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Summary

Transcriptome analysis of Pseudomonas fluorescens
SBW25 showed that 702 genes were differentially
regulated in a gacS::Tn5 mutant, with 300 and 402
genes up- and downregulated respectively. Similar
to the Gac regulon of other Pseudomonas species,
genes involved in motility, biofilm formation,
siderophore biosynthesis and oxidative stress were
differentially regulated in the gacS mutant of SBW25.
Our analysis also revealed, for the first time, that
transcription of 19 rhizosphere-induced genes and of
genes involved in type II secretion, (exo)polysaccha-
ride and pectate lyase biosynthesis, twitching motility
and an orphan non-ribosomal peptide synthetase
(NRPS) were significantly affected in the gacS mutant.
Furthermore, the gacS mutant inhibited growth of
oomycete, fungal and bacterial pathogens signifi-
cantly more than wild type SBW25. Since RP-HPLC
analysis did not reveal any potential candidate
metabolites, we focused on the Gac-regulated orphan
NRPS gene cluster that was predicted to encode an
eight-amino-acid ornicorrugatin-like peptide. Site-
directed mutagenesis indicated that the encoded
peptide is not involved in the enhanced antimicrobial
activity of the gacS mutant but may function as a
siderophore. Collectively, this genome-wide analysis
revealed that a mutation in the GacS/A two-
component regulatory system causes major tran-
scriptional changes in SBW25 and significantly
enhances its antimicrobial activities by yet unknown
mechanisms.

Introduction

Comparative genome analyses of different plant-
associated Pseudomonas species and strains revealed
substantial heterogeneity within the Pseudomonas fluo-
rescens group, with a pangenome of close to 14 000
genes (Silby et al., 2009; 2011; Loper et al., 2012). A core
genome of only 1491 genes was identified for all of the
sequenced Pseudomonas species, representing 24–36%
of any individual genome (Loper et al., 2012). In each of
the genomes, orphan genes were discovered for traits
that were not known previously, including genes for insect
toxins, novel type II, III and VI secretion systems as well
as gene clusters with unknown functions. Interestingly,
almost all of the traits associated with biological control of
plant pathogens or other multitrophic interactions mapped
outside of the core genome to variable genomic regions
present in only individual strains or a limited subset of
strains. The study by Loper and colleagues (2012) as well
as previous genome analyses of other bacterial genera
(Gross et al., 2007; Zerikly and Challis, 2009) further
indicated that the orphan biosynthetic pathways outnum-
ber by far the number of bioactive compounds currently
identified.

Approaches to explore and exploit microbial (meta)ge-
nomes for orphan biosynthetic pathways and novel
bioactive compounds are numerous and include: (i) het-
erologous expression of genomic fragments obtained
from culturable or unculturable microorganisms (i.e.
metagenomics) followed by activity assays and metabolic
profiling, (ii) in silico mining of microbial genomes for
consensus sequence motifs or modules followed by struc-
ture prediction, gene inactivation studies and/or geno-
misotopic approaches, or (iii) inactivation of orphan bio-
synthetic pathways by manipulation of regulatory genes
or by challenging microorganisms with specific culture
conditions or other external cues (Gross et al., 2007;
McAlpine, 2009; Scherlach and Hertweck, 2009; Li et al.,
2012). Following a combination of the two latter
approaches, Hassan and colleagues (2010) presented
the global-regulator-based genome mining strategy to
decipher the metabolome of Pseudomonas protegens
(formerly P. fluorescens) strain Pf-5 and to identify orphan
gene clusters for novel secondary metabolites.

In Pseudomonas, the GacS/GacA two-component
system is a highly conserved global regulatory system
and comprises the membrane-bound sensor kinase GacS
that, upon recognition of a yet unknown environmental
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signal, is activated and phosphorylates the response
regulator GacA. The GacS/GacA two-component system
controls the biosynthesis of numerous secondary metabo-
lites in Pseudomonas and mutations (spontaneous or
site-directed) in the gacS or gacA genes generally lead to
a substantial reduction in antimicrobial activity of Pseu-
domonas strains (Haas and Defago, 2005). In P. prote-
gens Pf-5, it also has broad effects on iron homeostasis,
enhancing transcript levels of genes functioning in
siderophore biosynthesis and various mechanisms for
iron uptake (Hassan et al., 2010). The GacS/GacA two-
component system also regulates the expression of
several genes involved in virulence, biofilm formation,
motility, quorum sensing, stress responses and survival
(Kinscherf and Willis, 1999; Haas and Keel, 2003;
Raaijmakers et al., 2010; Yamazaki et al., 2012).

