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Abstract Bacillus subtilis XF-1 is a gram-positive, plant-
associated bacterium that stimulates plant growth and pro-
duces secondary metabolites that suppress soil-borne plant
pathogens. In particular, it is especially highly efficient at
controlling the clubroot disease of cruciferous crops. Its
4,061,186-bp genome contains an estimated 3853 protein-
coding sequences and the 1155 genes of XF-1 are present
in most genome-sequenced Bacillus strains: 3757 genes in
B. subtilis 168, and 1164 in B. amyloliquefaciens FZB42.
Analysis using the Cluster of Orthologous Groups database
of proteins shows that 60 genes control bacterial mobility,
221 genes are related to cell wall and membrane biosyn-
thesis, and more than 112 are genes associated with sec-
ondary metabolites. In addition, the genes contributed to
the strain’s plant colonization, bio-control and stimulation
of plant growth. Sequencing of the genome is a fundamen-
tal step for developing a desired strain to serve as an effi-
cient biological control agent and plant growth stimulator.
Similar to other members of the taxon, XF-1 has a genome
that contains giant gene clusters for the non-ribosomal syn-
thesis of antifungal lipopeptides (surfactin and fengycin),
the polyketides (macrolactin and bacillaene), the sidero-
phore bacillibactin, and the dipeptide bacilysin. There are
two synthesis pathways for volatile growth-promoting
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compounds. The expression of biosynthesized antibiotic
peptides in XF-1 was revealed by matrix-assisted laser des-
orption/ionization-time of flight mass spectrometry.

Keywords Genome sequence - Bacillus subtilis XF-1 -
Bio-control - PGPR - NRPs

Introduction

The gram-positive bacterium Bacillus subtilis is the work-
horse of a wide range of industrial processes and a model
organism for biological research. It competes with patho-
gens for the nutrients around plants, triggers the plant
defense system against pathogen invasion [36, 43], and
secretes antimicrobial substances that inhibit the growth of
pathogenic bacteria through the successful colonization of
the rhizosphere and the plant surface [4]. As member of a
family of plant growth-promoting rhizobacteria (PGPR),
Bacillus subtilis has great potential for increasing the yields
and the bio-control of diseases for a wide range of crops.
For example, B. subtilis can control Fusarium verticil-
lioides at the root level [10], suppress the damping-off of
tomato seedlings caused by Rhizoctonia solani [1], inhibit
Eutypa lata growth on grapevines [22], and form sub-
stances to induce plant resistance [36].

Bacillus subtilis XF-1 (thereafter XF-1) is a bio-con-
trol strain which was isolated from the rhizosphere soil
of Chinese cabbage (Brassica pekinensis) infected by
Plasmodiophora brassicae in Yunnan. For the control of
clubroot disease of cruciferous crops, the patent biologi-
cal agent (CN 101416641 A) derived from XF-1 has been
applied to almost 5,000,000 acres in China. This strain
also showed high suppression effect on 21 fungal patho-
gens belonging to oomycetes, ascomycetes, basidiomycetes
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and deuteromycetes [75]. Compared with another plant
growth-promoting rhizobacterium: Pseudomonas [15, 39],
relatively little is known about how different kinds of genes
affect the life style and regulate the bacterium—plant inter-
action of B. subtilis. Here, we present an analysis of the
XF-1 genome in comparison to B. subtilis subsp. subtilis
str.168 and other Bacillus strains, by highlighting the genes
that may contribute to its antimicrobial action and plant-
associated life style.

