression at a

protein level without a priori (Friel et al. 2007).

Proteomics allows us to study the main part of cell

protein contents and to observe variations in the

proteome according to the different conditions of

interest. However, for such studies, efficient protein

extraction is crucial to ensure a successful separation

by 2D and obtain well-resolved 2D gels, free of

streaking or artefacts, and a reproducible protein

pattern from gel to gel (Delaplace et al. 2006).

Moreover the extraction procedure has to extract most

of the cell protein content free of degradations and

contaminants and has to be optimized for one organ-

ism, growth condition or cell compartment (Görg et al.

2004; Shaw and Riederer 2003).

The present study aims at developing an in situ

model and an extraction protocol both compatible with

the downstream proteomic study. The model should

allow the interactions between the pathogen, its

antagonist and apples, while maintaining the antago-

nist’s inhibitory effect. It should also yield sufficient

yeast quantity with a low level of apple contaminants

in order to suit the proteomic study requirements. This

model was based on a single large wound separated

from the microorganisms by a membrane. The

extraction protocol should allow to yield protein

extracts quantitatively and qualitatively compatible

with the proteomic study. Protocols differed mainly in

the cell lysis and protein purification steps by adding

either a sonication step or an organic precipitation to a

basis protocol. A protocol already optimised for a

proteomic study on potato tubers (Delaplace et al.

2006) was also included as a reference. The extraction

protocols were compared on the basis of extracted

protein yield, 1D gel quality and 2D gel quality.

Materials and methods

Organisms and culture conditions

The experiments were carried out in vivo on Malus

pumila cv. Golden Delicious from a local supplier (van

Dyck Freres SA, Namur, Belgium). For each experi-

ment, P. anomala strain Kh6 was grown on Potato

dextrose agar (PDA) medium for 24 h at 25 �C. After

three successive subcultures under the same conditions,

yeast colonies were scraped from plates and suspended

in isotonic water (0.85 % NaCl). The concentration of

the yeast suspension was adjusted to 107 cfu ml-1 on

the basis of optical density measurements on a PRIM934

spectrometer (Secomam, France) at 595 nm. B. cinerea

strain V was cultivated on PDA medium at 25 �C for

three weeks with a 16-h photoperiod. Before use,

0.05 % Tween 20 solution were added onto the cultures.

Spores were scraped off and suspensions were filtered

through sterile nylon gauze. Spore concentration was

estimated using a Bürker counting chamber (Marienfeld

Laboratory Glassware, Lauda-Königshofen, Germany)

and adjusted to 106 spores ml-1 in 0.05 % Tween 20

solution.

Comparison model

Apples were disinfected for 2 min in a 10 % solution

of 36� sodium hypochlorite, washed twice in sterile

distilled water and dried overnight. A large and round

wound (diameter of 50 mm) was cut out in the

longitudinal section removing a 5 mm thick part of the

apples and covered with a membrane (Supor 450,

47 mm, 0.45 lm, PALL, New York, USA). The

apples were placed in plastic boxes containing paper

moistured with 3 ml of distilled water to maintain a

high relative humidity. Four hundred microliters of

the antagonist suspension were laid on the membrane.

One hour later, the apples were inoculated with 400 ll

of the pathogen suspension (Kh6-B) or with 400 ll of

mock inoculums (Kh6). The apples were incubated at

25 �C for 7 h (exponential phase, Kh6-7 and Kh6B-7)

or 24 h (stationary phase, Kh6-24 and Kh6B-24) after
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P. anomala Kh6 inoculation. The membranes were

placed in centrifugation tubes containing 5 ml of

isotonic water and vortexed (2,800 min-1) for 20 s to

recover the yeasts. After a centrifugation at 20,8009g

for 10 min at 4 �C, yeast pellets were washed with 1 ml

of ultra pure water prior to -80 �C storage until use.

To verify the inhibitory effect of P. anomala Kh6 on

B. cinerea, pathogen mycelium development was

assessed after seven days incubation in the same

conditions on apples inoculated with P. anomala Kh6

in the presence of B. cinerea or with B. cinerea alone.

