AEM

Journals.ASM.org

Enhanced Control of Cucumber Wilt Disease by Bacillus
amyloliquefaciens SQR9 by Altering the Regulation of Its DegU
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Bacillus amyloliquefaciens strain SQRY, isolated from the cucumber rhizosphere, suppresses the growth of Fusarium oxysporum
in the cucumber rhizosphere and protects the host plant from pathogen invasion through efficient root colonization. In the
Gram-positive bacterium Bacillus, the response regulator DegU regulates genetic competence, swarming motility, biofilm for-
mation, complex colony architecture, and protease production. In this study, we report that stepwise phosphorylation of DegU
in B. amyloliquefaciens SQR9 can influence biocontrol activity by coordinating multicellular behavior and regulating the syn-
thesis of antibiotics. Results from in vitro and in situ experiments and quantitative PCR (qPCR) studies demonstrate the follow-
ing: (i) that the lowest level of phosphorylated DegU (DegU~P) (the degQ mutation) impairs complex colony architecture, bio-

film formation, colonization activities, and biocontrol efficiency of Fusarium wilt disease but increases the production of
macrolactin and bacillaene, and (ii) that increasing the level of DegU~P by degQ and degSU overexpression significantly im-
proves complex colony architecture, biofilm formation, colonization activities, production of the antibiotics bacillomycin D and
difficidin, and efficiency of biocontrol of Fusarium wilt disease. The results offer a new strategy to enhance the biocontrol effi-

cacy of Bacillus amyloliquefaciens SQR9.

Knowledge of rhizosphere ecology and its implications for plant
physiology have dramatically changed traditional crop man-
agement practices, especially with regard to plant nutrition and
plant defense mechanisms (1). Today, it is widely accepted that
certain strains of rhizosphere bacteria, referred to as biocontrol
agents (BCAs), suppress soilborne pathogens and stimulate plant
growth. The main mechanisms by which BCAs suppress patho-
gens are antibiosis, competition for niches and nutrients, plant
growth promotion, leading to more robust plants, and induction
of systemic resistance in plants. Most BCAs are applied through
soil. Thus, rhizosphere competence is considered a prerequisite
for an effective BCA (2).

In natural environments, microorganisms usually exist in mul-
ticellular aggregates associated with solid surfaces that are gener-
ally described as biofilms (3). In Bacillus, some genes, including
yvcA and the yqxM-sipW-tasA operon, are essential for this pro-
cess. YvCA is a putative membrane-bound lipoprotein required
for complex colony development in strain NCIB 3610 but not for
pellicle formation in strain ATCC 6051. TasA is a protein compo-
nent of the extracellular matrix, and its correct localization de-
pends on the activities of both the SipW and YqxM proteins. Tran-
scription of the ygxM operon is inhibited by SinR through direct
promoter binding, an interaction that may in turn be disrupted
by its antagonist, Sinl. The pleiotropic regulator AbrB re-
presses transcription of the ygxM operon via indirect and direct
mechanisms (4).

Bacillus species. strains are used for the production of a wide
range of antibiotics, such as polymyxins (B. polymyxa), which de-
stroy membrane integrity, as well as edeines (B. brevis), which
inhibit the formation of the initiation complex on the 30S
ribosomal subunit (5). Furthermore, more lipopeptides and
polyketides were identified in B. amyloliquefaciens (6). Little is
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known about the regulatory mechanisms that control the expres-
sion of antibiotics produced by Bacillus species strains.
Two-component signal transduction systems are the major
family of signaling proteins by which bacteria sense and respond
to changes in the environment. These include a sensor kinase that
is autophosphorylated in response to a signal, followed by the
subsequent transfer of the phosphate group to a two-domain re-
sponse regulator (7). The phosphorylated response regulator of-
ten functions as a transcription factor. DegS/DegU is one of 10
well-characterized systems that regulate several postexponen-
tial processes, such as competence for DNA uptake, bacterial
motility, and degradative enzyme synthesis. Phosphorylated DegU
(DegU~P) activates the expression of more than 170 genes, in-
cluding aprE (encoding alkaline protease), nprE (encoding neutral
protease), bpr (encoding bacillopeptidase), and sacB (encoding
levansucrase) (8). Moreover, DegU~P was found to probably be
involved in poly-y-glutamic acid (y-PGA) production (7). A
model is proposed to describe DegU’s function as a rheostat reg-
ulating swarming motility, complex colony architecture, and ex-
tracellular protease production as a function of the DegU~P con-

Received 27 November 2013 Accepted 26 February 2014
Published ahead of print 28 February 2014

Editor: J. L. Schottel

Address correspondence to Qirong Shen, shengirong@njau.edu.cn.
Z.X.and RZ. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.03943-13.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.03943-13

aem.asm.org 2941


http://dx.doi.org/10.1128/AEM.03943-13
http://dx.doi.org/10.1128/AEM.03943-13
http://dx.doi.org/10.1128/AEM.03943-13
http://aem.asm.org

Xu et al.