Materials and methods
Whole-genome shotgun sequencing and gene prediction

Sequencing of the XF-1 genome was performed at the Bei-
jing Genomic Institute (BGI, Shenzhen, China) using a
combination of randomly sheared libraries with inserts in
the 0.5-2 kb size range. Genomic DNA sequencing was
performed using an Illumina GA II system (Solexa), and all
generated reads were qualitatively assessed and the vector
sequences were trimmed before assembly using the Short
Oligonucleotides Alignment Program (SOAP) de novo.
Primer-walking and PCR amplification, with the guidance
from B. subtilis subsp. subtilis str. 168 genomic sequences,
were used to fill the remaining gaps and to solve the mis-
assembled regions generated by the high degree of repeti-
tive sequences. After the independent de novo assembly
for each sample independently, the metagene [53], which
uses di-codon frequencies estimated by the GC content of
the obtained sequence, was used to predict the entire range
of ORFs based on the XF-1 genome. The predicted ORFs
were then aligned using BLAST [35]. A gene pair with
greater than 90 % identity and an aligned length covering
over 90 % of the shorter gene was grouped together. The
groups with shared genes were then merged, and the long-
est ORF in each merged group was used to represent the
group, and the other members of the group were consid-
ered as redundancy. Therefore, the non-redundant gene sets
from all the predicted genes were organized by excluding
the redundancies, and the ORFs that were less than 100-bp
long were filtered. The predicted ORFs were translated into
protein sequences using the NCBI genetic codes [17].

Genome analysis and annotation

Putative coding sequences (CDSs) were identified again
using Glimmer3 [18]. All identified CDSs were manually
reviewed, and false CDSs were removed [3]. The remain-
ing CDSs were then subjected to automatic functional
annotation via BLAST with an e-value setting of le-5, and
a search against publicly available genomic data. The tRNA
genes were identified using tRNAscan-SE, and the rRNA
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genes were confirmed using BLAST on the existing rDNA
database with an e-value setting of le-5; repeating DNA
sequences were identified using Tandem Repeat Finder
(TRF) (http://www-is.biotoul.fr/) with the MaxPeriod set
to 2000. The transposons and IS sequences were predicted
by Repeatmasker. The genomic islands were predicted by
Island Viewer (http://www.pathogenomics.sfu.ca/island-
viewer/query.php). Detailed information is summarized
in Table S1. Genome annotation was performed using the
NCBI Prokaryotic Genomes Automatic Annotation Pipe-
line (PGAAP), and the GenBank NR database, whereas the
KEGG [32] and COG [65] databases were employed for
BLASTP identification [66]. The critical standard for gene
annotations was based either on genes sharing 80 % iden-
tity for 80 % of their length, or on synteny (at least 3 genes
in synteny between genomes), e.g., sharing 60 % identity
and 80 % of their length between B. subtilis 168 with B.
amyloliquefaciens FZB42 genes.

Construction and comparative analysis of orthologous
and paralogous families

Orthologous and paralogous genes were grouped by com-
paring the XF-1 proteins and coding sequences with the
information from 17 strains of B. subttlis downloaded
for NCBI. Eighteen publicly available genomes of Bacil-
lus were obtained using OrthoMCL DB (http://www.
orthomcl.org/cgi-bin/OrthoMclWeb.cgi) and MUS-
CLE (http://www.ebi.ac.uk/Tools/msa/muscle/): B. sub-
tilis XF-1 (NC_020244), B. subtilis subsp. spizizenii
TU-B-10 (NC_016047), B. subtilis subsp. spizizenii
W23 (NC_014479), B. subtilis subsp. natto BEST195
(NC_017196), B. subtilis subsp. subtilis RO-NN-1
(NC_017195), BSn5 (NC_014976), BSP1 (NC_019896),
and 168 (NC_000964), B. subtilis QB928 (NC_018520),
B. amyloliquefaciens Y2 (NC_017912), B. amyloliquefa-
ciens FZB42 (NC_009725), and DSM 7 (NC_014551),
B. licheniformis DSM 13 (NC_006322), B. cereus ATCC
14579 (NC_004722), B. thuringiensis serovarkonkukian
97-27 (NC_005957), B. anthracis str. Ames (NC_003997),
B. pumilus SAFR-032 (NC_009848), B. coagulans 2-6
(NC_015634). Gene families and their phylogenic rela-
tionship were constructed using MEGA 4.2 (http://www.
megasoftware.net/mega4/m_test_reliab.html).