Growth time-course of P. anomala Kh6

Growth curves of P. anomala Kh6 were established

using the in situ model in the presence or absence of

B. cinerea. Three apples were used for each condition

and incubation period. Yeast cells were recovered 0, 3,

6, 9, 12 and 15 h after apple treatment and the obtained

suspensions were diluted to 10-3 (0, 3, 6 and 9 h) or

10-4 (12 and 15 h). One hundred microliters of each

dilution were plated on PDA medium and incubated at

25 �C for four days before counting colony forming

units.

Protein extraction protocols

Hot SDS/acetone protocol (Fig. 1a)

The Hot SDS/acetone protocol (SDSprot) is based on

the extraction protocol from Delaplace et al. (2006).

Briefly, the yeast pellet was thawed on ice, then

resuspended in 750 ll of Lysis buffer 1 (LB1: 4 % w/v

SDS, 5 % w/v sucrose, 0.3 % w/v DTT, 10 % w/v

PVP-P, 20 mM sodium phosphate, pH 8.0) preheated

at 70 �C and added onto 750 ll of glass beads

(425–600 lm, Sigma, St-Louis, Missouri, USA).
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Fig. 1 Outline of (a) the Hot SDS/acetone extraction protocol

(1: SDSprot), (b) the urea/thiourea extraction protocol (2:
UTprot) and its modifications (3: UTS1, 4: UTS3, 5: UTS5, 6:

UTS10, 7: UTTCA, 8: UTPHE and 9: UTACE). LB1 lysis buffer

1, RB rehydration buffer, LB2 lysis buffer 2
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The mix was homogenized for 2.5 min on a Mini

Beadbeater-8 (Biospec Products, Bartlesville, Okla-

homa, USA) then heated at 70 �C for 3 min, placed on

ice for 15 min and centrifuged at 16,1009g for 1 min

at 4 �C. The supernatant was transferred into a new

Eppendorf tube. The extraction was repeated once by

adding 750 ll of preheated LB1 on the glass beads

again. The resulting supernatants were pooled and

then cleared by centrifugation (16,1009g, 15 min,

4 �C) before overnight precipitation at -20 �C using

four volumes of 10 mM DTT cold acetone. After a

new centrifugation (20,8009g, 20 min, 4 �C), the

protein pellet was washed twice with cold acetone/

DTT solution, dried and solubilized in 300 ll of

rehydration buffer (RB1; 7 M Urea, 2 M Thiourea,

4 % CHAPS and 20 mM DTT). The samples were

stored at -80 �C until use.

Urea/Thiourea protocol (Fig. 1b)

The urea/thiourea protocol (UTprot) was based on

those previously used for yeast protein extraction

(Fernández-Arenas et al. 2007; Gori et al. 2007;

Hansen et al. 2006; Hu et al. 2003; Hwang et al. 2006;

Kusch et al. 2007; Matis et al. 2005; Orsborn et al.

2006; Sinclair et al. 2006; Teixeira et al. 2005).

Briefly, after thawing on ice, the yeast pellet was

resuspended in 500 ll of Lysis buffer 2 (LB2; 7 M

Urea, 2 M Thiourea, 4 % CHAPS, 20 mM DTT and a

protease inhibitor cocktail (complete mini tablets,

Roche applied Science, Penzberg, Germany)) and

transferred onto 500 ll of glass beads. Four 30-sec

homogenization cycles using the Mini Beadbeater-8

with 1-min stages on ice in-between were performed

on the homogenate before centrifuging (16,1009g,

1 min, 4 �C) and transferring the supernatant into a

new eppendorf tube. An additional extraction step was

performed by adding 500 ll of fresh LB2 on the

remaining glass beads. The resulting supernatants

were pooled, cleared (16,1009g, 15 min, 4 �C) and

stored at -80 �C until use.

Optimization of the UTprot (Fig. 1b)

Two approaches were chosen to optimise the quantity

and quality of extracted proteins: modifying cell lysis

or adding protein precipitation steps. Cell lysis was

modified by adding a sonication step. After the yeast

pellet was resuspended, transferred onto glass beads

and homogenized, the mix was placed in a 45 kHz

ultrasonic bath (VWR international, West Chester,

Pennsylvania, USA) for 1 min (UTS1), 3 min (UTS3),

5 min (UTS5) or 10 min (UTS10). An additional

extraction step was performed in each case and the

obtained supernatants were cleared (16,1009g,

15 min, 4 �C) and stored at -80 �C.