TABLE 1 Microorganisms and plasmids used in this study

Strain or plasmid

Description

Reference or source

Fungus

F. oxysporum f. sp. cucumerinum

J. H. Owen CIPP1012

Bacterial strain
E. coli TOP10

R. solanacearum QLRs-1115
B. amyloliquefaciens SQR9

B. amyloliquefaciens SQR9-gfp
SQRIM4

SQRIM4-gfp

SQRIM4Q

SQRIQ

SQRIQ-gfp

SQRISUQ

SQRISUQ-gfp

Plasmids
pMD 19-T
PNW33n
pUBC19
pUBCQ
pUBCSUQ
pHAPII
p43NMK

F~ mcrA A(mrr-hsdRMS-mcerBC) (80 lacZAM15 AlacX74 nupG recAl

araD139A(ara-leu)7697 galE15 galK16 rpsL (Str") endAIN™

Wild type

GFP-labeled B. amyloliquefaciens SQR9, Kan"

B. amyloliquefaciens SQR9 AdegQ::cm

GFP-labeled B. amyloliquefaciens SQRIAdegQ::cm, Kan"
amyloliquefaciens SQRIM4 with pUBCQ (Cm" Kan")
amyloliquefaciens SQR9 with pUBCQ (Kan")
amyloliquefaciens SQR9 with pUBCQ and pHAPII (Kan")
amyloliquefaciens SQRY with pUBCSUQ (Kan")
amyloliquefaciens SQR9 with pUBCSUQ and pHAPII (Kan")

mmEww

Amp"; MCS

Cm"; MCS

Amp' Km'; B. subtilis-E. coli shuttle vector

pUBC19 containing degQ

pUBCI19 containing P43-degQ and degSU

pUBCI19 containing gfp fused to HAPII promoter

Amp" Km"; B. subtilis expression vector, mpd expression cassette

Laboratory stock (13)

Invitrogen (Shanghai, China)

Laboratory stock
13

12

This study

This study

This study

This study

This study

This study

This study

TaKaRa (Dalian, China)
37

12

This study

This study

12

38

centration (9). The function of the DegSU two-component system
in biofilm formation is poorly understood. This is partly due to the
fact that analysis of DegSU has been carried out using a laboratory
strain, ATCC 6051, in which expression of DegU-regulated genes
is more complex than that in undomesticated strains.

The transfer of the phosphate moiety from DegS to DegU is
enhanced in the presence of DegQ, a small protein consisting of 46
amino acids. Some laboratory isolates of Bacillus subtilis contain a
point mutation within the promoter of degQ that is associated
with a reduced level of DegQ synthesis; this in turn reduces the
level of DegU~P in the cell (10). The actions of DegU and DegQ
are strongly interconnected. DegU~P binds to the direct-repeat
sequence of sacB and enhances its expression. Although B. subtilis
168 carries the degQ gene in its chromosome, this degQ gene is
expressed only at a low level. A previous study reported that a
single-base substitution within the —10 region of the degQ pro-
moter (degQ36 mutation) allows overexpression of the intact
degQ gene, and this leads to increased expression of sacB (9). It has
also been reported that increased expression of the pleiotropic
regulator DegQ in B. subtilis 168 enhances antibiotic production.
Interestingly, most of the wild-type Bacillus isolates that produce
peptide antibiotics show significantly elevated degQ expression
compared to that of the domesticated lab strain B. subtilis 168
(11).

B. amyloliquefaciens SQR9, which was isolated from the cu-
cumber (Cucumis sativus Linn.) rhizosphere, suppressed the
growth of Fusarium oxysporum, the causative agent of vascular
wilt of cucumber (12). SQR9 produces three families of lipopep-
tides: bacillomycin D, fengycins, and surfactins. Furthermore, a
previous study indicated that bacillomycin D acts both as a signal
for its biofilm formation and as the weapon of B. amyloliquefaciens
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SQRO for suppressing F. oxysporum and other fungal and bacterial
pathogens (13). The disruption of the abrB gene in SQR9 can
improve biofilm formation and root colonization (14). In the
present study, we constructed three derivatives of B. amylolique-
faciens SQR9 with different levels of DegU phosphorylation. Our
results strongly suggest that altering the phosphorylation level of
DegU in B. amyloliquefaciens SQR9 influences the biocontrol ac-
tivity of soilborne Fusarium wilt disease by coordinating multicel-
lular behavior and regulating the synthesis of bacillomycin D.

MATERIALS AND METHODS

Strains and culture conditions. The strains and plasmids used in this
study are described in Table 1. E. coli TOP10 was used as the host for all
plasmids. B. amyloliquefaciens strain SQR9 (CGMCC accession no.
5808; China General Microbiology Culture Collection Center) was
used throughout this study. Fusarium oxysporum CIPP1012 (ACCC ac-
cession no. 30220; Agricultural Culture Collection of China) was used as
the pathogen and was obtained from the Institute of Vegetables and Flow-
ers, Chinese Academy of Agricultural Sciences (Beijing, China). The
pathogenic Ralstonia solanacearum strain QLRs-1115 was previously iso-
lated from a wilted tomato plant (15).