MALDI-TOF-MS analysis

All solvents and reagents were of analytical grade or the
highest grade available. XF-1 (CGMCC NO. 2357),
which was stored in our laboratory, was streaked on LB
(Luria—Bertani) agar plates to obtain separated colo-
nies. Cells from a single bacterial colony grown on LB
agar for 72 h at 30 °C were transferred to a target spot of
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Fig. 1 Construction of the
phylogenetic tree of various
strains of Bacillus spp. The tree
was reconstructed from the core
genomes of various isolates of
Bacillus spp. with B. coagulans
2-6 (NC_015634) serving as
the out group. The bar (0.05)
indicates substitutions per
amino acid within the coding
regions of the core genome
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a steel target plate using a disposable loop, overlaid with
0.5 pL of an a-cyano-4-hydroxycinnamic acid (CHCA)
matrix, and air-dried for 1-2 min at 24-27 °C. The sam-
ple mass fingerprints were obtained using a Bruker Auto-
flex Speed MALDI-TOF-MS (Bruker Daltonics, Billerica,
MA, USA), with detection in the linear, positive mode
at a laser frequency of 30 Hz and within a mass range of
100-3000 Da. The acceleration voltage was 20 kV, and the
extraction delay time was 200 ns.

Results
General features of the genome

The complete sequence of B. subtilis XF-1 has been depos-
ited in the NCBI GenBank (Accession no.CP004019).
Without the plasmid in the XF-1 genome, the circular chro-
mosome size (4,061,186-bp) is smaller than the genome
sizes of both B. subtilis 168 and B. amyloliquefaciens
FZB42, which are the most closely related strains in the
genus Bacillus (Figs. 1, S1, S2). With 43.8 % GC, 108
tandem repeats, 84 transposons, 77 types of tRNA and 9
clusters of rDNA, the whole genome was predicted to con-
tain 3853 CDSs (coding sequences) (Fig. 2). Ten genomic
islands are spread throughout the XF-1 genome (Table 1).
BLAST analysis with the available genome-sequenced
strains in genus Bacillus revealed that 1155 genes of XF-1

Bacillus coagulans 2-6
028871

belong to the core in most Bacillus strains, with 3757 genes
found in B. subtilis 168, and 1164 in B. amyloliquefaciens
FZB42 (Fig. 3).

After manual annotation, 2722 CDSs (65 %) were
assigned to putative biological functions, whereas 1131
CDSs (36 %) were treated as hypothetical proteins with
unknown function. For the CDSs with unassigned func-
tions, 791 CDSs (24 %) corresponded to conserved hypo-
thetical proteins, whereas 340 CDSs (12 %) had no homol-
ogy to any previously reported sequences. Using the COG
module of the MaGe system, 3357 CDSs (81.8 %) were
assigned to one or more COG functional classes; and 60
genes were associated with the control of bacterial mobil-
ity, and 221 were genes related to the cell wall and mem-
brane biosynthesis, whereas 112 genes were involved in
the production of secondary metabolites (Table 2). The
genome encodes numerous pathways for the utilization of
plant-derived molecules, including proteins for controlling
the swarming of bacteria on a plant surface and enzymes
for forming architecturally complex biofilms and producing
abundant antibiotics and plant growth substances. These
genes, which will be described in detail later, are beneficial
to the XF-1 strain’s plant colonization and growth promo-
tion, and the protection of its plant host against pathogens.

Several features of the origin of replication of XF-1
were similar to those of the corresponding regions in the
genus Bacillus. Co-localization of three genes (rpmH,
dnaA, C663_0002, and dnaN C663_0003), the GC
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Fig. 2 Circular representation of the Bacillus subtilis XF-1 genome
for several specific genomic features. Outermost circle (1st): all genes
are color coded according to their functions (see top right); 2nd cir-
cle: rRNA genes (yellow), giant gene clusters devoted to the synthesis
of secondary metabolites (gray), and genes of genomic islands (blue);
3rd circle: 10 genomic islands (light green) numbered 1-10; 4th cir-

