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The GacS/GacA two component system regulates various
traits related to the biocontrol potential of plant-associated
pseudomonads. The role of the sensor kinase, GacS,
differs between strains in regulation of motility. In this
study, we determined how a gacS mutation changed cell
morphology and motility in Pseudomonas chlororaphis
06. The gacS mutant cells were elongated in stationary-
phase compared to the wild type and the complemented
gacS mutant, but cells did not differ in length in
logarithmic phase. The gacS mutant had a two-fold
increase in the number of flagella compared with the
wild type strain; flagella number was restored to that
of the wild type in the complemented gacS mutant.
The more highly flagellated gacS mutant cells had
greater swimming motilities than that of the wild type
strain. Enhanced flagella formation in the gacS mutant
correlated with increased expression of three genes,
fleQ, fliQ and fIhF, involved in flagellar formation.
Expression of these genes in the complemented gacS
mutant was similar to that of the wild type. These
findings show that this root-colonizing pseudomonad
adjusts flagella formation and cell morphology in
stationary-phase using GacS as a major regulator.

Keywords : cell elongation, motility, stationary phase, two
component regulation

Certain rhizobacteria are being studied as biopesticides to
control plant pests because these strains possess beneficial
traits to help plant health (Kim et al., 2011). Expression
of these beneficial traits in the biocontrol strains is crucial
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for their use in field conditions. The GacS/GacA (global
antibiotic and cyanide sensor kinase/response regulator)
two component system regulates the expression of a wide
variety of traits in biocontrol pseudomonads (Kim et al.,
2011). For example, production of antimicrobial factors
such as phenazines and pyrollnitrin is impaired by a gacS
mutation in the aggressive root colonizer Pseudomonas
chlororaphis 06 (Park et al., 2011). In contrast, the gacS
mutation in P. chlororaphis O6 increases production of
the plant growth regulator, indole-acetic acid (Kang et al.,
2006; Oh et al., 2013).

Root surface colonization is important for some bacteria
to induce systemic acquired resistance to pathogens and
to abiotic stresses (Cho et al., 2012; Kim et al., 2011). Our
previous work demonstrates that mutants in P. chlororaphis
06 defective in root colonization did not induce resistance
(Han et al., 2006). However, GacS regulation is not
essential for the overall root colonization process (Chancey
et al., 2002; Poritsanos et al., 2006; Schmidt-Eisenlohr et
al., 2003).

Flagella are implicated in the association of bacteria with
plant surfaces (O’Toole and Kolter, 1998). For example
the binding of P. fluorescens F113 cells to root tips is
correlated with a phenotype that improves swimming
ability through altered flagella length. These phenotypes
are complemented by the wild type gacS gene (Kusumoto
et al., 2006, 2008). Movement in water channels is
dependent on flagella rotation and leads to the use of low
viscosity 0.3% agar to measure swimming motility (Rashid
et al., 2000). In biocontrol pseudomonad strains, swimming
motility is regulated differently by the GacS regulator.
GacS negatively regulates motility in P. fluorescens
(Martinez-Granero et al., 2006, 2012), but acts as a positive
regulator in P. chlororaphis PA23 (Poritsanos et al., 2000).

To further understand the importance of different
bacterial traits during rhizosphere colonization, the present
study focused on flagella formation and cell morphology in
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the wild type, a gacS mutant and the complemented mutant
of P. chlororaphis O6 (Spencer et al., 2003). Expression
from genes involved in flagella synthesis was compared
between strains to determine the effects of the gacS
mutation on transcription.

Morphological changes of the gacS mutant. All strains
used in the study were maintained as stocks in 15%
glycerol at —80°C. Cells of P. chlororaphis O6 wild type, the
gacS mutant and complemented gacS mutant were grown
in Luria Broth (LB) for 2 days at 28°C to stationary-phase,
and applied to glass slides before fixation and coating
with gold-palladium alloy (Sigma-Aldrich Co., St. Louis,
MO). The cells were imaged under a scanning electron
microscope (Hitach S-2400, Hitach Co., Japan). Length
and diameter in each bacterial strain was determined for
at least 100 cells with two independent assays. Electron
microscopy showed that the gacS mutant cells had
elongated length when in stationary-phase as compared
to the wild type or the complemented mutant (Fig. 1).
Elongated growth of the gacS mutant was not apparent in
log-phase cells (data not shown).