Growth conditions. Escherichia coli strains were routinely grown in
LB medium (10 g NaCl, 5 g yeast extract, and 10 g tryptone per liter). B.
amyloliquefaciens strains were routinely grown in LB medium and, where
appropriate, in MSgg medium (5 mM potassium phosphate, 100 mM
morpholinepropanesulfonic acid [MOPS], pH 7, 2 mM MgCl,, 700 uM
CaCl,, 50 uM MnCl,, 50 uM FeCl;, 1 wM ZnCl,, 2 mM thiamine, 0.5%
glycerol, 0.5% glutamate, 50 g ml~' tryptophan, 50 pg ml~ ' phenylal-
anine, and 50 pg ml™' threonine). For antibiotic production and liquid
chromatography-mass spectrometry (LC-MS) characterization, B. amy-
loliquefaciens strains were grown in Landy medium (16). E. coli strains
were grown at 37°C, and B. amyloliquefaciens strains were grown at 30°C.
The antibiotics were used, as required, at the following concentrations:
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ampicillin, 100 wg ml~*; chloramphenicol, 5 g ml ™ '; kanamycin, 30 pg
ml™"

Construction of the fused fragments for allelic exchange. To con-
struct the fragment used to delete the 0.1-kb region in the degQ gene of B.
amyloliquefaciens SQR9, a 0.9-kb fragment upstream of the 0.1-kb region
in degQ and a 1.1-kb fragment downstream of this region were amplified
with primer sets p1/p2 and p3/p4 (see Table S1 in the supplemental ma-
terial), respectively. The 1.- kb chloramphenicol resistance (Cm) gene was
amplified from plasmid pNW33n with primer set P5/P6 (see Table S1),
which overlapped with the upstream fragments and the downstream frag-
ments of the 0.1-kb region in the degQ gene.

Al PCR products were gel purified using an AxyPrep DNA gel purifi-
cation and extraction kit (Axygen, Hangzhou, China). In the first step of
the overlapping PCR, the mixture included 12 pl water, 5 pul PrimeSTAR
buffer (5X), 2 wl dinucleoside triphosphate (dANTP) mix (2.5 mM
[each]), 2 ul (20 ng) front fragment, 2 wl (20 ng) back fragment, 1.5 wl (15
ng) Cm' fragment, and 0.5 pl PrimeSTAR HS DNA polymerase. The PCR
program was as follows: denaturing at 98°C for 2 min; 20 cycles of 98°C for
10's, annealing at 55°C for 15 s, and extension at 72°C for 1.5 min. For the
second step of overlapping PCR, the mixture included 32 pl water, 10 pl
PrimeSTAR buffer, 4 pl ANTP mix, 1 pl forward primer of the front
fragment, 1 pl reverse primer of the back fragment, 1 pl unpurified prod-
uct from the first-step PCR, and 1 pl PrimeSTAR HS DNA polymerase.
The PCR program was as follows: denaturing at 98°C for 2 min; 35 cycles
of 98°C for 10 s, annealing at 54°C for 15 s, and extension at 72°C for 3.5
min. Through the overlapping PCR, the fused fragment was obtained and
used to delete the 0.1-kb region in the degQ gene of B. amyloliquefaciens
SQRO.

Disruption of the degQ gene in B. amyloliquefaciens SQR9. The
fused fragment was individually transformed into the competent cells of
B. amyloliquefaciens SQR9, and the transformants were selected on LB
agar plates containing 5 pg ml~' chloramphenicol. The desired mutants
with a deletion encompassing the 0.1-kb region in the degQ gene were
verified by PCR using the primer sets p7/p8 (see Table S1 in the supple-
mental material) and confirmed by Southern blotting experiments
(data not shown); the degQ disruption mutant of SQR9 was designated
SQRIMA4.

Complementation of disrupted degQ gene. Plasmid pUBCQ was
constructed to complement degQ disruption in SQRIM4. The degQ gene
(including its promoter), bordered by Pstl and HindIII sites, was ampli-
fied from SQRY genomic DNA using primers p9/p10 (see Table S1 in the
supplemental material). After purification and digestion with the corre-
sponding restriction enzymes, the fragments were cloned into the B. amy-
loliquefaciens-E. coli shuttle vector pUBC19 (see Fig. S1). The plasmid was
sequenced to test whether PCR-generated mutations were present. Plas-
mid pUBCQ was transformed into strain SQR9IM4 to obtain the degU
gene complemented strain.

Construction of high-DegU~P-level B. amyloliquefaciens SQR9
strains. Plasmid pUBCQ was also transformed into strain SQR9 to obtain
the high-level-DegU~P strain and designated B. amyloliquefaciens
SQRIQ. Plasmid pUBCSUQ was used to construct a strain with the high-
est level of DegU~P. The degQ gene was placed under the control of the
P43 promoter, and we introduced the degSU genes into this plasmid. The
P43 promoter was amplified from plasmid pP43NMK with primer set
p11/p12 (see Table S1 in the supplemental material), and degQ and degSU
(including three promoters of the degSU operon) were amplified from
SQRY genomic DNA using primers p13/p14 and p15/p16 (see Table S1),
respectively. Subsequently, the three fragments were fused by PCR with
primer set p11/p16 (see Table S1). After purification and digestion with
the corresponding restriction nuclease, the fragments were cloned into
the B. amyloliquefaciens-E. coli shuttle vector pUBC19 to get plasmid
pUBCSUQ (see Fig. S1). Plasmid pUBCSUQ was sequenced to test
whether PCR-generated mutations were present and, if negative, trans-
formed into B. amyloliquefaciens SQR9 to obtain strain B. amyloliquefa-
ciens SQRISUQ.
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Purification by reverse-phase (RP) HPLC. For the purification of
macrolactin, high-pressure liquid chromatography (HPLC) was per-
formed using a HPLC 1200 device (1200 series; Agilent, Santa Clara, CA)
to purify the active substance. A 20-pl sample, pretreated using an
XAD-16 column, was injected into the HPLC column (Eclipse XDB-C,g,
4.6 by 250 mm, 5 wm; Agilent, Santa Clara, CA). The temperature of the
column was maintained at 20°C throughout the experiment. The purifi-
cation was performed using a solvent containing 60% A (0.1% [vol/vol]
CH;COOH) and 40% B (CH;CN) at a flow rate of 0.6 ml/min. To pro-
duce a stable baseline, the column was equilibrated using 60% A and 40%
B solvent. An UV detector was used to detect peaks at 230 nm.