Protein purification was modified by adding a

precipitation step using trichloroacetic acid (TCA),

phenol- or acetone-based methods. TCA precipitation

(UTTCA) was performed by adding 1/4 volume of

100 % TCA solution to the supernatants for 10 min at

4 �C. After two washes of the precipitate in cold

acetone, proteins were solubilised in 300 ll of LB2

and stored at -80 �C. The phenol-based method

(UTPHE) was performed by adding 500 ll of satu-

rated phenol solution (trisCl 50 mM, pH 8) for 15 min

at 4 �C to the supernatants. Five hundred microliters of

LB2 were added before precipitating the proteins

overnight at -20 �C by adding five volumes of

ammonium acetate. After a centrifugation (6,0009g,

3 min, 4 �C), proteins were solubilised in 300 ll of

LB2 and stored at -80 �C. Acetone precipitation

(UTACE) was performed in the same conditions as in

the SDS protocol. Protein concentrations were deter-

mined using the Bradford method (Bradford 1976).

Each extraction were carried out in two repetitions.

1D and 2D electrophoresis

1D electrophoresis was performed by loading 2 lg of

proteins complemented with 25 % of NuPAGE� LDS

Sample Buffer (Invitrogen, San Diego, California,

USA) in each well of the NuPAGE Novex 4–12 %

Bis–tris Gel 1.0 mm, ten wells (Invitrogen) according

to the manufacturer’s instructions on the XCell

SureLock Mini-Cell (Invitrogen). The gels were

stained using the SilverXpress staining kit (Invitro-

gen). Gels were carried out in duplicate.

2D electrophoresis was performed using either 7- or

24-cm gels. For the 7-cm gels, the isolectric focusing

(IEF) was carried out using 7-cm long pH 4–7 IPG

strips (GE Healthcare, Little Chalfont, UK). The strips

were passively rehydrated O/N in 7 cm strip holders

(GE Healthcare) with 5 lg of total proteins comple-

mented with 0.5 % of IPG buffer pH 4–7 (GE

Healthcare) and diluted in RB or LB2, according to

the extraction protocol, to reach a final volume of

125 ll. After rehydration, the focusing was performed

840 A. Kwasiborski et al.
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on the Ettan IPGphor II (GE Healthcare) using the

following conditions: 30 V for 2 h, a gradient to

500 V within 1 h, a gradient to 4,000 V within 1.5 h, a

gradient to 5,000 V within 30 min and 5,000 V until a

total of 15,000 V h-1 was reached. Before the second

dimension, the strips were first equilibrated for 15 min

in 5 ml equilibration buffer (6 M urea, 30 % glycerol,

2 % SDS, 50 mM Tris pH 8.8) containing 1 % w/v

DTT and second for 15 min in 5 ml equilibration

buffer containing 2.5 % w/v iodoacetamide. The

second dimension was obtained on the XCell Sure-

Lock Mini-Cell (Invitrogen) using a NuPAGE Novex

12 % Bis–tris Gel 1.0 mm, one well (Invitrogen).

Migration was carried out 30 min at 30 V and 50 min

at 200 V. The gels were individually stained using the

SilverXpress staining kit (Invitrogen).

For the 24-cm gels, the IEF was performed using

24-cm long pH 4–7 IPG strips, passively rehydrated

O/N on a rehydratation tray (GE Healthcare) with

100 lg of total proteins complemented with 2 % of

IPG buffer pH 4–7, and then RB was added to reach a

final volume of 450 ll. Focusing was performed on an

Ettan IPGphor II using the following programme:

50 V for 3 h, 300 V for 3 h, a gradient to 1,000 V

within 6 h, a gradient to 8,000 V within 3 h, and

8,000 V until a total of 100,000 V h-1 was reached.

Equilibration was performed in a 10-ml volume per

strip, in the same conditions as for the 7-cm gels. The

second dimension was performed using 2DGel DALT

NF 12.5 % (Gel company, San Francisco, USA) on the

Ettan DALT six (GE healthcare) using the following

migration conditions: 1 h at 0.5 W per gel then 14 h at

2.5 W per gel. The gels were individually stained

using Lavapurple (Fluorotechnics, Gladesville,

Australia) following the manufacturer’s recommenda-

tions. Each 2D gels were carried out in one repetition.