Effects of a mutation in gacS on motility. Inocula (10°
colony forming units in 10 pl) of the wild type, mutant
and complemented mutant cells were transferred to the
center of LB plate medium with 0.3% agar for swimming
tests. The diameters of the colonies were recorded at 24 h
to assess swimming ability (Fig. 2A). Swimming motility
of the gacS mutant was significantly greater in 0.3% agar
plates than that of the wild type or the complemented
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Fig. 1. Effect of mutation in gacS on morphology of stationary-
phase cells of Pseudomonas chlororaphis O6. The wild type
(06), the gacS mutant (GacS-) and the complemented mutant
(ComGacS-) were grown in LB to stationary-phase before
imaging. Length and diameter for at least 100 cells for each strain
were measured from the electron micrographs. The means and
standard errors from two independent experiments are shown and
the * indicates differences between the cell lengths as determined
by Duncan’s multiple range test at P < 0.01.
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gacS mutant, as shown by a 24% increase above that
of wild type cells (Fig. 2A). The gacS mutant lacked
orange pigmentation on the medium, because the quorum
sensing system, conditioning phenazine formation, was
impaired (Kang et al., 2007). Orange pigmentation due to
phenazine production was observed in the wild type and
the complemented-gacS mutant (Fig. 2A).

Because GacS regulates transcription of 7poS encoding
a stress related sigma-factor (Kang et al., 2004), it seemed
possible that RpoS was involved in the altered swimming
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Fig. 2. Motility and flagellar formation of the Pseudomonas
chlororaphis wild type (06), the gacS mutant (GacS-), and the
complemented gacS mutant (ComGacS-) under swimming
conditions. Data for an rpoS mutant (RpoS-) and its comple-
mented mutant (ComRpoS-) also are shown in A and B. (A) The
growth medium contained 0.3% agar to assay swimming motility.
Data with standard deviations in parentheses are means of three
independent experiments with at least five plates for each strain.
(B) Number of polar flagella for cells isolated from 0.3% agar. (C)
Images generated by transmission electron microscopy (TEM) of
the P. chlororaphis O6 cells grown to stationary phase in 0.3%
agar when swimming would be feasible. Data are means of three
independent experiments with observations from 50 different
colonies in each strain. Different letters indicate significant
differences among P. chlororaphis O6 strains by Duncan’s
multiple range test (P < 0.01).
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activity of the gacS mutant. Assay of swimming ability on
0.3% agar showed that the swimming ability of the rpoS
mutant was unchanged from that of the wild type (Fig. 2A).

Increased flagellar formation in the gacS mutant.
Cells from the 0.3% agar plates were removed for
transmission electron microscopy (TEM) observations
after their negative staining with a 2% aqueous solution of
phosphotungstic acid (pH 7.4). A drop was applied onto a
Formvar-carbon-coated grid, and the liquid was withdrawn
after 30 s using filter paper. The samples were imaged
under a JEOL JEM 1010 TEM (Jeol Inc., Tokyo, Japan)
revealing the presence of an average of two lophotrichous
flagella/cell for the wild type strain and the complemented
gacS mutant (Fig. 2B). The average flagella number
increased over two-fold in the gacS mutant cells. Similar
measurements for the 7poS cells (Fig. 2B) showed that the
number of flagella was statistically the same as that of the
wild type confirming the finding that swimming ability was
not enhanced in the rpoS mutant as was observed for the
gacS mutant cells (Fig 2A). All flagella were located at one
pole of the cell (Fig. 2A). These observations differed from
P. fluorescens F113, in which a gacS mutation resulted
in flagella elongation rather than a change in number
(Martinez-Granero et al., 2012).