B Chromatin structure and dynamics(1)
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Cell cycle control, cell division, chromosome partitioning(34)
M Amino acid transport and metabolism(375)
B Nucleotide transport and metabolism(81)
[ and 305)
Wc and 130)
M Lipid transport and metabolism(120)
M Translation, ribosomal structure and biogenesis(159)

Surfactin Transcription(323)
Replication, recombination and repair(130)
W Cellwall b pe bi is(221)

B Cell motility(60)
I Posttranslational modification, protein turnover, chaperones(111)
=} ion and 235)
n Y ites bi and 112)
M General function prediction only(496)
M Function unknown(340)
I signal transduction mechanisms(172)
ickil and vesicular 7)

W Not classified by COC(1100)
I Defense mechanisms(61)

RNA
1! antibiotic peptides
W genes of genomic Istand

geonomic island
BLAST FZB42
BLAST 168

W GC content

W GCskew+

B GC skew-

cle: orthologs of FZB42 (pink); Sth circle: orthologs of 168 (light
blue); 6th circle: GC content (black); Tth circle: GC skew+ (green);
8th circle: GC skew— (violet); 9th circle: scale (bps). GC views were
prepared using CGView Server V1.0 (http://wishart.biology.ualberta.
ca/cgview/) (color figure online)

Table 1 Prediction of genomic

islands in Bacillus subtilis XB-1 Gene start Gene end Size GI Prediction program

524293 534238 9945 Predicted by multiple methods (SIGI-HMM)

554480 573751 19271 Predicted by multiple methods (IslandPath-DIMOB)

752051 763294 11243 Predicted by multiple methods (SIGI-HMM)

1694317 1700420 6103 Predicted by multiple methods (IslandPath-DIMOB)

1879630 1885248 5618 Predicted by multiple methods (SIGI-HMM)

2513750 2556692 42942 Predicted by multiple methods (SIGI-HMM) (IslandPath-DIMOB)
3497242 3505660 8418 Predicted by multiple methods (SIGI-HMM)

3880746 3885766 5020 Predicted by multiple methods (SIGI-HMM)

3964998 3983345 18347 Predicted by multiple methods (SIGI-HMM) (IslandPath-DIMOB)
4030931 4036889 5958 Predicted by multiple methods (SIGI-HMM)

nucleotides skew [(G—C)/(G + C)] analysis, and the pres-
ence of multiple dnaA-boxes and AT-rich sequences were
common to the dnaA and rpmH genes. The replication
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termination site, which lies roughly opposite to the ori-
gin of replication, was localized at 2.18 megabases by GC
skew analysis. The maintenance and stability of the genetic
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Bacillus subltilis XF-1 Table 2 General features of the Bacillus subtilis XF-1 genome
General traits Chromosome
F size (bp) 4061186
D B G + C content 43.8 %
A Assigned function (including putative) 3750
G C E tRNA 77
rRNA 9
Chromatin structure and dynamics 1
Bacillus subtilis str.168 Bacillus amyloliquefaciens FZB42 Energy production and conversion 184
A=1155 B=9 C=11 D=2602 E=2638 F=191 G=654 Cell cycle control, cell division, chromosome parti- 34
Bacillus subtilis XF-1 (blue)= 3957 tioning
Bacillus amyloliquefaciens FZB42 (green)=3813 i . .
Bacillus subtilis str.168 (orange)= 4422 Amino acid transport and metabolism 375
Nucleotide transport and metabolism 81
Fig. 3 Venn diagram for Bacillus subtilis XF-1, str. 168 and B. Carbohydrate transport and metabolism 305
amyloliquefaciens FZB42. The numbers of gene families and gene Coenzyme transport and metabolism 130
clusters in the families are indicated for every species. The intersec- . .
. L . Lipid transport and metabolism 120
tions between species indicate the number of shared gene families, ) ) . .
whereas the number of unique families is shown in the species-spe- Translation, ribosomal structure and biogenesis 159
cific areas. All three Bacillus strains have the same gene (A4). XF-1 Transcription 323
and FZB42 share the common genes (A + B). 168 and FZB42 share Replication, recombination and repair 130
the common genes (A + C). 168 and XF-1 share the common genes . .
(A + D) Cell wall/membrane/envelope biogenesis 221
Cell motility 60
Posttranslational modification, protein turnover, 111
information are important to all kingdoms of life and chaperones
depend on numerous types of DNA repair systems; these ~ [norganic ion transport and metabolism 235
systems include excision repair system (yxlJ C663_3775, Secondar.y metabolites biosynthesis, transport and 112
ung C663_3705, mutM C663_2753, yfhQ C663_0885, nfo catabolism - o
C663_2395, mfd C663_0056, pcrA C663_0685), the mis- ~ Ocneral function prediction only 496
match repair system (murS C663_1747, murl. C663_1748, ~ Function unknown , 340
xseA C663_2313, xseB C663_2312), the non-homologous ~ Signal transduction mechanisms 172
end_joining System (kaU C663 1379 kaV C663 1380) Intracellular trafﬁcking, secretion, and vesicular 47
L. ’ - transport
and the homologous repairing system (Table 3). Other P i
Defense mechanisms 61