Maldi-ToF mass spectrometry

The mass spectrometry identification were carried out

by the proteomic platform based in the Centre de

Recherche Publique G. Lippmann (Belvaux, Luxem-

bourg). Spot of interest were excised and the proteins

were subjected to in-gel tryptic digestion. After

washing and desalting in 50 mM ammonium bicar-

bonate/50 % v/v methanol, followed by 75 % v/v

ACN, spots were then digested with 10 ng/ll Trypsin

Gold (MSgrade, Promega, Madison, WI, USA) in

20 mM ammonium bicarbonate. The peptides were

extracted using a 50 % ACN containing 0.1 % TFA

and analysed using the Applied Biosystems 4800Pro-

teomics Analyser (Applied Biosystems, Foster City,

CA, USA). Calibration was carried out with the

peptide mass calibration kit for 4,700 (Applied

Biosystems). Proteins were identified from their

peptide mass fingerprinting and searching the NCBI

protein sequence database using the MASCOT soft-

ware (Matrix Science, http://www.matrixscience.com,

London, UK). The search parameters allowed for

carboxyamidomethylation of cysteine as fixed modi-

fication and Oxidation of methionine, oxidation,

dioxydation and kynurenin of tryptophan as variable

modifications.

Results

In situ model

Figure 2 presents the growth time-course of P. ano-

mala Kh6 in the presence or absence of B. cinerea on

the developed apple model. P. anomala Kh6 grew

in the same way in the absence and presence of

B. cinerea and showed the usual phases, i.e. latent

(0–2 h), exponential (2–10 h) and stationary (from

10 h onward). Compared to the in situ model based

on two wounds of 6 mm diameter used by (Jijakli

and Lepoivre 1993; Jijakli et al. 1993) to study the
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8.0

7.5

7.0

6.5

Fig. 2 Growth time-course of P. anomala Kh6 in the presence

(triangle) or absence (filled square) of B. cinerea using the apple

comparison model. Vertical bars indicate the SD of the log (cfu/

apple) determined as a mean of three measurements
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protective effect of P. anomala against B. cinerea, the

developed model allowed to apply tenfold more yeast

inoculum per wound and to recover 42- and 126-fold

more yeast per wound in the exponential and station-

ary phase respectively (data not shown) while con-

serving the microorganisms inoculums/wound surface

ratio.

Extraction protocols comparison

To identify an effective extraction protocol compat-

ible with our in situ model and with the proteomic

study, protocols were compared based on three

parameters: protein yield, 1D gel quality and 2D gel

quality.

Protein yield

Figure 3 presents the protein concentrations obtained

with SDSprot, UTprot and UTprot modifications.