To determine whether flagella formation was being
controlled by GacS with changes in transcription of
genes involved in synthesis, we examined transcript
accumulation from three genes, fleQ, fliQ and fIhF. In P.
aeruginosa, FleQ is a transcriptional regulator involved in
flagella synthesis (Jyot et al., 2002). The small cytoplasmic
membrane protein FliQ is proposed to be involved in an
export pathway essential for flagella biosynthesis (Foynes
et al., 1999). Loss of FIhF leads to abnormal numbers
and placement of flagella in P. aeruginosa (Murray and
Kazmierczak, 2006) and is now associated with a GTPase
activity (Schniederberend et al., 2013). The complete
genome sequence of P. chlororaphis O6 revealed a battery
of genes with analogy to genes in other pseudomonads
involved in flagella formation and function (Loper et
al., 2012) including the genes selected for study: the
locus encoding the transcriptional regulator (FleQ) was
predicted at PchlO6 1727. The FliQ protein was encoded
by locus PchlO6 1745 and the GTPase regulator, FIhF at
PchlO6 1749. Total RNA from cells of the wild-type, the
gacS mutant, and the complemented gacS mutant grown
in King’s B broth to stationary-phase was isolated using
the RNeasy Mini kit (Qiagen Inc., Valencia, CA, USA)
with the RNA Protect Bacteria reagent. The real time-
reverse transcription polymerase chain reaction (RT-PCR)
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was performed using the Brilliant Quantitative RT-PCR
Master Mix (Stratagene Inc., La Jolla, CA, USA). A 25
pl mixture was incubated at 50°C for 30 min for reverse
transcription, followed by RT-PCR using the specific
primers: fIhF gene, forward (5'-CGC ATG CAA CTG
GAA AGT CT-3') and reverse (5'-GCA ACG CTT GTA
GCT GTG GT-3"), forward (5'-TCA ACG AAC AGA
CCC TGA GC-3") and reverse (5'-CTG CCG TAC AAC
TGC AGG AT-3') for the fliQ gene, and forward (5'-CCA
GTT TTG TTA ATG GGC GA-3') and reverse (5-TCT
CAC GAT AGA CCT GGG CA-3’) for the fleQ gene.
Specific primers for the P. chlororaphis O6 16S rRNA
gene were: forward (5'-ATA CAG AGG GTG CAA GCG
TT -3') and reverse (5'-CCG CTA CAC AGG AAA CTT
CA -3') and expression from this gene was employed as the
internal standard. A MX3000P Real Time PCR machine
(Stratagene) was used for 25 cycles with denaturation at
94°C for 15 seconds, annealing at 55°C for 30 seconds,
and a 30 second extension step at 72°C. The PCR products
were visualized on a 2% agarose gel. Using software from
Stratagene, the comparative CT method (27**“" method)
was used to determine target gene expression which was
normalized using 16S rRNA gene expression. Fold change
in expression of the mutants was calculated by dividing
normalized target gene expression values in the mutants by
wild-type normalized expression values. Results are presented
as mean and standard deviation of three replicates.

A comparison of RNA accumulation from these genes in
wild type cells of P. chlororaphis 06, the gacS mutant,
the complemented-gacS mutant is shown in Fig. 3.
Accumulation of transcripts from fIhF and fliQ was
considerably higher in the gacS mutant than in the wild
type and the complemented mutant. Although transcripts
were detectable from fleQ, the transcriptional activator,
in all cell lines, they also were at higher levels in the gacS
mutant. Thus, we found that expression from a putative
export gene, fliQ, as well as from two genes involved in
different mechanisms for regulation of flagella formation,
fleQ and fIhF, were up-regulated in the gacS mutant
compared with the wild type and complemented strains.

It is possible that an interaction occurs between the
control system for flagella formation and cell division.
The gacS mutant has abnormally elongated cell lengths, as
determined by atomic force microscopy imaging (Anderson
et al., 2005) and in this study for the stationary-phase cells.
It is interesting that FIhF has GTPase activity (Balaban et
al., 2009; Schniederberend et al., 2013). GTP hydrolysis is
involved in FtsZ polymerization to form the ring during cell
division (Mukherjee and Lutkenhaus, 1998). Additionally,
FIhF activity is modified by FIhG and FIhG and interacts
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25 alternative stress related sigma factor, RpoS. These findings
) b add to the extensive role of traits already documented to be
g 20 - = fIhE regulated by the Gac system in pseudomonads. In addition,
c . these results add to the extensive phenotypic plasticity for
o mfliQ . . . . .
= f microbial survival in soil and on plant roots where growth
g 15 1 eq conditions are highly variable and Gac mutants arise
§ spontaneously.
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Fig. 3. A gacS mutation affects fleQ, fliQ and fIhF transcript
accumulation in Pseudomonas chlororaphis O6. Reverse
transcription-polymerase chain reaction (RT-PCR) reactions
were stopped at the end of the 15th cycle, and PCR products were
loaded on a 2.0% agarose gel. The intensity of the PCR products
was used to measure relative transcript accumulations in cells of
the wild type, the gacS mutant (GacS-), and the complemented
GacS mutant (ComGacS-). Expression from the 16S rRNA genes
was used to standardize transcript levels. Relative expression
of the genes in P. chlororaphis O6 strains are means of three
independent experiments, and different letters indicate significant
differences in gene expression among P. chloraphis O6 strains
according to Duncan’s analysis of variance test (P < 0.05).

16S rRNA

with FtsZ (Balaban and Hendrixson, 2011), inferring
interactions between flagella formation and cell division.
Furthermore, a master regulator of flagella biosynthesis
and another cell surface feature, FleQ, is regulated by c-di-
GMP (Hickman and Harwood, 2008; Verstracten et al.,
2008), and altered FleQ regulation is a consequence of the
gacS mutation in P. fluorescens 311 (Martinez-Granero et
al., 2012; Navazon et al., 2009).

In summary, the greater swimming motility of the P.
chlororaphis O6 gacS mutant correlated with the pro-
duction of higher numbers of polar flagella and increased
expression of genes concerned with flagella formation.
Control by GacS was independent of the regulation by the
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