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Proteins secreted by Bacillus amyloliquefaciens FZB42, a root-associated plant growth-

promoting rhizobacterium, are thought to play an important role in the establishment of beneficial

interactions with plants. To investigate the possible role of proteins in this process, extracellular

proteome maps of B. amyloliquefaciens FZB42 during the late exponential and stationary growth

phases were generated using 2D gel electrophoresis. Out of the 121 proteins identified by

MALDI-TOF MS, 61 were predicted to contain secretion signals. A few of the others, bearing no

signal peptide, have been described as elicitors of plant innate immunity, including flagellin

proteins, cold-shock proteins and the elongation factor Tu, suggesting that B. amyloliquefaciens

FZB42 protects plants against disease by eliciting innate immunity. Our reference maps were

used to monitor bacterial responses to maize root exudates. Approximately 34 proteins were

differentially secreted in response to root exudates during either the late exponential or stationary

phase. These were mainly involved in nutrient utilization and transport. The protein with the highest

fold change in the presence of maize root exudates during the late exponential growth phase was

acetolactate synthase (AlsS), an enzyme involved in the synthesis of the volatile acetoin, known as

an inducer of systemic resistance against plant pathogens and as a trigger of plant growth.

INTRODUCTION

Bacillus amyloliquefaciens FZB42, a representative of plant
growth-promoting rhizobacteria (Lugtenberg & Kamilova,
2009), is the type strain for a group of plant-associated
Bacillus spp. classified as B. amyloliquefaciens subsp. plan-
tarum (Borriss et al., 2011). Its 3918 kb genome, contain-
ing an estimated 3693 protein-coding sequences, lacks
extended phage insertions, which occur ubiquitously in the
closely related but non-plant-associated Bacillus subtilis 168
genome. Further analysis revealed that B. amyloliquefaciens
FZB42 is a bacterium with impressive capacity to produce
metabolites with antimicrobial activity (Chen et al., 2007).
Its antifungal activity is due to non-ribosomal synthesis of

the cyclic lipopeptides bacillomycin D and fengycin, whilst
its antibacterial activity is mainly due to non-ribosomally
synthesized polyketides, bacilysin (Chen et al., 2009) and
ribosomally synthesized bacteriocins (Scholz et al. 2011,
2014). The plant-colonizing ability of B. amyloliquefaciens
FZB42 and its efficiency under field conditions were
demonstrated (Fan et al., 2012). As shown previously, B.
amyloliquefaciens FZB42 is able to colonize the highly
competitive rhizosphere [7.45–6.61 log c.f.u. (g root dry
mass)21] within the growth period of lettuce in the field
(Chowdhury et al., 2013).

Although the ability of B. amyloliquefaciens FZB42 to
support plant growth is well documented (Borriss, 2011;
Chowdhury et al., 2013), the many interactions between
plants and beneficial plant-associated bacilli are still
elusive. The recognition process and establishment of
interactions with plants are mediated via molecular signals
produced by bacteria, commonly called elicitors, which are
perceived by receptors in the plant cell membranes (Darvill
& Albersheim, 1984). From the plant side, root exudates
have been proven to be essential for the initiation and

Abbreviations: ABC, ATP-binding cassette; IAA, indole-3-acetic acid;
IPG, immobilized pH gradient; S/N, signal-to-noise ratio; Tat, twin-
arginine translocation.

The original data are accessible at http://world-2dpage.expasy.org/
repository/0064/.
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establishment of plant–microbe interactions as the contain
substrates and signalling compounds that affect gene expres-
sion of plant growth-promoting rhizobacteria, including B.
amyloliquefaciens FZB42 (Fan et al., 2012). Several factors
are involved in the complex interplay between root-
colonizing bacteria and plants:

The general ability of B. amyloliquefaciens FZB42 to
suppress soil-borne pathogens may improve plant health
and positively affect the indigenous microbiome of the
rhizosphere. In this context, we have to distinguish two
different mechanisms: (i) competition with bacterial and
plant pathogens by secretion of a plethora of secondary
metabolites with antimicrobial action (see above), and (ii)
stimulation of induced systemic resistance (Doornbos et al.,
2012) by several metabolites, peptides and proteins. It was
observed that plants recognize the different microbe-
associated molecular patterns of beneficial microbes,
similar to the recognition of pathogen-associated molecu-
lar patterns. This leads to a mild but effective activation of
the plant immune response in the systemic tissues, called
‘priming’ (Pieterse et al., 2014).

Volatiles, such as 2,3-butanediol and 3-hydroxy-2-butanone
(acetoin), released by B. subtilis GB03 and B. amyloliquefa-
ciens IN937a were reported to enhance plant growth (Ryu
et al., 2003). To synthesize 2,3-butanediol, pyruvate is
converted to acetolactate by acetolactate synthase (AlsS).
The enzyme, which lacks a signal peptide, catalyses the
condensation of two pyruvates to form 2-acetolactate under
oxygen-limiting conditions in order to maintain the internal
cell pH. Subsequently, acetolactate is decarboxylated to
acetoin by acetolactate decarboxylase (AlsD) (Renna et al.,
1993). B. amyloliquefaciens FZB42 mutant strains, deficient
in the synthesis of volatiles due to mutations interrupting
the alsD and alsS genes, were impaired in plant growth
promotion (Borriss, 2011).

B. amyloliquefaciens FZB42 stimulates plant growth, espe-
cially the root system, by tryptophan-dependent synthesis of
indole-3-acetic acid (IAA). Inactivation of genes involved in
tryptophan biosynthesis and in a putative tryptophan-
dependent IAA biosynthesis pathway led to reduction of
both IAA concentration and plant-growth-promoting
activity in the respective mutant strains (Idris et al., 2002).

Bacillus volatiles (Ryu et al., 2004) and cyclic lipopeptides,
such as surfactin and fengycin (Ongena et al., 2007), were
shown to elicit immune response reactions in Arabidopsis
plants. B. amyloliquefaciens can stimulate induced systemic
resistance in oilseed rape against Botrytis cinerea (Sarosh
et al., 2009). Root-drench application of surfactin and live
cells of mutant B. amyloliquefaciens FZB42-AK3 (which
produces surfactin, but not bacillomycin D and fengycin)
significantly reduced disease incidence and severity on
perennial ryegrass (Rahman et al., 2014).

Extracellular proteins play an important role in the adap-
tation of bacteria to constantly changing environmental
conditions at the plant root and take part in the modulation

of interactions with either other bacteria or host plants. The
repertoire of degradative extracellular enzymes reflects the
chemical complexity of the composite substrates that
bacteria utilize. As with other soil saprophytic bacteria, B.
amyloliquefaciens secretes enzymes that depolymerize com-
plex structures of plant cell walls and make them useful for
various cellular processes (Chen et al., 2007).

We recently investigated the response of the B. amyloli-
quefaciens FZB42 transcriptome to the presence of plant
root exudates (Fan et al., 2012; Carvalhais et al., 2013). The
quantity and composition of these exudates are dependent
on a number of factors, including plant developmental
stage, species and nutritional state (Carvalhais et al., 2011).
In this study, taking advantage of the availability of the B.
amyloliquefaciens genome (Chen et al., 2007), a proteomics
investigation of plant–microbe interactions was performed
as a comprehensive approach to our previous transcrip-
tomics studies.