SDSprot-extracted protein yields were from 2.7-

(Kh6-24) to 9.6-fold (Kh6B-7) more than when using

UTprot. SDSprot- and UTprot-extracted protein yields

were respectively twofold less and 1.4-fold more at the

stationary phase (Kh6-24 and Kh6B-24) than at the

exponential phase (Kh6-7 and Kh6B-7) and were

respectively 2.0- and 1.6-fold more from samples with

P. anomala Kh6 in the presence of B. cinerea (Kh6B-7

and Kh6B-24) than from samples in the absence of the

pathogen (Kh6-7 and Kh6-24). Adding a sonication

step to our basic protocol increases protein yield

(Fig. 3). The four protocols with a sonication step,

UTS10, UTS5, UTS3 and UTS1, respectively

increased protein yield by an average 7.7-, 9.5-, 2.9-

and 3.3-fold as compared to UTprot (Fig. 3). Longer

sonication times did not increase the quantities of

extracted proteins. On an average, UTS5-extracted

protein yield was 1.2-fold more than UTS10- and for

Kh6B-7 UTS1-extracted protein yield was 1.6-fold

more than UTS3. Likewise, the three protocols with

a precipitation step made it possible to increase

extracted protein yield as compared to UTprot

(Fig. 3). On an average, UTTCA-, UTPHE- and

UTACE-extracted protein yields were respectively

2.6-, 3.2- and 3.7-fold more than UTprot yield. On an

average, the UTPHE-extracted protein yield was

SDSprot UTprot UTS10 UTS5 UTS3 UTS1 UTTCA UTPHE UTACE

Fig. 3 Extracted protein yield per cell (lg prot/cell) using the

different protocols. Vertical bars indicate the SD of the protein

yield per cell determined as a mean of two replicates. UTprot

urea/thiourea prot, SDSprot hot SDSprot, UTS10-5-3-1 sonica-

tion for 10, 5, 3, 1 min, UTTCA TCA precipitation, UTPHE
phenol precipitation, UTACE acetone precipitation

842 A. Kwasiborski et al.

123

Author's personal copy



1.2-fold more than the UTTCA- and, except for Kh6-

7, UTACE yielded higher protein quantities than

UTTCA or UTPHE.

1D gel electrophoresis

1D gel quality obtained using SDSprot, UTprot and

UTprot modifications showed clear differences what-

ever the samples (Fig. 4). UTprot presented a protein

population spanning a wide range of molecular

weights (MW), from 2 to 200 kDa whereas SDSprot

extracted a majority of low MW proteins, from 2 to

35 kDa. The four sonication protocols (UTS10, 5, 3

and 1) showed few resolved bands. However, the short

sonication times, UTS3 and UTS1, generated better

sample quality (Kh6-7 for UTS3 or Kh6B-7 for UTS1)

showing resolved, though less intense bands than long

sonication time. Except for UTTCA, our precipitation

protocols showed different gel patterns compared to

UTprot. UTTCA presented distinct bands spanning a

Fig. 4 1D gels of proteins extracted from Kh6-7, Kh6-24,

Kh6B-7 and Kh6B-24 using the Hot SDSprot, the UTprot and its

modifications (UTS10-5-3-1, UTTCA, UTPHE and UTACE).

NuPAGE Novex 4-12 % Bis–tris gels (Invitrogen) were used,

loaded with 5 lg of proteins and stained using the SilverXpress

staining kit (Invitrogen)
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wide range of MWs, from 2 to 200 kDa but with weak

band intensity. UTPHE and UTACE generated well-

resolved bands for all conditions (Kh6-7, Kh6B-7,

Kh6-24 and Kh6B-24) but with low MWs (from 2 to

60 kDa) and weak band intensity.

7 cm 2D gel electrophoresis

Each approach (basis protocols or sonication or

precipitation) was evaluated in 2D but only the

SDSprot, UTprot, UTS3 and UTACE gels are pre-

sented here (Fig. 5a). Except for these protocols, none

of the modifications brought out spots. Whatever the

sample conditions, SDSprot generated a low back-

ground and 123 well-resolved protein spots that

spread from pH 4 to 7, with a wide range of molecular

weights (Fig. 5a). However, low MW proteins were

the predominant species in SDSprot 2D gels. A slight

smear was also observed for high MWs and acidic

proteins. UTprot generated 91 well-resolved protein

spots spanning from pH 4 to 7 and high MW proteins

were the predominant extracted species whatever the

samples (Fig. 5a). UTS3 and UTACE presented

respectively 14 and 35 resolved spots, which is much

lower than the SDSprot and UTprot resolved-spot

numbers.

24 cm 2D gel electrophoresis

Figure 5b represents two representative gels obtained

from Kh6B-7 to Kh6B-24 samples extracted using

SDSprot. Whatever the sampling conditions, SDSprot

generated a low background and well-resolved protein

spots that spread from pH 4 to 7 and on a wide

molecular weight range. Unlike in the 7-cm 2D

pattern, we did not observe a predominance of the

low molecular weight proteins. Moreover a higher

number of protein spots were observed compared to

the 7-cm gels.