Here we investigated the Gac regulon of P. fluorescens
SBW25, a well-known model strain for studying bacterial
evolution and adaptation (Rainey, 1999; Gal et al., 2003;
Kassen et al., 2004; Silby et al., 2009; Scanlan and
Buckling, 2012). Strain SBW25 also promotes plant
growth and controls plant diseases caused by fungal
and oomycete pathogens (Rainey, 1999; Naseby et al.,
2001; de Bruijn et al., 2007). To date, however, little is
known about the genes and metabolites involved in plant
growth promotion and antimicrobial activity of SBW25:
it does not produce the typical antibiotic compounds
2,4-diacetylphloroglucinol, phenazines, pyrrolonitrin or
pyoluteorin (Loper et al., 2012), but produces
siderophores (Timms-Wilson et al., 2000; Moon et al.,
2008) and the cyclic lipopeptide viscosin (de Bruijn et al.,
2007). Strain SBW25 shares only two-thirds of its genome

with that of P. protegens strain Pf-5 and harbours multiple
gene clusters for which the functions are yet unknown
(Loper et al., 2012). Here, we conducted a genome-wide
transcriptome comparison between wild type strain
SBW25 and a Tn5 mutant disrupted in the gacS gene.
The functions of several of the differentially expressed
genes were studied. The in vitro activity assays unexpect-
edly showed an enhanced antimicrobial activity of the
gacS mutant against several economically important plant
and fish pathogens. The role of a specific orphan NRPS
gene cluster in this enhanced antimicrobial activity was
studied in more detail by site-directed mutagenesis.

Results and discussion

The Gac regulon of P. fluorescens SBW25

For the transcriptome analysis, we isolated RNA from
cells grown for 48 h at 25°C on one-fifth PDA agar plates
to match the conditions used to assess the antimicrobial
activity of SBW25 and mutants (see Supporting informa-
tion for detailed description of the materials and methods
used). The results showed that Tn5-based inactivation of
gacS significantly affected the transcriptome of strain
SBW25: a total of 1807 genes were differentially regu-
lated (fold change > 2.0, P < 0.0001) in the gacS mutant,
with a total of 935 and 872 genes up- or downregulated
respectively (Fig. 1). For our analyses, we focused
mostly on genes with a fold change > 4.0 and a
P-value < 0.0001. Using these more stringent criteria, 702
genes were differentially expressed in the gacS mutant of
SBW25, with 300 and 402 genes significantly up- and

Fig. 1. Genome-wide representation of the
genes most differentially expressed in the
gacS mutant of Pseudomonas fluorescens
SBW25. Each point is one of the annotated
genes in the SBW25 genome, with the x-axis
showing gene order (the origin of replication
at 0 and 6009), and the y-axis showing the
fold change of transcript abundance of each
gene in the gacS mutant relative to the wild
type. Panels (A) and (B) represent different
scales of the y-axis. Annotated functions of
boxed genes further discussed in the text are:
(a) viscosin biosynthesis cluster (PFLU2552,
PFLU2553, PFLU4007), (b) metalloprotease
aprA (PFLU3146), (c) sod gene cluster
(PFLU0873–0877), (d) sigma factor rpoS
(PFLU1302), (e) siderophore biosynthesis
genes (PFLU2534–2550), (f) type VI secretion
system (PFLU6014-6026), (g) flagellar
biosynthesis genes (PFLU4437–4456), (h) the
putative ornicorrugatin NRPS gene cluster
(PFLU3220–3225).
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downregulated (Table S3). In general, the diversity in role
categories showed comprehensive genome-wide effects
of the gacS mutation (Fig. 1, Table 1). The most affected
role category was transcription, which accounted for
12.9% of the upregulated genes (Table 1). Among the
downregulated genes, the most abundant role category
was cellular processes (Table 1). Consistent with our pre-
vious study (de Bruijn et al., 2007), the viscosin biosyn-
thesis genes viscA (PFLU4007), viscB (PFLU2553) and
viscC (PFLU2552), as well as the exoprotease gene aprA
(PFLU3146) were significantly downregulated in the gacS
mutant by -44.0-, -54.8-, -56.1- and -220.5-fold respec-
tively (Table S2). Transcription of gacA (PFLU2189) or the
small RNA-binding proteins RsmE (PFLU4165), CsrA
(PFLU4324) and RsmA (PFLU4746) was not significantly
affected by the gacS mutation (Table S2).

Comparison of the Gac regulons of P. fluorescens
SBW25 and other Pseudomonas species

Comparison of our transcriptome data with that of P. pro-
tegens Pf-5 (Hassan et al., 2010) and of Pseudomonas
aeruginosa (Brencic et al., 2009) showed that most type
VI secretion system (T6SS) genes were significantly
downregulated in the gacA/S mutants of all three species
(Table S4) and represent one of the few conserved
effects. Similar to the gacA mutant of Pf-5 (Hassan et al.,
2010; Kidarsa et al., 2013), genes involved in biofilm for-