repair systems include uvsE (C663_3620), which repairs
UV radiation-induced cyclobutane pyrimidine dimeriza-
tion, and spl/A (C663_1435) along with sp/B (C663_1436)
which are spore photoproduct lyases for repairing UV-
induced DNA damage and are conserved in the genus
Bacillus. The DNA double-strand checking was performed
by disA (C663_0090), which has diadenylate cyclase activ-
ity for cyclic diadenosine phosphate (c-di-AMP) synthesis
[47, 72]. These genes may contribute to the genomic stabil-
ity and cell survival of the strain, especially in harsh soil
conditions.

Plant colonization by XF-1

It is widely recognized that efficient colonization on plant
roots is a key step for plant growth promotion and disease
suppression by PGPR [67]. Our research results show that
the XF-1 strain can colonize in the rhizosphere, on the
root surface and within root tissues of a variety of plants,
including Chinese cabbage, tomato, tabacco and maize
[44, 75]. The first step for XF-1 colonization reaches the

surface of the plant roots, either by passive movement in
water fluxes or by active, flagella-propelled swimming.
XF-1 has one flagella biosynthesis operon (fla/che) and
two stator elements, motAB and motPS; this situation is
similar to that found in most species of Bacillus, for exam-
ple FZB42 [71]. The activation and expression of genes
required for flagellar motion are required to ensure cell
motility (hag C663_3399, fliD C663_3420, fliP C663_1681
and flgM C663_1677) [11, 21, 23] and chemotaxis (cheC
C663_1691, cheD C663_1692, cheV C663_1445) in
response to root exudates [34, 37, 56] in many Bacillus
strains. It is conceivable that XF-1 may actively reach the
plant root surface by inducing the expression of fla/che
operons during the colonization process [50]. The next step
of colonization is to establish the interaction of the plant
and microbe by non-specific binding or a firm anchorage,
which would rely on a variety of cell surface-associated
materials that enable bacterial biofilm formation.

@ Springer
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Table 3 Genes of DNA repair systems in Bacillus subtilis XF-1

Bacillus subtilis XF-1 ORF Gene name Product

C663_2306 recN ATPase involved in DNA repair

C663_2409 recO Recombinational DNA repair protein (RecF pathway)

C663_2250 dinB2 Nucleotidyl transferase/DNA polymerase involved in DNA repair
C663_3402 uvrB Helicase subunit of the DNA excision repair complex

C663_1436 splB DNA repair photolyase

C663_0885 yfhQ A/G-specific DNA glycosylase

C663_1435 splA TRAP-like transcriptional regulator

C663_1379 ykoU Predicted eukaryotic-type DNA primase

C663_0090 disA Predicted nucleic-acid-binding protein (contains the HHH domain)
C663_3620 uvsE UV damage repair endonuclease

C663_3705 ung Uracil DNA glycosylase

C663_0005 recF Recombinational DNA repair ATPase (RecF pathway)