For the purification of bacillomycin D, fengycin, and surfactin, 10-.l
sample was injected into a HPLC column, 9.4 mm by 150 mm (Agilent
Technologies, Santa Clara, CA, USA). The temperature was kept at 35°C
during the experiment. The flow rate was 0.84 ml/min using gradient
elution with the detecting wavelength of 210 nm. Mobile phase A and
mobile phase B were acetonitrile and 0.1% acetic acid in water, respec-
tively. The elution conditions were 0 to 9 min of 60 to 93% (vol/vol) A, 40
to 7% (vol/vol) B, and 9 to 20 min of 93% A, 7% B.

For the purification of difficidin and bacillaene, 10-pl samples were
injected onto a, HPLC column (Eclipse XDB-C, g, 4.6 by 250 mm, 5 pm;
Agilent, Santa Clara, CA). The temperature was kept at 30°C during the
experiment. The run was performed with a flow rate of 0.75 ml/min and a
gradient of solvents A (0.1% [vol/vol] HCOOH) and B (CH;CN), which
reached 100% B after 20 min. A concentration of 100% CH,CN-HCOOH
was held for a further 2 min. To equilibrate the column, it was treated with
5% CH,CN-HCOOH for 3 min. A UV detector was used to detect peaks
at 230 nm.

A fraction collector (Analyt FC, G1364C; Agilent, Santa Clara, CA)
was used to collect the pure compounds, and the fractions were collected
using the time and peaks mode. The injections were performed repeatedly
to collect a sufficient quantity of secondary metabolite. The fractions were
lyophilized, and the residues were dissolved in 500 pl of methanol for
mass spectrometry analysis.

MS analysis. Samples were collected from an HPLC fraction collector,
and the molecular mass and molecular formula of each secondary metab-
olite substance were determined using a liquid chromatography/electro-
spray ionization-mass spectrometry (LC/ESI-MS) system (1200 series and
ESI-MS, 6410 Triple Quad LC/MS; Agilent, Santa Clara, CA) with a C
column (50 by 2.1 mm, 1.8 um) at a flow rate of 0.4 ml/min. The mobile
phase was the same as the purification by HPLC section. For MS analysis,
the electrospray needle was operated at a spray voltage of 4.5 KV. The
capillary temperature was 300°C. The MS analysis was done by electros-
pray ionization in positive-ion mode, and the mass spectra were acquired
in an m/z range of 50 to 1,200 at a scan rate of 500 atomic mass units
(amu)/s.

Biofilm assay of B. amyloliquefaciens SQR9 and its derivative
strains. The biofilm assay was carried out using a modified version of the
microtiter plate assay as described by Hamon et al. (17). Briefly, B. amy-
loliquefaciens cells were grown in 24-well polyvinylchloride (PVC) micro-
titer plates (Fisher Scientific, Shanghai, China) at 30°C in biofilm growth
medium (MSgg medium) (18). The inoculum for the microtiter plates
was obtained by growing the cells in MSgg medium under aeration to
mid-exponential phase and subsequently diluting the cells to an optical
density at 600 nm (ODg,) value of 0.01 in fresh biofilm growth medium.
Samples of 100 .l of the diluted cells were then placed in each well of a
24-well PVC microtiter plate. The microtiter plates were incubated while
stationary. At various time points during the incubation of B. amylolique-
faciens strains in the microtiter plates, the presence of adhered cells was
monitored by staining with crystal violet (CV) as follows. Growth me-
dium and nonadherent cells were removed from the microtiter plate wells,
which were subsequently rinsed with washing buffer (0.15 M ammonium
sulfate, 100 mM potassium phosphate, pH 7, 34 mM sodium citrate, and
1 mM MgSO,). Biofilm cells were stained with 1% CV in washing buffer at
room temperature for 20 min. Excess CV was subsequently removed, and
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the wells were rinsed with water. The CV that had stained the cells was
then solubilized in 200 .l of 80% ethanol-20% acetone. Biofilm forma-
tion was quantified by measuring the OD,, value of each well using a
Bio-Rad model 550 plate reader (17).

Transcription analysis of genes involved in biofilm formation and
antibiotic synthesis. Total RNA was isolated from B. amyloliquefaciens
strains (SQR9, SQRIM4, SQRIQ, and SQRISUQ) grown in MSgg and
Landy medium. The cells were harvested by centrifugation at 4°C for 10
minat 5,000 X g. Total RNA samples were extracted using an RNAiso Plus
kit (TaKaRa, Dalian, China) according to the manufacturer’s protocol.
RNA was reversely transcribed into cDNA in a 20-pl reverse transcription
system (TaKaRa, Dalian, China) according to the manufacturer’s instruc-
tions.