a b

Fig. 5 7-cm 2D gels from Kh6-7 using Hot SDS/acetone

(SDSprot), Urea/Thiourea (UTprot) and two modified (UTS5

and UTACE) protocols (a), and 24-cm 2D gels from Kh6B-7

and Kh6B-24 using the Hot SDS/acetone extraction protocol

(b), 5 or 100 lg of proteins were loaded on 7-or 24-cm IPG

strips (pH 4–7) respectively, then run respectively on a

NuPAGE Novex 12 % Bis–tris Gel (Invitrogen) or 2DGel

DALT NF 12.5 % (Gel company) and finally stained using the

SilverXpress staining kit (Invitrogen) or the Lavapurple

(Fluorotechnics) respectively
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Discussion

The aim of this study was to develop an in situ model

and a protein extraction protocol to perform the

proteomic analysis of the antagonistic mechanisms

exhibited by P. anomala Kh6 in the presence of the

targeted pathogen B. cinerea, taking into account the

apple/antagonist/pathogen tripartite interaction.

In situ model

The developed in situ model had to allow exchanges

between organisms, to maintain the inhibitory effect of

the antagonist, to obtain yeast quantity compatible

with the downstream proteomic study and to limit the

apple constituents’ contaminations. Our model was

based on a single large wound covered by a membrane

separating the apple from the microorganisms and

answered to the later prerogatives.

The membrane allowed the transfer of nutrients

required for yeast and fungus growth and the conser-

vation of the inhibitory effect of P. anomala against

B. cinerea. Indeed, we observed the development of

mycelium on the membrane inoculated with

B. cinerea alone, which was severely reduced in the

presence of P. anomala Kh6 (data not shown).

Moreover, Jijakli and Lepoivre (1993) and Jijakli

et al. (1999, 1993) demonstrated that P. anomala K

exhibited a 93–97 % protection level against

B. cinerea. The membrane also prevents the contam-

inations by apple constituents. No apple proteins were

identified by MALDI-ToF mass spectrometry in the

randomly chosen spots excised from 24 cm 2D gels

(data not shown). Based on the growth time-course,

samples were taken 7 and 24 h after yeast inoculation,

i.e. during the respective exponential and stationary

phases of P. anomala Kh6 growth on apples.

Extraction protocols

The extracted protein quantity and quality had to be

compatible with the downstream proteomic study.

Hot SDS/acetone versus urea/thiourea extraction

protocol

The higher UTprot-extracted protein yield at the

stationary phase than at the exponential phase did

not meet our expectations. Indeed, stationary phase

yeast cells are physiologically, biochemically and

morphologically distinct from exponentially growing

cells. Stationary phase cells have thick and less porous

cell walls (Nobel et al. 1990a, b) and the synthesis of

most of the exponential phase proteins stops at the

stationary phase (Boucherie 1985). In the exponential

phase, the morphological and physiological state of

P. anomala Kh6 cells possibly required more aggres-

sive extraction conditions that were not present in

UTprot. The higher protein yield in samples in the

presence of B. cinerea could be explained by the

introduction of the pathogen. Indeed, although

B. cinerea growth was inhibited by P. anomala Kh6

(Jijakli et al. 1993), introducing pathogen conidia into

yeast samples certainly contributed to increasing

protein yield. Whatever the growth phases or the

presence of the pathogen, SDSprot extracted more

proteins than UTprot. SDSprot was designed to extract

proteins from recalcitrant plant tissues like potato

tubers and remove interfering compounds like poly-

phenols (Delaplace et al. 2006) whereas UTprot was

developed for in vitro yeast studies (Fernández-Arenas

et al. 2007; Gori et al. 2007; Hansen et al. 2006; Hu

et al. 2003; Hwang et al. 2006; Kusch et al. 2007;

Matis et al. 2005; Orsborn et al. 2006; Sinclair et al.

2006; Teixeira et al. 2005). P. anomala Kh6 seems to

possess a highly resistant cellular wall implying the

use of an aggressive lysis step, as in SDSprot, in

addition to the extraction protocols commonly used

for yeast cells (Massart 2005).

The obtained 1D gel patterns of SDSprot presented

a majority of low MW proteins whereas UTprot gel

showed a wide range of MW. These differences can be

explained either by a higher capacity of SDSprot to

extract low MW proteins as compared to UTprot, or by

protein degradation induced by the presence of active

proteases released during the lysis step in the SDSprot

experiment in spite of the supposed irreversible

inactivation of the SDSprot extracted proteases (des

Francs et al. 1985; Harrison and Black 1982). How-

ever, the possible presence of residual polysaccharides

in SDSprot extractions could as well explain these

differences. Polysaccharides could narrow the gel

pores and prevent the entry of high MW proteins in

the gels. Similar results were previously reported

(Delaplace et al. 2006).