C663_2646 radC DNA repair proteins

C663_2703 mutSB Mismatch repair ATPase (MuzS family)

C663_2753 mutM Formamidopyrimidine-DNA glycosylase

C663_1747 mutS Mismatch repair ATPase (MutS family)

C663_1748 mutL DNA mismatch repair enzyme (predicted ATPase)

C663_1004 yhaZ DNA alkylation repair enzyme

C663_1088 sbcD DNA repair exonuclease

C663_0056 mfd Transcription-repair coupling factor (superfamily II helicase)
C663_0427 mutT NTP pyrophosphohydrolases including oxidative damage repair enzymes
C663_2239 nudF NTP pyrophosphohydrolases including oxidative damage repair enzymes
C663_2395 nfo Endonuclease IV

C663_0685 perA Superfamily I DNA and RNA helicases

C663_2313 xseA Exonuclease VII, large subunit

C663_2312 xseB Exonuclease VII small subunit

C663_3775 yxlJ 3-Methyladenine DNA glycosylase

C663_0824 YfiP 3-Methyladenine DNA glycosylase/8-oxoguanine DNA glycosylase
C663_3366 yvel NTP pyrophosphohydrolases including oxidative damage repair enzymes
C663_2911 ytkD NTP pyrophosphohydrolases including oxidative damage repair enzymes
C663_1380 ykoV Uncharacterized conserved protein

The biofilm not only strengthens the interaction between
plants and PGPR but also provides the plant root system
with a protective barrier against attack by pathogenic
organisms. Extracellular polymeric substances (EPS) are
the dominant biofilm components on the root surface, and
it is densely packed with communities of microorganisms.
The EPS produced by Bacillus strains exhibit a wide range
of chemical compositions: neutral polysaccharides, charged
polymers, amphiphilic molecules and proteins with vari-
ous molecular sizes ranging from 0.57 to 128 kDa [54]. It
is conceivable that the expression of 16 genes in the XF-1
genome clustered as an operon (epsA-O, C663_3317-
C663_3303) was likely inhibited by sinR (C663_2344) and
activated by sinl (C663_2343) whereas pgcA (C663_0954)
might play an important role in biofilm formation with
a putative function as either a phosphoglucomutase or

@ Springer

phosphomannomutase [6, 33, 42, 48]. The main charged
EPS is poly-g-glutamate, which is synthesized by the
machinery system encoded by the pgsBCA (C663_1735)
operon; this system presumably involved in cell-surface
interactions via the absorption of other charged molecules
[73]. The third type of EPS molecule is surface-active lipo-
peptides, which are involved in biofilm formation via sup-
pression of both bacterial and fungal pathogens. The fourth
form of EPS contains extracellular proteins that are com-
pletely dissociated from the cell and are found free in the
surrounding medium or within the exopolymeric matrix.
They include enzymes for the degrading plant polymers
(e.g., proteins, polysaccharides and nucleic acids, etc.) and
for biofilm formation and architecture. Three distinct path-
ways exist in the genome for exporting these proteins from
the cytoplasm to the surrounding environment [8]. Most
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genes for the secretory pathway, such as Sec-SRP encoding
genes (secA C663_3415, ffh C663_1642, secG C663_3234,
secE C663_0101, secD C663_2605) and the genes for the
twin-arginine translocation (tatAC C663_1825, tatAD
C663_0254, tatAYC663_0581, tarCD C663_0255, tatCY
C663_0582), have been found in the XF-1 genome [26].
We predicted 268 genes encoding proteins with putative
secretion signals (Table S1).