METHODS

Bacterial strain and culture conditions. B. amyloliquefaciens
FZB42 (WT) was cultivated in 1C medium as described previously
(Fan et al., 2012). In order to simulate partially the chemical
conditions that bacteria experience under soil conditions, the growth
medium was supplemented with 10 % soil extract, which was
prepared as described previously (Fan et al., 2012) by extracting
500 g dried, fertile garden soil with 1 l distilled water for 2 h and
autoclaving at 120 uC for 20 min. After cooling, the supernatant was
filtered with a 0.22 mm Nucleopore unit and then stored at 4 uC until
use. Sterility was confirmed by spreading 200 ml oil extract on an LB
agar plate and incubating at 37 uC for 24 h. This soil extract was
previously shown to exert only minor changes on the transcriptome
of B. amyloliquefaciens FZB42 (Fan et al., 2012). Some treatments
consisted of a further addition of maize root exudates to the culture
medium up to a final concentration of 250 mg dry weight ml–1.
Sterilization of maize seeds and collection of root exudates were done as
described previously (Fan et al., 2012).

Protein extraction. B. amyloliquefaciens FZB42 strain cultures were
harvested at OD600 3.0 and 4.5 for the late exponential and stationary
growth phases, respectively. The cells were removed by centrifugation
(6400 g, 4 uC, 10 min). Trichloroacetic acid was added to the liquid
fraction to a final concentration of 10 %. The extracellular proteins
were precipitated at 4 uC overnight. Subsequently, extracellular
proteins were collected by centrifugation (16000 g, 4 uC, 45 min).
The protein pellet was washed three times with 2 ml ice-cold acetone
and centrifuged (22000 g, 4 uC, 20 min). Similarly, two washing steps
with 96 % ice-cold ethanol were performed. The extracellular proteins
obtained were stored in 96 % ethanol at 220 uC.

2D gel electrophoresis and protein visualization. Protein
concentration was quantified using a Bio-Rad protein assay kit
following the manufacturer’s recommendations. A sample of 500 mg
extracellular protein was dissolved in rehydration buffer, which was
composed of 8 M urea, 2 % (w/v) CHAPS, 50 mM DTT and 0.2 %
(v/v) Biolyte Pharmalyte (40 %), pH 3–10 (Bio-Rad). A 10 min
centrifugation step was performed to pellet the insoluble particles.
The samples were used to rehydrate the pH 3–10, 24 cm immobilized
pH gradient (IPG) strips (Bio-Rad) at room temperature overnight.

IEF was performed with an IEF Cell (Bio-Rad) employing the
following voltage profile: linear increase from 0 to 500 V for 500 Vh,
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500 V for 2500 Vh, linear increase from 500 to 3500 V for 10 000 Vh
and a final phase of 3500 V for 35 000 Vh.

After IEF, the IPG strips were incubated for 15 min in an
equilibration buffer [6 M urea, 30 % (v/v) glycerol, 50 mM Tris/

HCl (pH 6.8) and 4 % (v/v) SDS] containing 0.35 % (w/v) DTT.
Subsequently, the IPG strips were transferred to the same equilib-

ration buffer containing 4.5 % (w/v) iodoacetamide instead of DTT

and incubated for another 15 min.

For the second-dimension gel electrophoresis, 15 % polyacrylamide gels

were precast. IPG strips were placed on top of the polyacrylamide gels
and covered by 0.5 % agarose with the addition of bromophenol blue.

The run was carried out at 16 uC with an initial starting current of 3 mA
per gel for 2 h, followed by a main run at 20 mA per gel. The run was

continued until the bromophenol blue dye ran off the end of the gel. The
resulting 2D gels were fixed with 50 % (v/v) ethanol/12 % (v/v) acetic

acid for 2 h followed by two washing steps and subsequently stained with
colloidal Coomassie blue staining (CCB) solution [10 % w/v (NH4)2SO4,

10 % (v/v) phosphoric acid, 20 % (v/v) methanol and 1.2 g Coomassie
Brilliant Blue G-250 l21]. After ~20 h of staining, the excess Coomassie

dye was removed by washing the gels in distilled water.

Image and data analysis. Coomassie-stained gels were digitalized
by scanning with a Molecular Imager FX scanner (Bio-Rad). The

images obtained were analysed with PDQuest software (version 7.2;
Bio-Rad). The analysis consisted of spot detection, landmark

identification, matching of spots within one group of gels, creation
of an average gel, and molecular mass and isoelectric point (pI)

calculation. Matched spots were inspected manually to verify the
accuracy of the automatic gel matching. The spot volume was used as

the analysis parameter for quantifying protein expression. In order to
handle the missing spots, master gels were created containing spots

from all the gels, which were then used to match all the spots for

further statistical analysis. The gel images were optimized by
removing background spots. For normalization, a formula was used

that divides the raw quantity of each spot in a gel by the total intensity
value of all the pixels in the image. The abundance of each protein

spot was estimated by the percentage volume (vol.%), which
represented the percentage of the total volume in all spots that were

present in the gel. The spots that were present on at least two out of
three gels of biological replication groups in each treatment were

identified as protein spots. Three technical replicates were performed
for each treatment. Fold changes in protein spot levels were calculated

by comparing spot volumes in the group where root exudates were
supplemented with the group without root exudates. The statistical

significance of the quantitative data was determined using Student’s t-

test, P,0.05. Expression ratios of proteins were calculated based on the
numerical data exported to Excel (Microsoft) from PDQuest software.

To generate an extracellular reference map, a protein was considered
as expressed under the applied conditions only if it was detected in

two out of three biological replicates. Three technical replicates were
obtained for each biological replicate.

Identification of protein spots by MALDI-TOF MS. To identify the
visualized proteins, spots were excised either manually or with a

Proteome Works Spot Cutter System (Bio-Rad). The spots were
transferred into 96-well microtitre plates. In-gel trypsin digestion of

the proteins and extraction of the peptides were performed using an

Ettan Spot Handling Workstation (GE Healthcare) according to a
modified manufacturer’s protocol. Briefly, gel pieces were washed

twice with 50 % CH3CN/50 % 50 mM NH4HCO3 for 30 min and
once with 75 % CH3CN for 10 min. After drying at 37 uC for 17 min,

10 ml trypsin (20 ng ml21 trypsin; Promega) was added and incubated
at 37 uC for 120 min. For peptide extraction, gel pieces were covered

with 0.1 % trifluoroacetic acid in 50 % CH3CN and incubated for
30 min at 40 uC. The peptide-containing supernatant was transferred

into a new microtitre plate and the extraction was repeated. The

supernatants were dried completely at 40 uC for 220 min. The

peptides were dissolved in 2.0 ml matrix solution (a-cyano-4-hydroxy

cinnamic acid in 50 % CH3CN/0.5 % trifluoroacetic acid) and 0.7 ml

of this solution was spotted directly onto the MALDI target.

Peptide mass determination was carried out with a 4800 MALDI-

TOF/TOF Proteomics Analyser (Applied Biosystems). Spectra were

recorded in a mass range from 900 to 3700 Da with a focus mass of

2000 Da. For one main spectrum, 30 subspectra with 60 shots per

subspectrum were accumulated using a random search pattern.

Spectrum calibration and analysis were performed with 4000 Series

Explorer software. When the autolytic fragments of trypsin with the

mono-isotopic (M+H)+ m/z at 1045.556 and 2211.104 reached a

signal-to-noise ratio (S/N) of at least 20, an internal calibration was

automatically performed as a two-point calibration using these peaks.

The standard mass deviation was ,0.15 Da. When the automatic

calibration failed (in ,1 %), calibration was carried out manually.