mation, pyoverdine biosynthesis and oxidative stress
were differentially regulated in the gacS mutant of
SBW25. Other functions that were affected include TonB-
dependent signalling and energy metabolism (Tables S4
and S5). In contrast to P. aeruginosa (Brencic et al.,
2009), several genes involved in oxidative stress, iron
homeostasis and siderophore production, and TonB-
dependent receptors were upregulated in SBW25 and
Pf-5 (Table S4). For Pseudomonas brassicacearum
subsp. brassicacearum NFM421 (Lalaouna et al.,
2012), genes involved in chemotaxis (PFLU5092–5093;
PSEBR_a3441–3442) were also downregulated like in
SBW25. For Pseudomonas syringae pv. phaseolicola
1448A (De la Torre-Zavala et al., 2011), the gene encod-
ing adenylyl-sulfate kinase (PFLU2097; PSPPH_4301),
and for P. syringae pv. syringae B728a (Records
and Gross, 2010) an alginate biosynthesis protein
(PFLU0979; Psyr_1052), were both downregulated like in
SBW25. The limited overlap of the Gac regulons of these
different Pseudomonas species may be due to the differ-
ent growth conditions and transcript profiling methods
applied in these studies and/or may be in line with the
large genomic variation among different Pseudomonas
species (Silby et al., 2011; Loper et al., 2012). For
example, Hassan and colleagues (2010) used different
culture conditions (nutrient broth, 20°C) for Pf-5, worked
with a different microarray and studied the transcriptome
in a gacA mutant instead of a gacS mutant. Even though

Table 1. Grouping of differentially regulated genes (fold change > 4.0, P < 0.0001) of the gacS mutant of P. fluorescens SBW25 into role
categories.

Role categories
Number
of CDSs

% of
CDSs

Transcript level in gacS
mutant versus wild type

Upregulated Downregulated

n % n %

A Amino acid synthesis 167 2.8 4 2.4 10 6.0
B Biosynthesis of cofactors, prosthetic groups and carriers 203 3.4 4 2.0 6 3.0
C Cell envelope 499 8.3 31 6.2 50 10.0
D Cellular processes 502 8.4 31 6.2 77 15.3
E Central intermediary metabolism 297 4.9 12 4.0 23 7.7
F DNA metabolism 170 2.8 3 1.8 8 4.7
G Energy metabolism 709 11.8 32 4.5 49 6.9
H Fatty acid and phospholipid metabolism 180 3.0 14 7.8 17 9.4
I Hypothetical proteins 827 13.8 41 5.0 58 7.0
J Mobile and extrachromosomal element functions 97 1.6 5 5.2 6 6.2
K Protein fate 283 4.7 18 6.4 22 7.8
L Protein synthesis 201 3.3 2 1.0 4 2.0
M Purines, pyrimidines, nucleosides and nucleotides 73 1.2 0 0.0 4 5.5
N Regulatory functions 719 12.0 29 4.0 31 4.3
O Signal transduction 138 2.3 8 5.8 8 5.8
P Transcription 101 1.7 13 12.9 3 3.0
Q Transport and binding proteins 1030 17.1 90 8.7 59 5.7
R Unclassified 129 2.1 10 7.8 7 5.4
S Unknown function 704 11.7 11 1.6 19 2.7

Total number of CDS 6009 300 402

Certain genes fall in more than one role category and therefore are presented more than once in the table.
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the inactivation of gacS might result in downstream
effects that differ from those of a gacA mutation, due to
the interaction of GacS with other sensors and regulators,
and despite the methodological differences, still 87
orthologous genes were similarly affected by the GacS/A
mutations in strains SBW25 and Pf-5 (Table S4).

Next to the genes known to be under the control of
GacA/S, our analysis also revealed, for the first time,
several other genes/gene clusters to be regulated by
the Gac two-component system. These include genes
involved in type II secretion (T2SS), rhizosphere-induced
genes, and genes involved in (exo)polysaccharide and
pectate lyase biosynthesis, twitching motility and an
orphan non-ribosomal peptide synthetase (NRPS)
(Table S2). The functions of several of these ‘old’ and
‘new’ Gac-regulated SBW25 genes are addressed in
more detail in the following sections.

The oxidative stress response

The sod gene cluster (PFLU0873–PFLU0877) was
among the most differentially regulated loci in the gacS
mutant of P. fluorescens SBW25, with an upregulation of
87.4- to 300.6-fold (Table S2), which was confirmed by
Q-PCR (Fig. S2). The sod cluster consists of the super-
oxide dismutase gene sodA, the fumarate hydratase gene
fumC1, a putative transport-related membrane protein,
and two conserved hypothetical proteins (Fig. S2).
Several of these genes are known to function in oxidative
stress adaptation in P. aeruginosa (Polack et al., 1996;
Hassett et al., 1997a,b). While several of these transcrip-
tional changes are consistent with the diminished capacity
of gac mutants to survive oxidative stress, other altera-
tions in the gac transcriptome reflect responses typically
expressed by a bacterial cell experiencing oxidative
stress. For example, the oxidative stress response in
strains Pf-5 and CHA0 is mediated by the sigma factor
RpoS, which is under the regulation of the Gac two-
component system (Whistler et al., 1998; Heeb et al.,
2005; Stockwell et al., 2009). Also in the gacS mutant of
SBW25, rpoS (PFLU1302) was significantly downregu-
lated -6.1-fold (Table S2). When grown on agar media
supplemented with more than 0.2 mM hydrogen peroxide,
growth of the gacS mutant was inhibited when compared
with wild type SBW25 (Fig. 2A). It is not yet known which
of the genes/enzymes involved in the oxidative stress
response are responsible for the enhanced susceptibility
of the gacS mutant of SBW25 to hydrogen peroxide. The
transcriptional data obtained here suggest that sodA
(upregulated ~ 300-fold) does not play a role in this. The
results further showed that the genes encoding for super-
oxide dismutase sodB (PFLU4855) and katE catalase HP
II (PFLU0071) were downregulated (Table S2). Catalases
are ubiquitous enzymes that react with hydrogen peroxide