Transcription levels of ygxM, yvcA, bamD (in the bacillomycin D operon),
sftA (in the surfactin operon), dfnA (in the difficidin operon), baeB (in the
bacillaene operon), minA (in the macrolactin operon), and fenA (in the fengy-
cin operon) of SQRIM4, SQRIQ, and SQRISUQ relative to those for SQR9
were measured by reverse transcription-quantitative PCR (RT-qPCR) using a
SYBR Premix Ex Taq (Perfect Real Time) kit (TaKaRa, Dalian, China). The
sequences of primers used to amplify these genes are listed in Table S1 in the
supplemental material. The recA gene was used as an internal control. Reac-
tions were carried out on an ABI 7500 system (ABI, USA) under the followed
condition: cDNA was denatured for 10 s at 95°C, followed by 40 cycles con-
sisting of 5 s at 95°C and 34 s at 60°C. The method of 2~ 2“7 was used to
analyze the real-time PCR data (19).

Microscopy. In the hydroponics system, the root samples were mon-
itored at 6 days after inoculation. The collected roots were cut into 1 to 2
cm in length, put on microscope slides, and visualized using a confocal
laser scanning microscope (CLSM) (model TCS SP2; Leica, Heidelberg,
Germany) with excitation wavelengths of 488 nm. Emitted light in the
range of 500 to 600 nm was collected for green fluorescent protein (GFP)
visualization. Images were obtained using Leica confocal software, version
2.61.

Root colonization by B. amyloliquefaciens SQR9 and its derivative
strains in hydroponic culture. The shuttle plasmid pHAPII was used to
introduce plasmid-borne GFP genes into B. amyloliquefaciens SQR9 and
its derivative strains by electroporation (20). To study root colonization,
B. amyloliquefaciens strains were labeled with GFP to enable the monitor-
ing. Colonies of B. amyloliquefaciens strains (SQR9-gfp, SQROIM4-gfp,
SQRIQ-gfp, and SQRISUQ-gfp) were inoculated into 50 ml of LB broth
with appropriate antibiotics, and the cultures were incubated at 30°C until
reaching stationary phase. The cells were washed twice in M8 buffer (22
mM Na,HPO,, 22 mM KH,PO,, and 100 mM NaCl, pH 7) and resus-
pended in 500 ml M8 buffer prior to use. Axenic prepared cucumber
seedlings were soaked in 500 ml bacterial suspension for 30 min at 30°C.
Then, the seedlings were aseptically transplanted to containers with 200
ml of sterile 1/2 MS culture medium (21). The plants were incubated in a
growth chamber at 28°C with a 16-h light regimen. Ten repeats were
performed for each strain.

To monitor B. amyloliquefaciens strains colonized on cucumber seed-
ling roots, root samples were taken at 0, 2, 4, 6, 8, and 15 days after
inoculation; 0.2 g of roots were homogenized in 1.8 ml of PBS buffer using
a mortar and pestle until a fine homogenate was obtained. The homoge-
nates were serially diluted and plated on LB plates with appropriate anti-
biotics. After culture at 30°C for 2 days, the bacterial colonies were exam-
ined using fluorescence microscopy (Olympus DP71), and those emitting
green fluorescence were counted.

Pot experimental design. The trial was conducted from 7 July to 15
September 2012 in the greenhouse of Nanjing Agricultural University.
The soils used for the pot experiments were collected from a field with a
history of cucumber cultivation. The field is located in Nanjing, Jiangsu
Province, China, and the soil had the following properties: pH 5.4; organic
matter, 23.2 g kg~ '; available N, 159.2 mg kg~ '; available Pm 138.9 mg
kg™ '; available K, 272. mgkg ;s total N, 1.9 gkg "' total P, 1.9 gkg ™ '; and
total K, 16.4 gkg™ .
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Seeds of cucumber, Jinchun no. 4, were surface disinfected in 2%
sodium hypochlorite for 3 min, rinsed three times in sterile distilled water,
and subsequently allowed to germinate in 9-cm petri dishes covered with
sterile wet filter paper at 30°C. After germinating, the seeds were planted
in seedling trays. After 2 weeks, the seedlings with two true leaves were
transplanted into larger pots (16 cm in diameter by 15.5 cm high) with 1
kg of soil. Five treatments in the pot experiment were designed as follows.
CK (control), SQR9, SQRIM4, SQRIQ, and SQRISUQ were used. All
strains were individually mixed into the soil: FOC (Fusarium oxysporum f.
sp. cucumerinum) at 10° spores g ' soil and B. amyloliquefaciens strains
(SQR9, SQRIM4, SQRIQ, and SQRISUQ) at 10® CFU g~ '; the treatment
without B. amyloliquefaciens strains was the control. Each treatment was
replicated 30 times, which included three blocks in a completely random-
ized design (10 plants for each block). The seedlings were incubated in a
growth chamber at 30°C under a 16-h light regimen and irrigated with 1/2
Hoagland medium.

The disease index was recorded for each individual plant from 6 days to 9
days after FOC inoculation and expressed on a scale of 0 to 4 as follows: 0, the
entire plant was healthy; 1, <25% of leaves were wilted; 2, 25% to 50% of
leaves were wilted; 3, 50% to 75% of leaves were wilted; 4, 75% to 100% of
leaves were wilted. The disease index for each treatment was calculated using
the following formula (22): disease index = [>(rating X number of plants
rated)/(total number of plants X highest rating)] X 100.

Statistical analysis. The data were statistically analyzed using analysis
of variance, followed by Fisher’s least-significant-difference test (P <
0.05) using SPSS software (SPSS Inc., Chicago, IL, USA).