The obtained 2D gel patterns using SDSprot and

UTprot confirmed the observations from 1D gels. The
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slight smear observed on the 2D SDSprot gel for high

MWs and acidic proteins could be due to the difficulty

to solubilise them even in a buffer that is highly

concentrated in chaotropes such as urea and thiourea

(Harder et al. 1999). In spite of the difference in

patterns, the 2D gel quality obtained with either of the

extraction protocols was comparable and exploitable

for further analysis.

Urea/thiourea protocol modifications

Unlike SDSprot, UTprot is a simple and rapid

extraction protocol with good 1D and 2D gel patterns

but has the disadvantage of extracting small amounts

of proteins incompatible with the further use of large

2D gels. Consequently a series of optimizations was

attempted in order to improve protein yield.

Adding a sonication step to UTprot increases

protein yield. During sonication, the violent collapse

of cavitation bubbles induces cell wall disruption

(Tsukamoto et al. 2004). In addition to the mechanical

damage caused by the beads, sonication may increase

the number of lysed cells and then the yield of protein

extraction. Longer sonication times did not increase

the quantities of extracted proteins as we expected.

Applying such a sonication for a long period results in

a high local temperature and pressure (Suslick and

Price 1999). These conditions could induce modifica-

tions of the binding site of the Bradford reagent

(arginine, tyrosine, tryptophane, histidine or phenyl-

alanine), and a resulting decrease in quantified protein

concentrations (Brandts et al. 1970; Privalov and

Makhatadze 1990). The results of the addition of a

precipitation step are coherent with previous studies

that demonstrated better protein extraction using

phenol compared with TCA (Carpentier et al. 2005;

Saravanan and Rose 2004; Vincent et al. 2006). TCA

is a very effective precipitant, but TCA-precipitated

proteins are more difficult to redissolve than phenol-

precipitated proteins (Nandakumar et al. 2002). A

quantitative comparison between acetone-, TCA- and

a phenol-based precipitation step has not been empha-

sized in recent publications. However, a higher protein

loss probably took place with TCA and phenol than

with acetone. Although the precipitation step enables

us to purify proteins and concentrate them by resus-

pending them in a lower volume of rehydration buffer,

it could also imply protein loss.

A sonication or a precipitation step improved the

extracted protein yield without however improving the

1D gels’ quality. All the modifications 1D gels

presented few resolved bands with weak intensity.

These results were unexpected. A high rate of protein

degradation (see above) could possibly explain the

results of the four sonication protocols. However, even

if the UTPHE pattern suggested proteins’ degradation,

the UTTCA and UTACE pattern suggested more a

protein loss due to the precipitation step.

Likewise, the 2D gels’ quality was not improved by

the addition of a sonication or a precipitation step. This

result could be explained either by proteins’ degrada-

tion (UTS3) or loss of proteins (UTACE) (see above)

or by nucleic acid contamination. Nucleic acids

interact with proteins and can adversely affect the

resolution of focusing gels (O’Farrell 1975). However,

ultrasounds have harmful effects on nucleic acids

(McKee et al. 1977) and acetone-based precipitation

discards nucleic acids from the protein sample, which

suggests the absence of nucleic acid contaminations in

our protein extracts.

24 cm 2D electrophoresis gels

To improve resolution and sensitivity of 2D gels,

24 cm IPG strips should be used in further studies.