to form water and oxygen (Lim et al., 2012). We postulate
that KatE and/or SodB are involved in the increased sus-
ceptibility of the gacS mutant to hydrogen peroxide.

Iron homeostasis and siderophore biosynthesis

Iron is a common cofactor for redox-dependent enzymes
and an essential element for living organisms (Moon
et al., 2008). To facilitate iron uptake under iron-limiting
conditions, Pseudomonas species produce a variety of
siderophores such as the pyoverdines (PVDs) (Meyer,
2000; Cornelis and Matthijs, 2002; Andrews et al., 2003;
Ravel and Cornelis, 2003; Moon et al., 2008; Cornelis,
2010). The microarray data showed that 16 genes asso-
ciated with PVD biosynthesis were significantly upregu-
lated in the gacS mutant of strain SBW25 (Table S2).
TonB-dependent outer membrane receptors, a group of
proteins that facilitate siderophore uptake (Gal et al.,
2003; Moon et al., 2008; Silby et al., 2009; Cornelis,
2010), were also upregulated in the gacS mutant (Tab-
les S2, S3 and S5). Also other genes involved in iron
uptake and transport were upregulated, including haem
uptake proteins, cytochrome oxidase and several iron-
related transporters (Table S2). Assays conducted on
CAS agar medium, which changes from blue to orange in
the presence of siderophores (Meyer, 2000; Hartney
et al., 2011), confirmed that the gacS mutant of SBW25
produced more siderophores than the wild type (Fig. 2B).
Complementation of the gacS mutation restored sidero-
phore production back to wild type level (Fig. S3A). These
results indicate that the Gac two-component system
negatively regulates siderophore production in P. fluores-
cens SBW25, confirming and extending results obtained
for other P. fluorescens strains (Schmidli-Sacherer
et al., 1997; Duffy and Defago, 2000; Hassan et al.,
2010).

Secondary metabolism and exoenzyme production

The genes involved in viscosin (viscABC), exoprotease
(aprA) and phospholipase C production were significantly
downregulated in the gacS mutant of SBW25 (Table S2).
Also the LuxR-type regulators viscAR (PFLU4008) and
viscBCR (PFLU2557), which flank viscABC, were signifi-
cantly downregulated in the gacS mutant (Table S2). In
agreement with the downregulation of aprA, a loss of
extracellular protease activity was observed (Fig. 2C).
Complementation of the gacS mutation restored
exoprotease production to wild type level (Fig. S3B).
Interestingly, the pectate lyase gene (PFLU3229) was
downregulated -55.3-fold in the gacS mutant (Table S2).
In a potato tuber assay, we confirmed that a gacS muta-
tion strongly reduced the pectolytic activity of SBW25:
inoculation of the potato tuber slices with SBW25 showed
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Log cfu ml–1

Fig. 2. Phenotypic characterization of the wild type strain and the gacS mutant of P. fluorescens SBW25.
A. Sensitivity of SBW25 and the gacS mutant to hydrogen peroxide. Five microlitres of cell suspensions (initial densities ranging from 4 to 9
log cfu ml-1) of SBW25 and the gacS mutant were spot inoculated on one-fifth strength PDA agar medium supplemented with different
concentrations of hydrogen peroxide. Plates were incubated at 25°C for 2 days.
B. Siderophore detection on CAS media: top, observation under normal light; bottom, under UV light; the size of the orange halos is a
measure for the amount of siderophores produced.
C. Extracellular protease activity on skimmed milk agar plates; a halo around the bacterial colony represents protease activity.
D. Surface motility (swimming and swarming) on soft SSM agar medium [0.3% and 0.6% agar (w/v) respectively].
E. Biofilm formation in KB liquid media in a 96-well PVC plate: the cells in the biofilm were stained with crystal violet (left panel); biofilm
formation was quantified spectrophotometrically (right panel).
F. Pectolytic activity of wild type strain SBW25 and the gacS mutant on potato slices; P. fluorescens strain A506 was included as a negative
control.
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discoloration (browning) and tissue degradation, whereas
no such effects were observed for the gacS mutant and
the negative control P. fluorescens strain A506 (Fig. 2F).
This pectate lyase is not present in many other Pseu-
domonas genomes and was proposed to be excreted by
a yet unknown type II secretion system (Loper et al.,
2012).