Peak lists were created using the ‘peak to mascot’ script of the

Explorer software with a S/N of 10–15. The mass range was 900–

3700 Da. Filters for the peak search were set to a peak density of 15

peaks per 200 Da, a minimal peak area of 100 and maximal 60 peaks

per spot. TOF/TOF measurements were carried out for the two

highest peaks in a spectrum when possible. For one main spectrum,

25 subspectra with 125 shots per subspectrum were accumulated

using a random search pattern. Internal calibration was automatically

performed as a one-point calibration either with the mono-isotopic

arginine (M+H)+ peak m/z at 175.119 or the lysine (M+H)+ peak

m/z at 147.107, when the peaks reached at least a S/N ratio of 5. The

settings for peak list creation were a mass range from 60 to precursor

ion mass minus 20 Da, a peak density of 15 peaks per 200 Da, a

minimal peak area of 100 and maximal 65 peaks per precursor. Peak

lists were created with a S/N ratio of 10. For the database search, the

Mascot search engine version 2.1 (Matrix Science) was used with a B.

amyloliquefaciens sequence database (http://www.uniprot.org/). The

search criteria were as follows: a charge state of the precursor ion of

+1, a fragment mass tolerance of 0.55 Da, trypsin as enzyme, one

missed cleavage allowed, and oxidation of methionine and carbami-

domethylation of cysteine as modifications.

Software and bioinformatics approaches. Protein sequences of

B. amyloliquefaciens FZB42 were derived from the GenBank database

(http://www.ncbi.nlm.nih.gov/genbank/). Subcellular localization of

proteins was predicted with PrediSi software. The signal peptide

sequences were searched with SignalP version 3.0, TatP version 1.0

and SecretomeP version 2.0, available at the CBS prediction server

(http://www.cbs.dtu.dk./services/). The transmembrane helices of the

proteins were predicted with TMHMM version 2.0 (Krogh et al., 2001).

JVirGel software was employed for preparation of the theoretical

secretome of B. amyloliquefaciens (Hiller et al., 2003).

RESULTS AND DISCUSSION

‘Hypothetical’ and ‘real’ secretome of
B. amyloliquefaciens FZB42

The availability of the B. amyloliquefaciens FZB42 genome
allows the prediction of proteins containing the signal for
translocation across the cell wall. Amongst the 3693 ORFs,
289 proteins (7.2 %) were predicted to be potentially
exported from the cytoplasm. A theoretical secretome map
was created to set appropriate conditions for successive
analyses (Fig. S1, available in the online Supplementary
Material). As most of the extracellular proteins with
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molecular masses from 7 to 150 kDa were distributed
across a pH gradient ranging from 4 to 11, IPG strips with
a pH 3–10 gradient placed along a 15 % polyacrylamide gel
were chosen as the standard analytical window.

According to their signal peptide sequences, most of the
predicted extracellular proteins were secreted by the Sec
machinery. Only 10 proteins were predicted to contain
potential twin-arginine motifs, suggesting translocation via
the twin-arginine translocation (Tat) pathway. The num-
ber of predicted twin-arginine sequences was similar to
other Gram-positive bacteria, such as B. subtilis (Tjalsma
et al., 2004). Amongst the proteins with predicted signal
peptides, we found that 213 possessed recognition sites for
cleavage by the type I signal peptidase, whilst 72 proteins
contained signal peptides with sites for cleavage by
lipoprotein-specific signal peptidase II (Fig. S2).

2D gel electrophoresis revealed a higher number of visible
spots for the stationary phase (239±22.9), than for the late
exponential phase (151±3.8, Fig. 1). Analysis of the
peptide mass fingerprints of these spots allowed the
identification of a total of 121 different proteins (Table
S1). Some of the proteins, e.g. Vpr (minor extracellular
serine protease), AmyE (a-amylase) and SacB (levansu-
crase), occurred as multiple spots, possibly as an artefact of
isoelectric focusing due to trichloroacetic acid precipitation
during sample preparation (Tjalsma et al., 2004). Amongst
the 121 extracellular proteins, only 61 were predicted to
possess a signal peptide and to be secreted via the Sec
pathway (Table 1). The N-terminal domains of many signal
peptides displayed type I signal peptidase cleavage sites
with the consensus motif A-X-A at positions –3 to –1,
relative to the cleavage site. This is in accordance with
findings obtained for B. subtilis (Tjalsma et al., 2000).

The N-terminal domain of 11 proteins contained the so-
called lipobox with the consensus sequence L-(A/S)-(A/G)-C,
where the conserved cysteine residue is a target for lipid
modification and is the first residue of the mature lipo-
protein after cleavage by signal peptidase type II (Tjalsma et al.,
2000). Those proteins are involved in transport processes;
some of these are ATP-binding cassette (ABC) transporters
and therefore their N-terminal end would be expected to be
lipid-anchored to the membrane. It is most likely that these
proteins are released from the membrane by ‘proteolytic
shaving’ (Tjalsma et al., 2004). Alternatively, these lipoproteins
could be actively released from the membrane with the help of
the hypothetical release factor, as was observed for lipoproteins
of Escherichia coli (Yakushi et al., 2000).

Three proteins occurring in the extracellular proteome, i.e.
phosphodiesterase/alkaline phosphatase (PhoD), bifunctional
29,39-cyclic nucleotide 29-phosphodiesterase/39-nucleotidase

precursor protein (YfkN) and menaquinol-cytochrome
c reductase iron–sulfur subunit (QcrA), possessed a twin-
arginine motif (RR/KR) within their signal peptides
indicating secretion through the Tat pathway. In B. subtilis,
these proteins were predicted to also possess Tat motifs.
However, only PhoD has been shown to be translocated Tat
dependently (Jongbloed et al., 2002).

An N-terminal signal peptide sequence extension was not
found in 60 proteins amongst the 121 extracellular proteins
identified by MALDI-TOF MS (Table S2). Similar observa-
tions were also made in the extracellular proteomes of B.
subtilis and Bacillus licheniformis (Tjalsma et al., 2004; Voigt
et al., 2006). Their extracellular occurrence may be caused by
cell lysis during culturing or sample preparation. Several of
those proteins appeared to be the most abundant cytoplas-
mic proteins, such as the chaperone proteins GroEL and
DnaK, as well as the translation elongation factor Tu (Tuf),
enolase (Eno) and the superoxide dismutase (SodA). The
elongation factor Tu, which is essential for protein trans-
lation, has been reported to be a potent elicitor of defence
responses and diseases resistance in Arabidopsis (Kunze et al.,
2004). The flagellar hook-associated proteins (FliD and
FlgK), the flagellar hook protein (FlgE) and flagellin (Hag)
are either released from damaged flagella or exported via
specific machinery for the assembly of flagella (Tjalsma et al.,
2004). Flagellins have been shown to trigger defence-
associated responses in plants, including Arabidopsis and
tomato (Felix et al., 1999). Another explanation for secretion
of proteins lacking a signal peptide could be the existence of a
Sec-independent secretion pathway. Proteins with a non-
classical signal peptide were searched using SecretomeP
software. As a result, 23 of these were predicted to be secreted
via a Sec-independent pathway (Table S2). The function of
some proteins, such as vegetative catalase (KatA), superoxide
dismutase (SodA), cold-shock protein D (CspD) and
flagellar hook proteins (FlgGK), is consistent with the fact
that they were secreted, as they are involved in responses to
environmental stress or elicitation of the plant basal defence
(Abramovitch et al., 2006).

Proteins identified as being extracellular were classified
into six functional groups according to the SubtiList
Functional Classification Code (Table 1). The enzymes
involved in Class 2, ‘Metabolism’, represent the largest
group, with 45 % of all identified proteins. This group
consists of proteins involved mainly in the degradation of
carbohydrates derived from plant cell walls, as well as an
enzyme which hydrolyses chitin, a ubiquitous polymer of
fungal origin. A prominent group of ‘metabolic enzymes’ is
comprised of proteins involved in the metabolism of
amino acids, lipids, phosphate and iron (6 %).

Fig. 1. The extracellular proteome of B. amyloliquefaciens FZB42. (a) Proteins secreted during the late exponential phase. (b)
Proteins secreted into the growth medium sampled after entry into the stationary phase. Proteins were separated by IEF using
gel strips in the pH range 3–10 and 15 % polyacrylamide gels. Gels were stained with colloidal Coomassie blue G-250. Protein
spots refer to Table 1 and show protein identification obtained by MALDI-TOF MS.