Such strips have a higher protein loading capacity and

a higher separating power than 7 cm IPGs. Conse-

quently an increased number of protein spots can be

observed with the same sensitivity. Our results showed

that UTprot and SDSprot were the most effective

extraction protocols to obtain good quality 1D and

7 cm 2D gels. However, the low UTprot-extracted

protein yield did not make it possible to load 100 lg of

protein on the 24 cm 2D gels. Finally, SDSprot was

the most efficient protocol for the considered param-

eters. To confirm this choice, an assay on 24 cm 2D

gels was performed. The 24 cm 2D pattern could be

explained by the loading of 100 lg of proteins, the

higher separating power of the 24-cm strips and the

protein extract purity. The loading of high protein

quantities increase the amount of low abundant

proteins. Proteins with a closed pI can be separated

on 24 cm strips in two resolved spots whereas one

single spot is observed on a 7 cm strips. The precip-

itation step included in the SDSprot allowed to limit

the salt or nucleic acids contaminations. In such

condition, 2D gels presented a low background that
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did not impair the proteins’ quantification. The 24-cm

2D gels obtained from our in situ model and the

proteins extracted using SDSprot could be used in a

proteomic study confirming the choice of the extrac-

tion protocol.

Finally, this study aimed at developing an in situ

model and an extraction protocol making it possible to

analyse, during a first global approach, the inhibition

mechanism of P. anomala Kh6 against B. cinerea in a

proteomic study. The in situ model is close to natural

infection conditions where interactions among host,

antagonist and pathogen occur while limiting the

contaminations by apple constituents. Moreover the

inhibitory effect of P. anomala against B. cinerea is

maintained.

In a proteomic study, protein extraction is a key step

that determines 2D gel quality. The hot SDS lysis and

the urea/thiourea extraction protocols gave different

2D patterns compatible with a proteomic study.

However, SDSprot seems more efficient than UTprot

in terms of protein extraction yield. An additional step

of sonication or protein precipitation to the UTprot

increased the quantity of extracted proteins but

decreased the 1D and 2D gel quality. UTprot optimi-

zation could be carried on by improving the lysis

buffer to increase the protein solubilization, by

decreasing protein degradation by natural proteases

or by a combination of a thermal lysis and a

precipitation step. In our conditions, SDSprot, which

combined thermal and mechanical lysis with a protein

precipitation step, remained the most effective proto-

col to extract proteins. The developed model and the

extraction protocol allow the recovery of yeast

proteins in amounts and in quality compatible with

the downstream proteomic study of the biocontrol

mechanism of P. anomala Kh6.
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Lafalize for their help.

References

Boucherie H (1985) Protein synthesis during transition and

stationary phases under glucose limitation in Saccharo-
myces cerevisiae. J Bacteriol 161:385–392

Bradford MM (1976) A rapid and sensitive method for the

quantitation of migrogram quantities of protein utilizing

the principle of protein-dye binding. Anal Biochem 72:

248–254

Brandts JF, Oliveira RJ, Westort C (1970) Thermodynamics of

protein denaturation. Effect of pressure on the denaturation

on ribonuclease A. Biochemistry 9:1038–1047

Carpentier SC, Witters E, Laukens K, Deckers P, Swennen R,

Panis B (2005) Preparation of protein extracts from recal-

citrant plant tissues: an evaluation of different methods for

two-dimensional gel electrophoresis analysis. Proteomics

5:2497–2507

Delaplace P, van der Wall F, Dierick J-F, Cordewener JHG,

Fauconnier M-LP, du Jardin P, America AHP (2006)

Potato tuber proteomics: comparison of two complemen-

tary extraction methods designed for 2-DE of acidic pro-

teins. Proteomics 6:6494–6497

des Francs CC, Thiellement H, De Vienne D (1985) Analysis of

leaf proteins by two-dimensional gel electrophoresis: pro-

tease action as exemplified by ribulose bisphosphate car-

boxylase/oxygenase degradation and procedure to avoid

proteolysis during extraction. Plant Physiol 78:178–182

Fernández-Arenas E, Cabezón V, Bermejo C, Arroyo J, Nom-

bela C, Diez-Orejas R, Gil C (2007) Integrated proteomics

and genomics strategies bring new insight into Candida
albicans response upon macrophage interaction. Mol Cell

Proteomics 6:460–478

Friel D, Pessoa NMG, Vandenbol M, Jijakli MH (2007) Sepa-

rate and combined disruptions of two exo-b-1,3-glucanase

genes decrease the efficiency of Pichia anomala (strain K)

biocontrol against Botrytis cinerea on apple. Mol Plant

Microbe Interact 20:371–379

Görg A, Weiss W, Dunn MJ (2004) Current two-dimensional

electrophoresis technology for proteomics. Proteomics 4:

3665–3685
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