Type II, III and type VI secretion systems

Many extracellular enzymes are transported via type II
secretion systems (T2SSs) such as exotoxin A and
elastase (Durand et al., 2003; Cianciotto, 2005). In
SBW25, three T2SSs gene clusters were predicted by
Loper and colleagues (2012). Two of these gene clusters
(PFLU2415–2425, PFLU3230–3240) were downregu-
lated in the gacS mutant (Table S2) and appear to be
related to the Hxc (homologous to extracellular protein-
deficient) of P. aeruginosa (Loper et al., 2012). For the
third and novel T2SS (Loper et al., 2012), several genes
(PFLU4070, 4075, 4078, 4080) were more than twofold
upregulated in the gacS mutant. This is the first recogni-
tion that the Gac-system affects the regulation of
T2SSs.

Type III and type VI secretion systems (T3SSs and
T6SSs respectively), which function in the delivery of
effector molecules into plant, animal or bacterial cells, are
prevalent in Gram-negative bacteria, including environ-
mental Pseudomonas strains that have no known patho-
genic or symbiotic associations with eukaryotic cells
(Rezzonico et al., 2005; Barret et al., 2011). In P. fluores-
cens SBW25, T3SS has been shown to operate in the
sugar beet rhizosphere and inactivation of some T3SS
regulators affected growth in vitro and thus short term
fitness to colonize plant root tips (Rainey, 1999; Preston
et al., 2001; Jackson et al., 2005). T3SS also plays a role
in other reciprocal interactions between beneficial Pseu-
domonas and eukaryotes, including protozoa and oomyc-
etes (Rezzonico et al., 2005; Matz et al., 2008). Our
microarray analysis showed that the gacS mutation did
not significantly affect the expression of T3SS genes in
SBW25 under the conditions tested (Table S2). However,
the T6SS gene cluster PFLU6014–PFLU6026 was signifi-
cantly downregulated (-3.0 to -27.6-fold) in the gacS
mutant (Table S2). As indicated earlier, also in Pf-5
(Hassan et al., 2010) and in P. aeruginosa (Brencic et al.,
2009) T6SS genes are downregulated and represent one
of the few conserved effects of a gacA/S mutation in all
three species (Table S4). In P. aeruginosa, chronic infec-
tions are associated with T6SS (Mougous et al., 2006;
Barret et al., 2011). Although the functions of the Gac-
regulated T6SS genes in SBW25 are yet unknown, their
homology with the H1-T6SS of P. aeruginosa, which deliv-
ers effectors targeting bacterial cells (Loper et al., 2012),

suggests that they may play a role in interactions between
SBW25 and other plant-associated bacteria.

Biofilm formation and motility

The gacS mutant is impaired in biofilm formation and
surface motility (Fig. 2D and E). Complementation of the
gacS mutation restored biofilm formation and motility to
wild type level (Fig. S3C and D). Genes known to be
required for biofilm formation of SBW25 include the tol-pal
cluster, the wsp chemosensory cluster and wss cellulose
biosynthesis cluster (Spiers and Rainey, 2005). Transcrip-
tion of the genes in these clusters was not significantly
(more than fourfold, P < 0.0001) altered in the gacS
mutant, except for tolQ (PFLU4911; Table S2). The alg
and psl gene clusters (PFLU0979–0990, PFLU2071–
2082 respectively) for exopolysaccharide biosynthesis
(Ghafoor et al., 2011) were significantly downregulated in
the gacS mutant of SBW25 (Table S2). Both clusters were
also Gac-regulated in P. syringae pv. syringae B728a
(Records and Gross, 2010) and P. aeruginosa (Ventre
et al., 2006). In the gacA mutant of Pf-5, the psl genes
were also downregulated but not the alg genes (Kidarsa
et al., 2013). In SBW25, downregulation was observed for
a four gene operon (PFLU0143–PFLU0146) putatively
involved in the biosynthesis of a biofilm adhesin polysac-
charide (Table S2; Itoh et al., 2008). Together these array
data suggest that the reduced biofilm formation in the
gacS mutant of SBW25 (Fig. 2E) could be due to reduced
exopolysaccharide production, in combination with the
loss of viscosin production (de Bruijn et al., 2007;
Fig. S4).

With respect to motility, our results showed substantial
downregulation of the flagellar biosynthesis gene clusters
(PFLU4437–PFLU4456 and PFLU4728–PFLU4731) in
the gacS mutant (Table S2). The effects of GacS/A on
swimming and swarming motility appear to vary among
species and even strains of Pseudomonas (Murray and
Kazmierczak, 2008; Navazo et al., 2009; Hassan et al.,
2010). In Pf-5, swarming but not swimming was affected
in the gacA mutant (Hassan et al., 2010), whereas in
SBW25 both swimming and swarming motility were
reduced in the gacS mutant. Table S2 and the work by
Hassan and colleagues (2010) point to flagella and other
motility genes as an important difference between the
Gac regulons of Pf-5 and SBW25. For example, the
flagellar genes were significantly downregulated in
the gacS mutant of SBW25 (Table S2) but not in the gacA
mutant of Pf-5 (Hassan et al., 2010). In addition, many
genes involved in twitching motility (Mattick, 2002; de
Bentzmann et al., 2006) and pilus assembly (PFLU5762,
PFLU0639, PFLU0641–PFLU0651) were downregulated
in the gacS mutant of SBW25 (Table S2). Combined with
the lack of viscosin production, these results most likely
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explain the lack of swarming motility and the reduced
swimming motility of the gacS mutant of SBW25 (Fig. 2D).