RESULTS

Phosphorylation of DegU is essential for both complex colony
architecture and biofilm formation. To investigate the effect of
the level of DegU~P on the biocontrol efficiency, B. amylolique-
faciens SQRY derivatives with different levels of DegU~P were
constructed (Fig. 1). It has been shown previously that degQ en-
hances the phospho transfer from phospho-DegS to DegU (10).
The lowest-DegU~P-level strain was constructed through dis-
ruption of the degQ gene. The intermediate-DegU~P-level strain,
SQRIQ, was constructed through the overexpression of the degQ
gene, and the highest-DegU~P-level strain, SQRISUQ), was con-
structed by overexpressing all degQ, degS, and degU genes.

DegU~P is required to regulate complex colony architecture.
The results in Fig. 1A show that in solid medium, the wild type was
found to produce colonies with complex architectural features.
SQRYM4 showed impaired complex colony architecture: upon
closer examination of the degQ deletion mutant, it was apparent
that the central aerial structures observed on colonies formed by
the wild-type strain were not present and the colony remained
flattened against the agar surface. Additionally, the degQ deletion
mutant did not form the fruiting body-like structures that could
be observed for the wild-type strain (Fig. 1A). The wild-type phe-
notype was restored when the disrupted degQ gene was comple-
mented through expression of degQ in a plasmid see (Fig. S2 in the
supplemental material). On the other hand, strains SQR9Q and
SQRISUQ demonstrated the extended formation of aerial colony
architecture on agar plates compared with results for the wild-type
strain, SQRY (Fig. 1A).

The four strains showed indistinctive growth curves (see Fig.
S3), but in liquid medium, the degQ mutant formed thin and
fragile biofilm compared with wild-type strain SQR9 (Fig. 1B). In
contrast, the strain SQR9SUQ in high level of DegU~P formed
robust rugose biofilms. Quantitative analysis of the biofilm bio-
mass indicated that the degQ mutant exhibited significantly lower
levels of biofilm biomass. At all time points tested, the degQ mu-
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FIG 1 Colony morphology and biofilm formation activity of B. amyloliquefaciens strains as a function of DegU phosphorylation. (A) Complex colony
morphology of strains SQRIM4, the wild-type strain, SQR9Q, and SQRISUQ. (B) Microtiter plate assay of biofilm formation by different B. amyloliquefaciens
SQRY strains. (C) ODs5;, of solubilized crystal violet from the microtiter plate assay over time for different B. amyloliquefaciens SQR strains. (D) Transcriptional
levels of yvcA for different B. amyloliquefaciens SQR9 strains relative to that for wild-type B. amyloliquefaciens SQR9, evaluated by relative quantification PCR. (E)
Transcriptional levels of ygxM for different B. amyloliquefaciens SQRY strains relative to that for wild-type B. amyloliquefaciens SQR9, evaluated by gPCR. The
experiments were carried out with pellicle obtained from microtiter plates when cells were grown in MSgg medium for 24 h. The B. amyloliquefaciens SQR9 recA
gene was used as an internal reference gene. Bars represent standard deviations of data from three biological replicates.

tant exhibited a level of CV staining that did not exceed the ODs,
value of 2. This is significantly below the level of CV staining
observed with wild-type cells, which typically ranged from an
ODys,, of 3.5 to 4.5 at the 60-h time point. Moreover, it is worth
mentioning that the level of CV staining of SQRISUQ was 1.5-fold
higher than that observed for the wild-type strain (Fig. 1C).

Transcription of genes involved in biofilm formation was eval-
uated. As shown in Fig. 1D and E, the highest transcription levels
of ygxM and yvcA were detected for SQRISUQ, followed by
SQRIQ. The transcripts of yvcA for SQRIM4 were on average 1
order of magnitude below those for SQR9.

High phosphorylation of DegU increased rhizosphere colo-
nization. To further test whether B. amyloliquefaciens SQR9 and
its derivative strains differ in their abilities to form biofilm on a
natural matrix surface, their degree of colonization on roots of
cucumber seedlings was monitored. After 6 days post-cocultiva-
tion of cucumber roots and green fluorescent protein (GFP)-la-
beled B. amyloliquefaciens strains (SQR9-gfp, SQRIM4-gfp,
SQRI9Q-gfp, and SQRISUQ-gfp) in a hydroponic system, roots
were viewed by confocal scanning laser microscopy (CSLM). A
segment of the primary root, located around 2 to 4 cm distant
from the root tip, was found to be heavily colonized by SQRSUQ,
which formed microcolonies on the surface of the outer epidermis
cells of the primary root (Fig. 2). However, in the same position,
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only few and small regions of the roots were colonized by the degQ
mutant cells, and significantly reduced biofilm formation was ob-
served compared with that for other strains (Fig. 2). Cucumber
seedlings grown in sterile soil with B. amyloliquefaciens strains
showed similar root colonization (data not shown), suggesting
that increasing levels of DegU~P can improve rhizosphere colo-
nization of B. amyloliquefaciens SQR9.

In the hydroponic system, B. amyloliquefaciens (SQR9-gfp,
SQROM4-¢fp, SQRIQ-gfp, and SQRISUQ-gfp) on cucumber
roots was enumerated 2, 4, 6, 8, and 15 days after inoculation by
isolation, serial dilution, plating, and fluorescence microscopy, as
previously described. At all time points investigated, the popula-
tion of the degQ mutant was significantly decreased compared to
those of the other strains (Fig. 2F).