Synergistic interactions for plant growth

The disease defense mechanism of a plant host is gener-
ally regarded as resulting from the direct action of plant
hormone synthesis, which increases the availability and
assimilation of plant mineral nutrients and indirect actions,
via disease prevention or suppression [24, 29, 31]. Bacillus
subtilis XF-1 does not have the ability to fix atmospheric
nitrogen. However, it contains genes encoding molybde-
num cofactor biosynthesis protein A (moaA, C663_3566),
which may be a relic of a nitrogen-fixing gene cluster or a
cofactor for nitrogen assimilation [5]. The genes for nitrate
reduction narlJHG (C663_3626-C663_3629), the nitrate
transporter narK (C663_3633), their putative regulator
gene arfM (C663_3630) and fnr (C663_3632), the nitrite
transporter nasA (C663_0323) and nasB-E (C663_0322-
C663_0319) [49] are found in the XF-1 genome along
with an amino acid transporter (nrgA, C663_3545) and its
regulator (nrgB, C663_3546); nasB-E is predicted to be
involved in nitrite transport and reduction [74].

Three genes (ykgA C663_1493, ktrA C663_2960,
yugO C663_2990) were predicted as potassium transport-
ers in XF-1 [28]. For phosphate, there are at least 12 genes
related to its uptake, starvation regulation and organic phos-
phate hydrolysis. We have used the phytase gene (inositol-
phosphate phosphatase, ppnK C663_2800) as a molecular
marker for the primary selection of plant growth-promoting
bacteria. Other mineral-related genes operate via the syn-
thesis of siderophores to produce antibiotics with antago-
nistic effects and to deprive iron from the surrounding
microorganisms of iron as described previously [19, 20, 27,
52]. The genes for the transportation of magnesium (mgfE
C663_1369), manganese (mnfH C663_0431), cobalt (corA
C663_2358) and ferrochrome (yvdK C663_3343) were
predicted to function either in the uptake of nutrients or in
the de-toxification of heavy metal ions for both the bacteria
and the plant host (Table 4).

Growth-stimulating volatile compounds, including ace-
toin and 2,3-butanediol, are emitted by some of the most
efficient plant growth-promoting rhizobacteria, including
Bacillus spp., Pseudomonas spp. and Enterobacter spp.
[16, 55, 57, 70]. We found two such synthetic pathways
in XF-1. The first pathway involves alsS (C663_3496),
which encodes acetolactate synthase; alsD (C663_3495),

which encodes acetolactate decarboxylase; and alsR
(C663_3497), which regulates these genes. Acetolactate
synthase catalyzes the condensation of two pyruvate mol-
ecules into acetolactate, and acetolactate decarboxylase
converts decarboxylated acetolactate into acetoin. The sec-
ond pathway was predicted using the ilvH (C663_2673)
and ilvC (C663_2672) genes, which are parts of the leu-
cine, valine, and isoleucine biosynthesis pathway [2]. The
reduction of acetoin to 2,3-butanediol is thought to be
catalyzed by unknown enzymes as a result of the reverse
reaction of dehydrogenation with NADH as a hydrogen
and electron donor. In the XF-1 genome, 6 alcohol dehy-
drogenases were found, but their functions require further
investigation (Table 4). The acetoin and 2,3-butanediol syn-
thesis systems in PGPR can shift carbohydrate catabolism
from acidic products, lactate, toxic compounds or etha-
nol, to neutral volatile compounds with growth-promoting
ability. This type of shift is beneficial for strain coloniza-
tion and the establishment of the plant—symbiotic rela-
tionship especially under the low O, partial pressure in
the rhizosphere. Substances known to be involved in plant
growth promotion, including putrescine and spermidine,
are often produced by a large variety of PGPRs [9]. SpeA
(C663_1507), the gene encoding arginine decarboxylase;
speB (C663_3654), which encodes agmatinase; and speE
(C663_3655), which encodes spermidine synthase in the
arginine degradation pathway, were found in XF-1 genome
[59, 64]. These genes may transform amino acids to plant
growth-promoting substances, which contribute to the utili-
zation of this strain in agriculture.

Non-ribosomal biosynthesized antibiotic peptides
(NRPs)

NRPs exist in many bacteria and fungi [69]. The synthesis
enzymes and non-ribosomal peptide synthetases, which are
composed of multi-modularly arranged catalytic domains,
catalyze peptide formation in multiple repeated steps [60].
Non-ribosomally generated amphipathic lipopeptide anti-
biotics with condensed beta-hydroxyl or beta-amino fatty
acids are widespread in Bacillus spp. and vary in the length
of the fatty acid chains and amino acid composition, result-
ing in remarkably different molecules. In general, NRPs in
XF-1 are grouped into two families: surfactin and fengycin.