Inactivation of gacS influences rhizosphere induced
genes of P. fluorescens SBW25

Rhizosphere competence of plant-associated bacteria is
essential for promoting plant growth and protecting plants
from pathogen infection. The gacS mutation in SBW25
had no significant effect on expression of PFLU5241
(panB) and PFLU5242 (panC) (Table S2), two pantothen-
ate biosynthesis genes that are involved in sugar beet
colonization (Rainey, 1999). Based on in vivo expression
technology (IVET) analyses, more than 100 rhizosphere-
induced genes were identified for P. fluorescens SBW25
(Rainey, 1999; Silby et al., 2009). Similarly, in P. prote-
gens Pf-5 many genes expressed on seed surfaces are
under Gac control (Kidarsa et al., 2013). For SBW25, 19
of the 100 plant/soil-induced genes were differentially
expressed in the gacS mutant (Table S2). These include
genes involved in regulation, cell envelope synthesis,
nutrient acquisition, stress and detoxification, transport,
biosynthesis of cofactors and prosthetic groups, as well
as genes with unknown function (Table S2). Specifically,
PFLU0144 was downregulated -17.5-fold in the
gacS mutant (Table S2, section ‘exopolysaccharides’);
PFLU0144 is part of an operon (PFLU0143–PFLU0146)
involved in the biosynthesis of the biofilm adhesin
polysaccharide PGA (Itoh et al., 2008). Furthermore,
PFLU4610, which was downregulated -22.3-fold in
the gacS mutant, is part of an operon (PFLU4607–
PFLU4611) involved in nitrate/nitrite assimilation (Romeo
et al., 2012). Finally, PFLU2750, upregulated 6.3-fold in
the gacS mutant, is in an operon (PFLU2749–PFLU2752)
encoding a multidrug efflux system (Table S2, section
‘stress and detoxification’). Collectively, these results
suggest that the GacS/A two-component system may act
as an important regulator of traits that contribute to the
competitive ability of SBW25 in the rhizosphere.

Inactivation of gacS leads to enhanced
antimicrobial activity

The GacS/A two-component system controls bioactive
metabolite production in many Pseudomonas species and
strains (Haas and Keel, 2003; Raaijmakers et al., 2010).
For P. fluorescens SBW25, the lipopeptide viscosin was
shown to lyse zoospores of oomycete plant pathogens
like Phytophthora infestans (de Bruijn et al., 2008). Since
the gacS mutant of SBW25 does not produce viscosin
(Fig. S4) and does not lyse zoospores of P. infestans (De
Bruijn et al., 2007), we expected that the antimicrobial
activity would be impaired in the gacS mutant like in other
gacA/S mutants of Pseudomonads (Haas and Keel,

2003). However, the dual culture assays showed that the
gacS mutant exhibited stronger and more distinct inhibi-
tion of mycelial growth of P. infestans than wild type
SBW25 (Fig. 3A, Table S6). Also, for several other oomyc-
etes, fungi and bacteria, we observed an increased
growth inhibition by the gacS mutant (Fig. 3A, Table S6).
Collectively, these results show that inactivation of gacS
leads to an enhanced, broad-spectrum antimicrobial
activity of strain SBW25. The complementation of the
antimicrobial activity was less clear, ranging from no to
partial restoration. Partial complementation of phenotypes
associated with gacA/S mutations by the corresponding
wild type gene has been observed previously (Whistler
et al., 1998). The mechanisms for this are unknown, but
we speculate that proper function of the GacA/S system
might require a stoichiometric balance between the
sensor kinase and response regulator that is disrupted by
higher copy numbers of the plasmid-borne GacS. Sensor
kinases like GacS have phosphatase activity that, at
higher levels, can dephosphorylate the corresponding
response regulator (Kenney, 2010). Possibly, the
copy number of GacS may be more important for
re-establishing the biosynthesis of antimicrobial com-
pounds than for the other phenotypes described above
(Fig. S3).