Influence of root exudates on B. amyloliquefaciens

http://mic.sgmjournals.org 135



Table 1. Protein species secreted by B. amyloliquefaciens FZB42

Protein species are classified according to functional categories (SubtiList Functional Classification Code). Spots were identified by MALDI-TOF

MS. For a more detailed description of all 121 extracellular protein species detected in B. amyloliquefaciens FZB42, see Tables S1 and S2.

Protein Protein name ID Export signal* Protein abundance (%)D

Late exponential Stationary

1.1 Cellular processes – cell wall and cell division

1 LtaS Major lipoteichoic acid synthase RBAM007920 No 2.275 0.83

2 YfnI Minor lipoteichoic acid synthase RBAM007510 Lipo – ,0.01

3 DacC D-Alanine carboxypeptidase RBAM018470 Sec – 0.257

4 PonA Glucosyltransferase/transpeptidase RBAM020470 Sec 0.220 0.490

5 PbpC Penicillin-binding protein 3 RBAM004370 Lipo ,0.01 0.140

6 CwlO DL-Endopeptidase RBAM032020 Sec 3.848 –

7 YodJ D-Alanine carboxypeptidase RBAM019410 Lipo ,0.01 –

8 YocH Peptidoglycan hydrolase RBAM018960 Sec 0.56 –

9 YkvT Spore cortex-lytic enzyme RBAM013590 No – 0.15

10 Ggt c-Glutamyltransferase RBAM018540 Sec 0.431 3.979

1.2 Cellular processes – transporters

11 AppA Oligopeptide ABC transporter RBAM011380 Lipo 0.353 0.139

12 FeuA ABC transporter siderophores RBAM002120 Lipo 0.277 1.698

13 OppA Oligopeptide ABC transporter RBAM011430 Lipo 0.46 3.358

14 MetQ Methionine ABC transporter RBAM029810 Lipo ,0.01 ,0.01

15 TcyA Cystine ABC transporter RBAM003780 Lipo ,0.01 –

16 YclQ Petrobactin ABC transporter RBAM004080 Lipo 0.114 0.593

17 YxeB Hydroxamate ABC transporter RBAM036560 Lipo 0.199 ,0.01

18 PstS Phosphate ABC transporter RBAM023290 Lipo – 0.973

19 PtsG Glucose-specific enzyme IICBA RBAM013660 TMH 0.347 –

20 PtsH Phosphocarrier protein HPr RBAM013670 No 0.183 3.2

21 PtsI Phosphotransferase system I RBAM013680 No 0.341 –

2.1 Metabolism – electron transport and ATP synthesis

22 QcrA Menaquinol-cytochrome c reductase RBAM020720 Tat – ,0.01

23 TrxA Thioredoxin RBAM025560 No ,0.01 ,0.01

24 YodC Putative nitroreductase RBAM019310 No ,0.01 ,0.01

25 YqiG NADH flavin oxidoreductase RBAM022520 No 0.288 0.111

26 AtpA ATP synthase (subunit a) RBAM033990 No 1.183 –

2.2 Metabolism – carbon metabolism

27 Eno Enolase RBAM031260 No 0.805 0.458

28 FbaA Fructose 1,6-biphosphate aldolase RBAM034280 No 1.747 0.424

29 GapA Glyceraldehyde 3-phosphate

dehydrogenase

RBAM031300 No 0.268 0.379

30 Mdh Malate dehydrogenase RBAM026160 No 1.208 1.483

31 PdhA Pyruvate dehydrogenase (E1a) RBAM014420 No 2.303 –

32 PdhB Pyruvate dehydrogenase (E1b) RBAM014430 No 0.184 0.377

33 PdhC Pyruvate dehydrogenase (E2) RBAM014440 No 0.695 0.21

34 PdhD Pyruvate dehydrogenase (E3) RBAM014450 No 0.908 0.871

35 Pgm Phosphoglycerate mutase RBAM012200 No 1.491 1.024

36 AlsS Acetolactate synthase RBAM033170 No 1.345 ,0.01

37 BdhA Acetoin/butanediol dehydrogenase RBAM006650 No 0.076 –

38 Pta Phosphotransacetylase RBAM034850 No 1.186 0.592

39 AbnA Arabinan 1,5-a-L-arabinase RBAM025870 Sec 0.479 0.31

40 GanA Arabinogalactan-b-galactosidase RBAM012120 Sec 2.14 0.99

41 AmyE a-Amylase RBAM003280 Sec 0.193 2.314

42 BglC Endo-1,4-b-glucanase RBAM018100 Sec – 0.319

43 BglS Endo-1,3-1,4-b-glucanase RBAM036190 Sec 1.655 2.622

44 LicB Lichenan-specific enzyme IIB RBAM035790 No ,0.01 –

45 Csn Chitosanase RBAM029740 Sec 1.858 1.888

46 ChbA Putative chitin-binding protein RBAM017540 Sec – 0.802
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Table 1. cont.