Characterization of nonribosomal lipopeptides and polyketides
produced by B. amyloliquefaciens SQR9 through HPLC/ESI-MS.
B. amyloliquefaciens SQR9 exhibited efficient biocontrol activity
against the cucumber wilting pathogen Fusarium oxysporum and a
broad range of other fungal and bacterial pathogens (Fig. 3A).
Genomic analysis (unpublished) of B. amyloliquefaciens SQR9 in-
dicated that more than 8% of the genome is devoted to the syn-
thesis of various lipopeptides and polyketides (see Table S2 in the
supplemental material). To investigate the effects of the various
DegU~P levels on their production, the potential lipopeptide and
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FIG 2 Colonization capabilities of B. amyloliquefaciens strains depend on DegU phosphorylation. CLSM micrographs of cucumber roots colonized by GFP-
tagged B. amyloliquefaciens SQRY strains. (A) Control; (B) SQRIM4-gfp; (C) SQR9I-gfp; (D) SQRIQ-gfp; (E) SQRISUQ-gfp; (F) populations of different B.
amyloliquefaciens strains colonizing cucumber seedling roots. The data are expressed as log,, CFU per gram of fresh cucumber root.

polyketide antibiotics predicted by genomic analysis were verified
through HPLC/ESI-MS (see Fig. S4). Three cyclic lipopeptides are
produced by B. amyloliquefaciens SQR9: surfactin, fengycin, and
bacillomycin D. Antibiotics were identified based on the compar-
isons of these MS data with fractions previously identified by MS
analysis for other B. amyloliquefaciens strains (see Table S3) (23).
Three antibacterial polyketides, bacillaene, difficidin, and macro-
lactin, were identified by MS (Fig. 3B). Their mass numbers are
summarized in Table S3. In positive mode, bacillaene variants with
molecular masses [M + H]" = 581.5 and 583.5, as well as their
dehydrated species ([M + H-18]" = 563.5 and 565.5), were detected
(24). Difficidin and its oxidized form, oxydifficidin, appeared mainly
as their alkali ion adducts, whereas the intensity of the mass peaks of
their protonated forms at m/z 545.3 and 561.3 are very low. Oxydif-
ficidin bears a hydroxyl group at position 5 of the difficidin ring sys-
tem, showing mass signals 16 mass units higher than those of the
main metabolite. For macrolactin A, the mass spectra in Fig. 3B ex-
hibited m/z ratios of 349.2, 367.2, and 385.2, respectively, and [M +
Na]* and [M + K]* ions were also found under the positive-ion-
mode condition (25).

Phosphorylation of DegU influences the production of anti-
biotics. The transcription of the bamD, sftA, dfnA, baeB, mlnA,
and fenA genes was investigated by real-time qPCR in B. amylolig-
uefaciens strains SQR9, SQRIM4, SQRIQ, and SQRISUQ. At
12-h time points, compared with SQR9, bamD and dfnA tran-
scription in strain SQRISUQ was increased by 5- and 7-fold, re-
spectively. However, compared with results for SQR9, a high level
of DegU~P (in strain SQRISUQ) inhibited mInA and fenA tran-
scription by 4 and 5 times, respectively. The low level of DegU~P
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in strain SQRIM4 stimulated the transcription of sftA, baeB,
mlnA, and fenA 4-, 6-, 4-, and 17-fold, respectively, compared with
results for SQRY. At 36-h time points, the stationary phase of
SQRY growth, which is very important for secondary metabolite
production, transcription of bamD and dfnA in strain SQRSUQ
increased significantly, with average transcription levels 10 and 6
times higher, respectively, than those for SQR9 (Fig. 4).

Using HPLC conditions developed in the present study (see
Materials and Methods), the production of bacillomycin D, fengy-
cin, surfactin, macrolactin, difficidin, and bacillaene in liquid cul-
tures of B. amyloliquefaciens strains SQR9, SQRIM4, SQRIQ, and
SQRISUQ was analyzed. Two methods for measuring the antibi-
otics in different strains were used: the external standard method
(for antibiotics for which commercial standards are available) and
the area normalization method (for antibiotics for which com-
mercial standards are not available) (26, 27). For surfactin (Sigma,
USA), two methods were used at the same time to test the accuracy
of the area normalization method, and these yielded similar re-
sults (Fig. 5E; see also Fig. S5B in the supplemental material). As
shown in Fig. 5, the production of bacillomycin D and difficidin
by SQRSUQ was significantly increased in comparison with that
for SQROMA4. In contrast, the production levels of macrolactin
and bacillaene for SQRSUQ were significantly decreased in com-
parison with those for SQR9IM4. There was no significant differ-
ence in the production of surfactin and fengycin among the strains
with different levels of DegU~P.

Increasing levels of DegU~P in B. amyloliquefaciens SQR9
improve biocontrol activity against cacumber wilt disease. Both
antibiotic production and root colonization by biocontrol agents are
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critical for effective control of soilborne pathogens, since elevated
DegU~P in B. amyloliquefaciens SQR9 increases its root colonization
and bacillomycin D production. Considering that bacillomycin D is
the major antibiotic with which B. amyloliquefaciens SQR9 sup-
presses Fusarium oxysporum, the cacumber wilt disease pathogen
(13), we predicted that B. amyloliquefaciens SQR9 strains with a
high level of DegU~P would perform better in biocontrol against
Fusarium oxysporum. To test this hypothesis, biocontrol assays
were conducted with the cucumber/Fusarium pathosystem to
compare the abilities of the different B. amyloliquefaciens SQR9
strains in disease control. As shown in Fig. 6, there were significant
differences among the five treatments. The disease incidence of
SQRIM4 treatment averaged 66.7%. Treatment with SQR9
showed an average disease incidence of 43.3%. Treatment with
strain SQRISUQ demonstrated a disease incidence of 23%, which
was significantly higher than those with the wild-type strain and
with strain SQRIM4.