Elucidation of the enhanced antimicrobial activity

To identify potential extracellular metabolites associated
with the enhanced antimicrobial activity, the gacS mutant
and wild type SBW25 were cultured on one-fifth strength
PDA agar plates followed by chemical extractions
described previously for the isolation and detection of
other secondary metabolites produced by Pseudomonas
(De Souza et al., 2003). Subsequent reversed phase
high-performance liquid chromatography (RP-HPLC)
coupled with photodiode array spectroscopic analysis
(wavelength ranges from 200 to 450 nm) did not show any
differences between the metabolite profiles of the gacS
mutant and wild type strain, except for the lipopeptide
viscosin which was detected in extracts from wild type
SBW25 but not in the extracts from the gacS mutant and
the viscosin biosynthesis mutant viscA (Fig. S4). Given
the roles of NRPS genes in the antimicrobial activities of
a wide range of microorganisms including Pseudomonads
(Raaijmakers et al., 2010), we subsequently focused on
an orphan NRPS gene cluster (PFLU3217–3228) that
was upregulated in the gacS mutant of SBW25 (Fig. 4A).
This cluster is not present in the genomes of many other
strains in the P. fluorescens group (Loper et al., 2012) and
at least one gene (PFLU3223) in this cluster was identi-
fied earlier in the IVET analysis (Table S2) of SBW25
genes expressed in the rhizosphere (Silby et al., 2009).
This gene cluster contains five NRPS genes (PFLU3220,
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3222–3225) that are predicted to encode an eight-amino-
acid peptide (Fig. 4A). The predicted peptide resembles
ornicorrugatin, a putative siderophore produced by P. fluo-
rescens AF76 (Matthijs et al., 2008; Cornelis, 2010). No
classic loading domain exists, indicating that the first
module tethers a starter unit upon which the peptide chain
elongates. In the case of ornicorrugatin, this is suggested
to be octanoic acid (Risse et al., 1998). Two genes in the
cluster (PFLU3219, PFLU3221) are predicted to encode
proteins in the TauD family that could function in hydroxy-
lation of the OL-threo-OH-His (position 1) and L-OH Asp
(positions 6 and 8) of the peptide (Singh et al., 2008).
PFLU3217 is a putative diaminobutyrate 4-transaminase
(related to PvdH) that could be involved in the biosynthe-
sis of diaminobutyrate, which is then incorporated into the
peptide chain (Vandenende et al., 2004). The presence of
a TonB-dependent receptor (PFLU3218) could enable
uptake of the subsequent ferric–siderophore complex
(Moon et al., 2008), whereas the two putative ABC trans-
porters (PFLU3226, PFLU3228) could provide machinery
for efflux.

Site-directed mutagenesis of the NRPS gene
PFLU3225 in the wild type (SBW25/D3225) resulted in a
decrease of the halo on CAS medium and of the fluores-
cence under UV (Fig. 4B). Also in the gacS mutant, which
itself has an increased production of siderophores com-

pared with the wild type, a mutation in the PFLU3225
gene led to a reduced halo on CAS medium (Fig. 4B).
These results strongly suggest that the peptide encoded
by this orphan NRPS gene cluster acts as a siderophore
or as a regulator of siderophore biosynthesis. In terms of
antimicrobial activity, however, no significant effects were
observed: the gacS/D3225 double mutant had the same
enhanced inhibitory activity as the gacS mutant against
the oomycete, fungal and bacterial pathogens tested
(Fig. 3A). The enhanced activity of the gacS mutant
against P. infestans was also not affected by addition of
iron (Fe3+, Fe2+; Fig. 3B, Fig. S5) indicating that other iron-
regulated pyoverdine-like siderophores do not play a
major role in the enhanced antimicrobial activity.

Conclusions

The genome-wide microarray analysis of P. fluorescens
SBW25 presented here showed that inactivation of the
GacS/A two-component system strongly influences
expression of a large number of genes. The genes
affected are involved in a broad range of biological func-
tions, including oxidative stress response, iron acquisi-
tion, secondary metabolism, biofilm formation and motility.
Next to these ‘usual suspects’, our analysis revealed, for
the first time, that transcription of 19 rhizosphere-induced

Fig. 3. A. In vitro activity of wild type P. fluorescens SBW25, its gacS mutant and the gacS/D3225 double mutant against the oomycetes
Phytophthora infestans and Saprolegnia parasitica, the fungus Verticillium dahliae and the bacteria Xanthomonas campestris pv. campestris
and Pseudomonas syringae pv. tomato.
B. Activity of wild type SBW25 and the gacS mutant against Phytophthora infestans on agar plates supplemented with 0, 50 or 100 mM FeCl3.
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genes and of genes involved in type II secretion,
(exo)polysaccharide and pectate lyase biosynthesis,
twitching motility and an orphan non-ribosomal peptide
synthetase were significantly affected in the gacS mutant.
Although gacS/A mutants of Pseudomonas species gen-
erally have a reduced activity against other microorgan-
isms, our study revealed an enhanced, broad-spectrum
activity of the gacS mutant of SBW25. Various pathogens,
including oomycetes, fungi and bacteria, were substan-

tially more inhibited in growth by the gacS mutant than by
wild type SBW25. No candidate metabolites could be
detected by RP-HPLC analysis and also the orphan
NRPS gene cluster, which displays siderophore activity or
acts as a regulator of siderophore biosynthesis, did not
play a role in the enhanced antimicrobial activity. Hence,
the mechanism(s) involved in the Gac-associated
enhanced antimicrobial activity are yet unknown and
subject of future studies.