Protein Protein name ID Export signal* Protein abundance (%)D

Late exponential Stationary

47 Pel Pectate lyase RBAM007720 Sec 2.783 2.042

48 PelB Pectate lyase RBAM036320 Sec 0.099 0.189

49 SacB Levansucrase RBAM037650 Sec 5.083 3.761

50 XynA Endo-1,4-b-xylanase RBAM033790 Sec – 1.171

51 XynC Endo-1,4-b-xylanase RBAM018140 Sec 1.561 2.211

52 XynD Endo-1,4-b-xylanase RBAM018150 Sec – 2.222

53 GmuG 1,4-b-Mannanase RBAM035930 Sec 0.954 0.657

54 IolS Inositol utilization protein S RBAM036800 No 0.168 ,0.01

2.3 Metabolism – amino acids/nitrogen

55 Asd Aspartate-semialdehyde dehydrogenase RBAM016590 No 0.973 0.29

56 CysK Cysteine synthase A RBAM000840 No 0.396 0.17

57 GlnA Glutamine synthetase RBAM017260 No – ,0.01

58 IlvD Dihydroxy-acid dehydratase RBAM020010 No 0.071 –

59 Ald L-Alanine dehydrogenase RBAM028980 No 1.155 0.924

60 Bcd L-Leucine dehydrogenase RBAM022360 No 0.781 0.703

61 PepT Peptidase T (tripeptidase) RBAM036090 No ,0.01 ,0.01

62 RocA Pyrroline-5-carboxylate dehydrogenase RBAM034980 No 0.53 ,0.01

63 RocD Ornithine aminotransferase RBAM037250 No ,0.01 –

64 RocF Arginase RBAM037230 No ,0.01 ,0.01

65 PutC Pyrroline-5-carboxylate dehydrogenase RBAM003450 No 0.485 1.105

66 AprE Subtilisin E RBAM010500 Sec 0.78 4.738

67 Bpr Bacillopeptidase F RBAM015130 Sec 0.807 2.11

68 NprE Neutral metalloprotease RBAM014550 Sec 3.465 3.934

69 Vpr Minor extracellular serine protease RBAM035320 Sec 3.724 2.938

70 NprM84 Peptidase M84 RBAM030640 Sec – 2.701

2.4 Metabolism – lipids

71 FabF Acyl carrier protein synthase II RBAM011340 Sec 0.208 0.311

72 Lip Triacylglycerol lipase RBAM003010 Sec 0.663 1.033

73 FabI Enoyl-(acyl carrier protein) reductase RBAM011730 No 0.406 ,0.01

2.6 Metabolism – phosphate and iron

74 YfkN 29-Phosphodiesterase/39-nucleotidase RBAM008030 Tat 0.818 1.774

75 PhoA Alkaline phosphatase A RBAM009670 Sec – 0.106

76 PhoD Phosphodiesterase RBAM002930 Tat – 0.077

77 Phy 3-Phytase precursor RBAM019640 Sec – 2.522

78 HmoB Haem monooxygenase RBAM010330 No ,0.01 ,0.01

79 SufD Synthesis of Fe–S clusters RBAM029780 No 0.606 0.483

3.2 Information processing – RNA synthesis and degradation

80 RBAM31940 RNase precursor (barnase) RBAM031940 Sec – 0.555

81 YugI RNA degradation protein RBAM028490 No 0.895 ,0.01

82 YhcR Non-specific endonuclease, RNase RBAM009450 Sec 1.328 1.239

83 Bsn Extracellular RNase precursor RBAM029600 Sec 0.688 –

84 Adk Adenylate kinase RBAM001620 No 1.421 0.164

85 CspB Major cold-shock protein B RBAM009370 No 1.301 0.297

86 CspC Cold-shock protein C RBAM005400 No 2.34 0.277

87 CspD Cold-shock protein D RBAM020070 No 1.599 0.303

3.3 Information processing – protein synthesis, modification and degradation

88 FusA Elongation factor G RBAM001370 No 1.629 0.914

89 TufA Elongation factor Tu RBAM001380 No ,0.01 0.15

90 InfA Translation initiation factor IF-I RBAM001640 No 0.826 0.105

91 GroEL Chaperonin, co-repressor for HrcA RBAM006480 No 0.388 0.634

92 GroES Chaperonin RBAM006470 No 0.225 –

93 Tig Trigger factor (prolyl isomerase) RBAM025290 No 1.307 –

94 DnaK Class I heat-shock protein RBAM023770 No 1.31 0.887

95 YxaL Hypothetical protein RBAM036900 RBAM036900 Sec 3.779 3.448
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Around 23 % of the extracellular proteins were involved in
Class 1, ‘Cellular processes’ (cell wall, cell division and
transport). Several proteins in this group are known to be
lipoproteins, accounting for 9 % of the identified proteins.
These are expected to be anchored to the bacterial cell wall.
Those proteins are mainly involved in the transport of
oligopeptides or various metals such as iron through the
membrane. Other prominent groups of proteins are involved
in the detoxification of oxygen radicals or survival under
stress conditions.

Approximately 11 % of the extracellular proteins were of
unknown function. Many of these were similar to gene
products expressed in B. subtilis, and other bacteria, and

whose functions have not yet been assigned. However, their
secretion indicates that they may play a role in responding
to the extracellular environment. Interestingly, four
proteins with similarity restricted to B. amyloliquefa-
ciens (RBAM004640, RBAM017400, RBAM017640 and
RBAM018080) were identified in the secretome of B.
amyloliquefaciens FZB42 (Table 1).

Differential expression of the extracellular
proteome of B. amyloliquefaciens FZB42 in the
late exponential and stationary growth phases

Secretion of proteins into the growth medium changed
during the cell cycle. As mentioned above, secreted proteins

Table 1. cont.

Protein Protein name ID Export signal* Protein abundance (%)D

Late exponential Stationary

4.1 Lifestyle – motility and chemotaxis

96 FliD Extracytoplasmic chaperone RBAM032500 No 0.207 –

97 FlgE Flagellar hook protein RBAM016120 No – 0.216

98 FlgK Flagellar hook-associated protein I RBAM032560 No 0.583 0.345

99 Hag Flagellin protein RBAM032510 No 4.533 2.984

4.2 Lifestyle – biofilm and sporulation

100 TasA Major component of biofilm matrix RBAM022940 SipW 0.947 0.777

101 BslA Biofilm surface layer RBAM028180 Sec 0.518 0.822

102 SpoVG Effector of asymmetric septation RBAM000580 No 0.587 0.25

103 YycO Hypothetical protein RBAM037190 RBAM037190 Sec – 1.367

4.3 Lifestyle – coping with stress

104 SodA Superoxide dismutase (Mn) RBAM023340 No 1.711 1.326

105 YceD Putative tellurium resistance protein RBAM003160 No ,0.01 –

106 YceE Putative tellurium resistance protein RBAM003170 No ,0.01 –

107 YdhK Survival of stress conditions RBAM006150 Lipo – 1.469

108 Tpx Thiol peroxidase RBAM026420 No 0.345 ,0.01

109 AhpC Alkyl hydroperoxide reductase C RBAM036960 No 1.800 ,0.01

110 PenP b-Lactamase precursor RBAM012080 Sec ,0.01 0.165

111 Blm b-Lactamase II precursor RBAM011860 Sec 1.51 –

112 KatA Vegetative catalase RBAM009090 No ,0.01 ,0.01

5.1 Prophages and mobile genetic elements – prophages

113 YolA Phage protein RBAM002540 Sec – 0.701

6.7 Groups of genes – proteins of unknown function

114 YrpD Conserved protein RBAM010640 RBAM010640 Sec 1.177 1.944

115 YwoF Conserved protein RBAM032390 RBAM032390 Sec 0.637 3.222

116 YxkC Conserved protein RBAM36070 RBAM036070 No ,0.01 –

117 YxiT Unknown protein RBAM036150 RBAM036150 Sec – 0.562

118 RBAM004640 Unknown protein RBAM004640 RBAM004640 Sec ,0.01 0.124

119 RBAM017640 Unknown protein RBAM017640 RBAM017640 Sec ,0.01 0.533

120 RBAM017400 Unknown protein RBAM017400 RBAM017400 Sec 0.297 –

121 RBAM018080 Unknown protein RBAM018080 RBAM018080 Sec – 0.501

ABC, ATP-binding cassette.

*Lipo, lipoprotein signal peptides; No, proteins without typical export signal; Sec, Sec-type signal peptides; Tat, twin-arginine signal peptides;

TMH, transmembrane helix.

DThe percentage of protein abundance corresponds to the percentage of the specific spot volume related to the total spot volume in the extracellular

proteome during late exponential and stationary growth. The PDQuest quantification tool was used to calculate the percentage of the specific spot

volume after background subtraction.
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were more abundant in the stationary phase than in the late
exponential phase. The changes in production of extra-
cellular proteins throughout the growth cycle were illu-
strated in a merged image (Fig. 2) composed of averaged 2D
gels representing the late exponential and stationary growth
phases created by using the false-colour imaging of Delta 2D
software (Decodon). Most of the proteins that were present
at low concentrations or only during the late exponential
phase belong to the group of cytoplasmic proteins (Fig. 2,
green spots). This may indicate reduction of cell lysis during
the stationary phase. In addition, the quantities of certain
proteins involved in cell wall turnover and peptidoglycan
hydrolysis [DL-endopeptidase (CwlO) and D-alanine carbox-
ypeptidase (YodJ)] were reduced, which suggests slowing
down of cell growth.

More proteins involved in detoxification were found in the
secretome of cells during the late exponential phase. The
presence of oxygen radical-detoxifying proteins in the
extracellular proteome of phytopathogens has been asso-
ciated with neutralizing the oxidative burst by which plants
challenge infecting bacteria (Abramovitch et al., 2006).
Thus, the higher level of secretion of superoxide dismutase
(SodA) and alkyl hydroperoxide reductase (AhpC) during
the late exponential phase may indicate that, at this point
of cell growth, bacteria may be coping with oxidative stress.

SodA contributes to oxidative stress resistance as it is
responsible for the detoxification of oxygen radicals (Inaoka
et al., 1999). The sodA gene also appears to play a major role
in colonization of the rhizosphere in Bacillus cereus (Wang
et al., 2007). Thus, secretion of these proteins by B. amylo-
liquefaciens could be important for establishing interactions
with plants and their establishment in the rhizosphere.