DISCUSSION

The root surface and surrounding rhizosphere are significant car-
bon sinks (28). Thus, along root surfaces, there are various suit-
able nutrient-rich niches attracting a great diversity of microor-
ganisms, including phytopathogens (29). Competition for these
nutrients and niches is a fundamental mechanism by which BCAs
protect plants from phytopathogens. Root colonization by rhizo-
sphere bacteria is linked with biofilm formation (30, 31). The
transcription factor DegU, the response regulator of the DegSU
two-component system, has a key role in regulating multicellular
behavior (9). Previous study demonstrated that the regulatory

2948 aem.asm.org

control exerted by DegU is more flexible than a simple molecular
switch and has the capacity to integrate physiological responses
along a gradient of DegU phosphorylation. Recently, Verhamme
et al. (9) demonstrated that gradual phosphorylation of DegU
coordinates multicellular behavior, by using different approaches
(7). Their data indicated that swarming motility is activated by
very low levels of DegU~P, and complex colony architecture is
activated when the levels of DegU~P are increased. DegQ is a
small pleiotropic regulatory protein which controls the expression
of degradative enzymes, intracellular proteases, and several se-
creted enzymes (32). It has been shown previously that overex-
pression of DegQ enhances transcription of DegU-regulated
genes in the laboratory strain 168 (33). The degQ36 mutation is a
C-to-T transition in the degQ promoter which makes the pro-
moter stronger and thus stimulates transcription of DegU-regu-
lated genes in the laboratory strain (10). In the present study, we
constructed three mutant strains of B. amyloliquefaciens SQR9
with various levels of DegU phosphorylation. Results from in vitro
(Fig. 1), root in situ (Fig. 2), and qPCR (Fig. 1) studies demon-
strate that complex colony architecture and biofilm formation are
activated when the levels of DegU~P are increased. By labeling the
B. amyloliquefaciens strains, we observed that SQRISUQ has a
significantly higher colonization efficiency than the wild-type and
degQ mutant strains. As far as we know, this is the first report in
which it is demonstrated that increased levels of DegU phosphor-
ylation can improve colonization efficiency on the root surface.

Phosphorylation is a common posttranslational modification
of proteins involved in transmitting intracellular signals. Current
methods for detecting phosphorylation have a number of limita-
tions (34). Therefore, we monitored the expression of DegU-reg-
ulated genes to detect the levels of DegU phosphorylation in dif-
ferent strains. yvcA is a gene that is directly regulated by DegU~P
(9). The transcription of yvcA demonstrated that the levels of
DegU~P in the four strains were gradually increased. Also, we
found similar results when we tested ycdA and aprE, genes that can
be directly bound by DegU (data not shown). For the B. subtilis
mutant strain 3610, high levels of DegU~P inhibit complex col-
ony architecture: Verhamme et al. used an allele of degU that en-
codes a histidine-to-leucine mutation at amino acid 12 (H12L),
encoding a DegU protein that exhibits a 7-fold-higher rate of de-
phosphorylation than the wild-type protein (9). In our case, we
overexpressed only the degQ gene, and the level of DegU~P was
lower than that in the B. subtilis mutant strain 3610.

An increasing number of DegU-regulated genes were identified
by transcriptome and microarray analyses (8). However, the relation-
ship between DegU~P and antibiotic production is not clear at pres-
ent. Recently, DegQ was shown to enhance the production of the
peptide antibiotics plipastatin and iturin A (35, 36). However, the
effects of DegQ are only indirect and are mediated via DegU, since
DegQ shares no homology with typical transcriptional regulators, i.e.,
DNA-binding proteins, and DegQ overexpression cannot comple-
ment for the loss of DegU in terms of bacillomycin D synthesis. In the
present study, the production of bacillomycin D and difficidin was
significantly increased when we increased the levels of DegU~P,
whereas the production of macrolactin and bacillaene was signifi-
cantly decreased. In a previous study, a series of in vivo and in vitro
data indicated that DegU binds to P;,,,,, the promoter of bacillomycin
D, and directly activates its expression (37). Moreover, DegU~P is
more suitable for optimal promoter binding and activation. To our
knowledge, this is the first report which indicates that different levels
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of DegU~P can influence the production of difficidin, macrolactin,
and bacillaene. The mechanism of how DegU~P regulates the pro-
duction of antibiotics is currently unknown.

In conclusion, the results reported here indicate that gradual
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FIG 6 Effects of different treatments on the incidence of Fusarium wilt. Bars
with different letters indicated statistical differences among the four treat-
ments by Duncan’s test (P < 0.05).
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phosphorylation of DegU in B. amyloliquefaciens SQR9 can influence
biocontrol activity by coordinating multicellular behavior and also
regulating the synthesis of bacillomycin D. Increasing the levels of
DegU~P in B. amyloliquefaciens SQR9 can improve biocontrol ac-
tivity. In natural environments, to respond to various conditions and
incorporate input from various environmental signals, the coloniza-
tion mechanism of B. amyloliquefaciens SQR9 may be complex and
controlled by multiple regulators. An important challenge for the
future will be to determine the relationship between such regulators
and signals that control biofilm formation and colonization.
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