Fig. 4. A. Organization and predicted peptide configuration of the putative ornicorrugatin NRPS gene cluster in P. fluorescens SBW25 based
on in silico analysis of the genome sequence. The gene codes 3220, 3222, 3223, 3224 and 3225 refer to PFLU3220, PFLU3222, PFLU3223,
PLFU3224, PLFU3225 in the Pseudomonas Genome Database respectively. Underneath the genes are (i) the fold changes in their expression
in the gacS mutant, and (ii) the predicted module and domain organization of the NRPSs according to analyses by PFAM, PKS/NRPSs and
NRPS predictor2 software packages. Underneath the domains are the amino acids predicted to be incorporated into the peptide moiety based
on specific signature sequences in the A-domains. The number associated with the amino acid refers to the position of the amino acid in the
predicted peptide chain.
B. Detection of siderophore production by wild type SBW25, the D3225 mutant, the gacS mutant and the gacS/D3225 double mutant on CAS
agar medium; left panel, observation under normal light; right panel, observation under UV light; the sizes of the orange (left panel) and
fluorescent halos (right panel) is a measure for the amount of siderophores produced.
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Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Materials and methods.
Fig. S1. Location of the Tn5 transposon insertion (A) and the
19 microarray 60-mer probes in the gacS gene of P. fluores-
cens SBW25 (B). Probes are in grey and the overlap between
probes is depicted in dark grey.
Fig. S2. Organization of the sod gene cluster in P. fluores-
cens SBW25, including sodA, fumC1, a transport related
membrane protein (PFLU0877), and two hypothetical pro-
teins (PFLU0873, PFLU0875). For each of the genes, fold
changes in transcription � standard error of the mean were
determined for the gacS mutant by Q-PCR analysis; these
are indicated below each of the genes.

Fig S3. Phenotypic characterization of wild type strain
SBW25, gacS mutant, complemented gacS mutant (gacS
compl.) and gacS+ empty vector (gacS ev). For complemen-
tation, a 3763 bp fragment containing the gacS gene with
putative promoter and terminator was obtained by PCR with
specific primers (Table S1). The PCR fragment was first sub-
cloned in pGEM-T Easy (Promega) and subsequently cloned
into the shuttle vector pME6031 (Heeb et al., 2000). The
obtained pME6031-gacS construct and pME6031 empty
vector control were electroporated into the gacS::Tn5 mutant
of P. fluorescens SBW25 and the presence of the vectors was
verified by PCR with pME6031-specific primers (Table S2,
Supporting information).
A. Siderophore detection on CAS media: top, observation
under normal light; bottom, under UV light; the size of the
orange halos is a measure for the amount of siderophores
produced.
B. Extracellular protease activity on skimmed milk agar
plates; a halo around the bacterial colony represents pro-
tease activity.
C. Biofilm formation in KB liquid media in a 96-well PVC plate:
the cells in the biofilm were stained with crystal violet (left);
biofilm formation was quantified spectrophotometrically
(right).
D. Swimming motility (top) and swarming motility (bottom)
on soft SSM agar medium [0.3% and 0.6% agar (w/v)
respectively].
Fig. S4. RP-HPLC analysis of culture extracts of P. fluores-
cens SBW25, the gacS mutant and the viscA mutant grown
on one-fifth strength PDA agar medium for 48 h. RP-HPLC
chromatograms at 210 nm are shown for wild type SBW25,
the gacS mutant and the viscA mutant.
Fig. S5. Activity of wild type SBW25, the gacS mutant and the
viscA mutant against Phytophthora infestans on agar plates
supplemented with 0, 50 or 100 mM FeSO4.
Table S1. Plasmids and oligonucleotide primers used in this
study.
Table S2. Specific functions, corresponding genes and their
relative expression levels in the gacS mutant of P. fluores-
cens SBW25 that are highlighted in the manuscript.
Table S3. Genes (#702) differentially expressed (fold
change > 4.0, P < 0.0001) in the gacS mutant of P. fluores-
cens SBW25. Certain genes fall in more than one role cat-
egory and therefore are presented more than once in the
table.
Table S4. Comparison of genes significantly affected in
expression in the gacS mutant of P. fluorescens SBW25 with
orthologous genes significantly affected in expression in
gacS/A mutants of P. protegens Pf-5 and P. aeruginosa
PAO1. For Pf-5 and PA01, data were obtained from Hassan
and colleagues (2010) and Brencic and colleagues (2009)
respectively.
Table S5. TonB-dependent receptors and linked extracyto-
plasmic function (ECF) sigma factors and anti-sigma factor
regulators that were transcriptionally modulated in the gacS
mutant of P. fluorescens SBW25.
Table S6. Quantification of the antimicrobial activity of wild-
type P. fluorescens SBW25 and the gacS mutant against
different oomycetes, fungi and bacteria.
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