The secretion of cold-shock proteins during the late
exponential phase was approximately six times higher than
during the stationary phase. It was suggested that cold-shock
proteins are a novel class of bacterial elicitors, for which
plants that are members of the order Solanales have
developed specific and sensitive chemoperception systems
(Felix & Boller, 2003). Although cold-shock proteins lack
signals for secretion, it is unlikely that accidental cell lysis
during culturing would generate such high amounts of those
proteins in the extracellular medium and an alternative
mechanism of protein release should be considered. It is
tempting to speculate that the extracellular presence of these
proteins may contribute to the overall beneficial effects that
B. amyloliquefaciens FZB42 exerts on plants, in this
particular case by induction of innate plant immunity.

Two cell wall-related proteins with affinity to components
of the cell wall were found in the secretome of B.
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Fig. 2. Dual-channel image of the protein patterns of B. amyloliquefaciens FZB42 cells grown in complex medium. The pattern
of the secretomes derived from late exponential phase cells (green) was compared to stationary phase cells (red). Proteins
secreted at the same levels in both growth stages are labelled yellow.
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Table 2. Differentially expressed extracellular protein species in response to root exudates determined during the late exponential and stationary growth phases

Protein ID Function Export

signal*

Late exponential phaseD SD Stationary phaseD SD Classification

Protein spot

abundance

(vol.%)d

Root§ Protein spot

abundance

(vol.%)d

Root§

1 PonA RBAM02047 Bifunctional glucosyltransferase/

transpeptidase

Sec 0.220 ±0.0 0.490 10.00 ±0.0 Cell wall synthesis

2 AppA RBAM01138 Oligopeptide ABC transporter Lipo 0.353 0.139 5.79 ±2.1 ABC transporters, membrane

proteins

3 OppA RBAM01143 Oligopeptide ABC transporter

(binding protein)

Sec 0.460 2.34 ±0.65 3.358 ABC transporters, membrane

proteins

4 PstS RBAM02329 Phosphate ABC transporter

(binding protein)

Sec – 0.973 2.90 ±1.1 ABC transporters, membrane

proteins

5 YqiG RBAM02252 Putative NADH-dependent

flavin oxidoreductase

No 0.288 7.15 ±3.1 0.111 Electron transport/ other

6 Mdh RBAM02616 Malate dehydrogenase No 1.208 1.483 6.43 ±5.05 Carbon core metabolism

7 AlsS RBAM03317 Acetolactate synthase No 1.345 10.00 ±0.0 ,0.01 Carbon core metabolism

8 AbnA RBAM02587 Arabinan-endo-1,5-a-L-arabinase Sec 0.479 3.59 ±1.84 0.100 Utilization of specific carbon

sources

9 ChbA RBAM01754 Putative chitin-binding protein Sec – 0.802 9.09 ±1.06 Utilization of specific carbon

sources

10 XynC RBAM01814 Endo-b-1,4-xylanase Sec 1.561 3.14 ±0.79 2.211 Utilization of specific carbon

sources

11 GmuG RBAM03593 b-1,4-Mannanase Sec 0.954 1.62 ±0.33 0.657 5.75 ±1.3 Utilization of specific carbon

sources

12 FliD RBAM03250 Extracytoplasmic chaperone Sec 0.207 2.92 ±0.31 – Motility and chemotaxis

13 Hag RBAM03251 Flagellin protein No 4.533 2.03 ±0.03 2.984 Motility and chemotaxis

14 Tpx RBAM02642 Thiol peroxidase No 0.345S 1.5 ±0.56 ,0.01 Resistance against oxidative

stress

15 YrpD RBAM01064 Conserved protein RBAM010640 Sec 1.177 1.944 4.77 ±3.06 Unknown

16 FeuA RBAM00212 ABC transporter for the siderophores Lipo 0.277 1.698 21.61 ±0.11 ABC transporters, acquisition of

iron

17 YclQ RBAM00408 Petrobactin ABC transporter

(binding protein)

Lipo 0.114 0.593 25.83 ±2.49 ABC transporters, acquisition of

iron

18 PtsI RBAM01368 Phosphotransferase system enzyme I No 0.341 21.62 ±0.16 – Phosphotransferase systems

19 PtsH RBAM01367 Phosphocarrier protein HPr component No 0.183 3.200 24.94 ±2.64 Phosphotransferase systems

20 Eno RBAM03126 Enolase No 0.805 0.458 22.37 ±1.65 Carbon core metabolism

21 FbaA RBAM03428 Fructose 1,6-biphosphate aldolase No 1.747 0.424 22.74 ±0.80 Carbon core metabolism

22 PdhC RBAM01444 Pyruvate dehydrogenase (E2 subunit) No 0.695 22.59 ±0.56 0.210 Carbon core metabolism

23 Pta RBAM03485 Phosphotransacetylase No 1.186 0.592 21.61 ±0.12 Carbon core metabolism
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Table 2. cont.

Protein ID Function Export

signal*

Late exponential phaseD SD Stationary phaseD SD Classification

Protein spot

abundance

(vol.%)d

Root§ Protein spot

abundance

(vol.%)d

Root§

24 BglS RBAM03619 Endo-b-1,3-1,4-glucanase Sec 1.655 21.6 ±0.24 2.622 Utilization of specific carbon

sources

25 Csn RBAM02974 Chitosanase Sec 1.858 21.56 ±0.13 1.888 Utilization of specific carbon

sources

26 Asd RBAM01659 Aspartate-semialdehyde dehydrogenase No 0.973 0.290 22.09 ±0.64 Biosynthesis/acquisition of

amino acids

27 RocA RBAM03498 3-Hydroxy-1-pyrroline-5-carboxylate

dehydrogenase

No 0.530 26.07 ±4.3 ,0.01 Utilization of amino acids

28 RocF RBAM03723 Arginase No ,0.01 ,0.01 22.31 ±0.31 Utilization of amino acids

29 PutC RBAM00345 1-Pyrroline-5-carboxylate

dehydrogenase

No 0.485 23.63 ±0.34 1.105 Utilization of amino acids

30 FabI RBAM01173 Enoyl-(acyl carrier protein) reductase No 0.406 ,0.01 24.03 ±0.42 Biosynthesis of lipids

31 YfkN RBAM00803 29-Phosphodiesterase/39-nucleotidase Tat 0.818 1.774 25.73 ±0.32 Phosphate metabolism

32 DnaK RBAM02377 Class I heat-shock protein (molecular

chaperone)

No 1.310 0.887 21.49 ±0.18 Chaperones/protein folding

33 YceE RBAM00317 Putative stress adaptation protein No ,0.01 210.0 ±0.0 – Cell envelope stress proteins

34 PenP RBAM01208 b-Lactamase precursor Sec ,0.01 0.165 23.22 ±1.09 Resistance against toxins/

antibiotics

*Lipo, lipoprotein signal peptides; No, proteins without typical export signal; Sec, Sec-type signal peptides; Tat, twin-arginine signal peptides.

DProteins isolated from the cultures grown until the late exponential or stationary phase.

dProtein spot abundance, expressed as normalized percentage volume (vol.%), corresponds to the percentage of specific spot volume related to the total spot volume in the extracellular proteome.

§Proteins were considered significantly different when P ,0.05 and fold change .1.5 or ,–1.5.
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amyloliquefaciens FZB42 (i.e. CwlO and YodJ). Such
proteins were also observed in the secretome of other
bacilli (Tjalsma et al., 2004; Voigt et al., 2006).
Interestingly, these proteins were secreted at a higher level
during late exponential growth, indicating a more vigorous
cell turnover than during the stationary growth phase.
Alternatively, their decrease in the extracellular proteome
of stationary phase cells could be due to the enhanced
action of extracellular proteases.

B. amyloliquefaciens secretes more proteins during the
stationary phase than during the late exponential phase
(Table 1). The expression of many extracellular macromol-
ecule-hydrolysing enzymes is repressed during exponential
growth due to mechanisms of carbon catabolite repression
(Görke & Stülke, 2008), but when cells reach the stationary
phase, their expression increases. This is controlled by the
DegSU two-component system (Ogura et al., 2001). When
bacteria enter the stationary phase (meaning that readily
metabolizable substrates are exhausted), expression of degra-
dative extracellular enzymes is enhanced, making additional
nutrients accessible for nourishing the starving cells.

There were 81 proteins secreted regardless of the growth
phase (Fig. 2, yellow spots). These proteins are important
components of the B. amyloliquefaciens secretome and are
likely to play essential roles as they are present in both
growth phases.

The largest groups of secreted proteins identified in both
growth phases were enzymes involved in the metabolism of
carbohydrates and amino acids (Table 1). Proteases were
secreted during both growth phases, although not at the
same level. Bpr (bacillopeptidase F) and AprE (subtilisin
E), for example, were strongly enhanced during the
stationary growth phase. Secretion of enzymes hydrolysing
plant-derived substrates by B. amyloliquefaciens probably
contributes to its biocontrol activities, as oligosaccharides
derived from the degradation of plant cell walls have been
shown to act as elicitors of plant defence (Ebel & Scheel,
1997). Proteins involved in phosphate mobilization [3-
phytase precursor (Phy)] and phosphate acquisition upon
phosphate starvation [phosphodiesterase (PhoD)] were
secreted into the growth medium only during phosphate
starvation in the stationary phase (Fig. 1b), corroborating
that expression of phy in B. amyloliquefaciens depends
on the PhoPR two-component system (Makarewicz et al.,
2006). Secretion of phytase, an enzyme that immobilize
phosphorus as insoluble organic phytates accessible for
plant nutrition (Idriss et al., 2002), was enhanced during
stationary growth of B. amyloliquefaciens FZB42. The
ABC-type phosphate transporter (PstS) was strongly
upregulated in cells during the stationary phase, which
indicates that B. amyloliquefaciens FZB42 endures phos-
phate starvation in this growth stage. Secretion of phytase
together with increased expression of a phosphate
transporter during the stationary phase may be a strategy
that B. amyloliquefaciens FZB42 employs to fulfil its own
demands for phosphorus.

Protein secretion in response to root exudates

Quantitative evaluation of protein spots was performed to
identify bacterial protein species that were differentially
secreted in response to maize root exudates.

Image analysis of proteomic maps (three technical replicates
of three biological replicates) revealed statistically signifi-
cant variations between the conditions tested. At the late
exponential growth phase, 16 protein spots presented
significant fold change variations (P,0.05) in response to
root exudates. In particular, nine of the protein spots were
upregulated and seven were downregulated (Table 2).
During the stationary phase, 19 protein spots were dif-
ferentially expressed in response to root exudates (P,0.05).
Seven of these were upregulated and 12 were downregulated.
Taken together, most of the proteins responding to root
exudates were involved in the metabolism of carbohydrates
or amino acids, or associated with transport (Table 2).

Enzymes hydrolysing polymeric carbohydrates. Several
enzymes involved in the degradation of polymeric plant
cell wall components were upregulated during the late
exponential and stationary growth phases by root exudates:
arabinase (AbnA), glucomannanase (GmuG) and xylanase
(XynC). Expression of the glucomannan-degrading enzyme
(GmuG) was almost sixfold higher when compared with
the control without root exudates (Fig. 3). These results
indicated the presence of carbohydrate polymers in root
exudates, as expression of the abnA and gmuG genes is
stimulated by their substrates (Raposo et al., 2004; Sadaie
et al., 2008).

Amongst the proteins whose secretion was slightly reduced
in the presence of root exudates in the late exponential
phase (Fig. 4) were chitosanase (Csn) and endo-b-1,3-1,4-
glucanase (BglS). Both enzymes degrade hemicelluloses.
Chitosan (a product of chitin hydrolysis) elicits systemic
plant resistance against fungi when applied as a seed
treatment or soil amendment (Benhamou et al., 1994).
Secretion of chitosanase was not affected by root exudates
in the stationary phase. However, a putative chitin-binding
protein (ChbB) was overexpressed with a ninefold change
by root exudates (Fig. 4), suggesting that depolymerization
of chitin may occur in the stationary growth phase. Further
studies will have to be performed to elucidate the suggested
beneficial role of B. amyloliquefaciens FZB42 chitosanase in
interactions with plants.

During the stationary growth phase, the strongest response
to maize root exudates was observed for a penicillin-
binding protein involved in cell wall morphogenesis
(PonA) (Fig. 3). PonA represented only 0.49 % of the
total relative spot volume and was detectable in the growth
medium only when root exudates were added. The ponA
gene is regulated by the sM factor, which is recruited
under cell envelope stresses (Eiamphungporn & Helmann,
2008). As plants are known to release antimicrobial
compounds in root exudates (Lanoue et al., 2010), it is
possible that PonA was induced as a response to
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antimicrobial compounds present in maize root exudates.
However, its particular role during stress responses still
remains to be investigated.

Other proteins involved in plant–microbe interactions.
The protein with the highest secretion in the presence of
maize root exudates during the late exponential phase was

AlsS

(a)

+RE

–RE

(b)

+RE

–RE

YqiG AbnA XynC FliD

PonA ChbA MdH GmuG YrpD

Fig. 3. Bacterial proteins upregulated by root exudates. (a) Late exponential growth. (b) Stationary growth. Taken from
representative 2D gels; +RE, presence of root exudates; –RE, absence of root exudates.

YceE
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–RE

(b)

+RE

–RE

PutC PdhC BglS Csn

FbaA RocF Pta PenP Asd

Fig. 4. Bacterial proteins downregulated by root exudates. (a) Transition (late exponential) growth. (b) Stationary growth. Taken
from representative 2D gels; +RE, presence of root exudates; –RE, absence of root exudates.
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the alsS gene product, acetolactate synthase (AlsS). AlsS
was visibly secreted only when maize exudates were added
to the growth medium (Fig. 3). Although AlsS does not
possess a signal for secretion, its presence in the secretome
of B. amyloliquefaciens FZB42 is consistent with an
environmental function of this protein. The Bacillus
volatiles acetoin and 2,3-butane-diol are involved in bene-
ficial bacteria–plant interactions, such as plant growth
promotion and induction of systemic resistance (Ryu et al.,
2003). The enzymes responsible for synthesis of butane-
2,3-diol from acetolactate [acetolactate dehydrogenase
(AlsD) and acetoin/butanediol dehydrogenase (BdhA)]
were present in the extracellular proteome of B. amylo-
liquefaciens FZB42, but their expression was not affected by
root exudates.

During the late exponential growth phase, two proteins
related to chemotaxis and motility [flagellar hook-associated
protein II (FliD) and flagellin protein (Hag)] were increased
in the presence of root exudates. Flagellin proteins bearing
the flg22 elicitor signal are recognized by most plant plasma
membrane-localized pattern recognition receptors and are
thus thought to elicit plant basal defence against potential
pathogens (Newman et al., 2013), which may contribute to
the biocontrol attributes of B. amyloliquefaciens. Higher
expression of flagellin-related proteins in the presence of
root exudates may be a specific response to plant-derived
signalling molecules rather than to substrates provided in
the supplemented root exudates.

A more than sevenfold change was detected in the presence
of root exudates for the putative NADH-dependent flavin
oxidoreductase (YqiG) (Fig. 3), which may possess an
antioxidant function. Transcription of the yqiG gene was
sevenfold enhanced in the presence of H2O2 (Mostertz
et al., 2004). Another enzyme, possibly also involved in
oxygen stress response caused by plant root exudates, thiol
peroxidase (Tpx), was increased when root exudates were
added to the culture. The tpx gene encodes a predicted
thiol peroxidase, an antioxidant enzyme, which reduces
lipid hydroperoxides to protect membrane lipids from
destruction by reactive oxygen species (Lu et al., 2008). The
tpx gene transcription is also enhanced in the presence of
H2O2 (Mostertz et al., 2004).

Proteins involved in amino acid utilization. Given that
maize root exudates are rich in amino acids and oligo-
peptides (Carvalhais et al., 2011), it was not surprising that
expression of a lipoprotein involved in transport of oligo-
peptides across the cell wall [oligopeptide ABC transporter
(OppA)] was enhanced twofold when root exudates were
added (Table 2). In addition to its function in the transport
of oligopeptides that will be used as carbon and nitrogen
sources, oligopeptide permease was shown to be required
for the import of signalling peptides, which regulate
processes such as virulence, antibiotic production and
biofilm formation and development (Lazazzera, 2001).
Whilst OppA was enhanced in the late exponential phase,
the oligopeptide-binding protein AppA was enhanced

during stationary growth. These results are supported by
our previous analysis of the B. amyloliquefaciens FZB42
transcriptome (Fan et al., 2012).

Two paralogous proteins bearing 83 % identity in their
amino acid sequences [3-hydroxy-1-pyrroline-5-carboxy-
late dehydrogenase (RocA) and 1-pyrroline-5-carboxylate
dehydrogenase PutC)] were significantly repressed by root
exudates during the late exponential phase (Table 2). RocA
and PutC are involved in the catabolism of arginine and
ornithine (Calogero et al., 1994), and proline (Moses et al.,
2012), respectively. Similarly, the glutamate dehydrogenase
[arginase (RocF)], also involved in arginine utilization
(Belitsky & Sonenshein, 1998), was found to be down-
regulated in the presence of root exudates. Not surpris-
ingly, enzymes involved in amino acid synthesis, including
aspartate-semialdehyde dehydrogenase (Asd), were down-
regulated in the presence of root exudates (Fig. 4).

Iron and phosphorus. Several ABC-type transporters were
affected by root exudates, especially during the stationary
phase. Remarkably, proteins involved in the transport of
iron were downregulated. Iron is a growth-limiting ion
required as a cofactor for many enzymes involved in the
maintenance of basic metabolic pathways. Iron ions are
present in mature grains of maize and can be found in seed
exudates after imbibition. High concentrations of iron in
the cell can result in the production of oxygen radicals
that can cause severe damage to the majority of cellular
biomolecules (Touati, 2000). Two proteins involved in the
transport of iron via siderophores [ABC transporter for the
siderophores (FeuA) (Miethke et al., 2006) and petrobactin
ABC transporter (YclQ) (Zawadzka et al., 2009)] were
found to be repressed by root exudates (Fig. 4). Increased
secretion of the phosphate ABC transporter (PstS),
involved in the transport of phosphate during phosphate
starvation, was also observed in the presence of root
exudates.

Other genes affected by root exudates. YrpD, a putative
lipoprotein of hitherto unknown function, responded to
root exudates with almost fivefold higher secretion. Malate
dehydrogenase (Mdh), bearing no predicted signal for
secretion and with a clear cytoplasmic function, was
identified as being part of the extracellular secretome.
Mdh was highly expressed when root exudates were present
in the medium (Fig. 4), most likely due to its high content
of organic acids (Carvalhais et al., 2011).

Other downregulated proteins are involved in glucose and
pyruvate metabolism: the phosphotransferase system-
dependent sugar transport proteins (PtsI and PtsH) and
the subunit E2 of the pyruvate dehydrogenase complex
(PdhC) that links glycolysis with the tricarboxylic acid
cycle. PdhC was identified previously as an integral mem-
brane protein in the B. subtilis proteome (Hahne et al.,
2008). Transcription of both operons, ptsGHI and
pdhABCD, is subject to negative stringent control during
amino acid starvation in B. subtilis (Tojo et al., 2010),
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indicating the presence of amino acids in the root exudates.
A putative tellurium resistance protein (YceE) involved in
the cell response to stress caused by ethanol and low
temperature (Cao et al., 2002) was downregulated (Fig. 4).
In addition, the expression of the 29-phosphodiesterase/39-
nucleotidase (YfkN), involved in acquisition of phosphate
(Chambert et al., 2003), was decreased. Likewise, an enzyme
responsible for resistance to b-lactam antibiotics [b-
lactamase precursor (PenP)] was repressed by root exudates.
Several of the downregulated secreted proteins were involved
in cellular processes, such as protein control quality [Class I
heat-shock protein (DnaK)], biosynthesis of fatty acids
[Enoyl-(acyl carrier protein) reductase (FabI)], overflow
metabolism [phosphotransacetylase (Pta)] and glycolysis
[enolase (Eno) and fructose 1,6-biphosphate aldolase
(FbaA)] (Table 2).

Differences between transcriptomics and
proteomics analyses

Altered gene expression in B. amyloliquefaciens FZB42 in
response to root exudates has previously been determined
on the transcriptomic level (Fan et al., 2012; Carvalhais
et al., 2013). However, the results obtained in this pro-
teomic study did not completely correspond with those
findings. Only in a few cases, such as for alsS, fliD and bglS,
was a direct correlation of gene expression on the
transcriptomic and proteomic levels established. There is
a wealth of literature reporting results with contrasting
conclusions on the correlation between protein and mRNA
levels. However, as in the case of the present study, a weak
correlation is usually the general consensus. It has been
suggested that transcriptional profiling analyses, although
relatively informative, fail to provide a systematic approach
to understand biological systems for a number of reasons:
(i) mRNAs and proteins have distinct in vivo half-lives, and
(ii) post-transcriptional, translational and protein degrada-
tion regulatory processes that strongly affect quantities of
proteins are not taken into account (Vogel & Marcotte,
2012). Particularly at the translational stage, many factors
were found to play a role in protein synthesis, including the
dependence on a complementary binding of the Shine–
Dalgarno sequence (~10 bases upstream of the start codon)
for an effective anchoring of ribosomes onto the mRNA;
sequences located further downstream of the start codon
appear to affect translation due to the biased use of
synonymous codons in high-abundance proteins from E.
coli (Stenström et al., 2001); and the availability of amino
acids is crucial for an effective translation (Akashi &
Gojobori, 2002). Other factors also contribute to a limited
overlap of differentially expressed genes between transcrip-
tomics and proteomics approaches, such as the fact that
proteomics analyses based on 2D gel electrophoresis
consider only a portion of the translated proteins as these
are investigated within a defined range of isoelectric
points and masses. Finally, statistical challenges hinder
the correlation of findings between transcriptomics
and proteomics (Nie et al., 2007). Transcriptomics is a

convenient approach due to its high throughput and,
therefore, cost effectiveness. Proteomics is rather more
restricted in terms of coverage as charge, size, stability and
hydrophobicity of proteins affect their detection when
using the methods currently available (Hegde et al., 2003).
Nevertheless, the latter provides a more realistic snapshot
of the processes occurring when post-translational and
transcriptional regulatory events have to be considered.
Thus, both approaches are complementary and provide
valuable insights into cellular processes taking place at
different stages of gene expression. For these reasons it is
remarkable that root exudate-dependent expression of
acetolactate synthase (AlsS), an enzyme involved in the
synthesis of important bacterial messengers (volatiles) in
the plant, was corroborated by the two different
approaches of functional genomics applied in B. amyloli-
quefaciens FZB42.
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