Surfactin is a potent biosurfactant and shows hemolytic,
antimicrobial and antiviral activities via alteration of mem-
brane integrity [30]. Comparative analysis of the genomic
sequence of B. amyloliquefaciens FZB42, a surfactin-pro-
ducing strain, with XF-1 showed that srfAA (C663_0341),
srfAB  (C663_0342), srfAC (C663_0343) and srfAD
(C663_0344) are highly similar to those of FZB42 (srfA-
srfD), and are likely involved in the non-ribosomal syn-
thesis of surfactin. sfp [C663_0349, phosphopantetheinyl
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Table 4 Genes for promoting plant growth and the assimilation of minerals in Bacillus subtilis XF-1

Bacillus subtilis XF-1 ORF Gene name Product

cAMP-binding proteins—catabolite gene activator and regulatory subunit of cAMP-dependent protein

Ferredoxin subunits of nitrite reductase and ring-hydroxylatingdioxygenases

Manganese ABC transporter (ATP-binding protein) system ATP-binding protein

Predicted NAD-binding protein 2 (probable Kef-type transporter subunit); voltage-gated potassium

Thiamine pyrophosphate-requiring enzymes [acetolactate synthase, pyruvate dehydrogenase

(cytochrome), glyoxylatecarboligase, phosphonopyruvate decarboxylase]

C663_3566 moaA Molybdenum cofactor biosynthesis protein A
C663_3626 narl Nitrate reductase gamma subunit
C663_3627 narJ Nitrate reductase delta subunit
C663_3628 narH Nitrate reductase beta subunit
C663_3629 narG Nitrate reductase alpha subunit
C663_3633 narkK Nitrate/nitrite transporter
C663_3630 arfM Transcriptional regulator
C663_3632 Jfar
kinases
C663_0323 nasA Nitrate/nitrite transporter
C663_0319 naskE
C663_0320 nasD NAD(P) H-nitrite reductase
C663_0321 nasC Anaerobic dehydrogenases, typically selenocysteine-containing
C663_0322 nasB NAD(P) H-nitrite reductase
C663_3545 nrgA Ammonia permease
C663_3546 nrgB Nitrogen regulatory protein PII
C663_2800 ppnK Inositol-phosphate phosphatase
C663_2358 corA Magnesium and cobalt transport protein
C663_1369 mgtE Magnesium transporter
C663_0431 mntH Manganese transport protein
C663_2923 mntD Manganese ABC transporter
C663_2924 mntC Manganese ABC transporter (membrane protein)
C663_2925 mntB
C663_2926 mntA Manganese ABC transporter (membrane protein)
C663_1493 ykqA Potassium uptake protein
C663_2960 ktrA Potassium uptake protein
C663_2990 yugO
channel
C663_3496 alsS
C663_3495 alsD Alpha-acetolactate decarboxylase
C663_3497 alsR Transcriptional regulator
C663_2673 ilvH Acetolactate synthase, small (regulatory) subunit
C663_2672 ilvC Ketol-acid reductoisomerase

transferase (PPTase)] and yczE (C663_0350, an integral
membrane protein with unknown function) are essential for
the non-ribosomal synthesis of lipopeptides and the synthe-
sis of polyketides.

With the structural properties of cyclization, branch-
ing and unusual amino acid constituents, fengycin, which
specifically suppresses the growth of filamentous fungi,
is probably biosynthesized by five NRPSs, ppsA—ppsE
(C663_1894-C663_1887) with high homology to B.
amyloliquefaciens FZB42 [41, 61, 62, 68]. All proteins
of ppsA, ppsD (C663_1888) and ppsE are of similar size,
containing modules that activate and ligate the first six
amino acid residues of fengycin. It is postulated that ppsB
(C663_1893) may be a three-module enzyme that activates
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Pro, Gln and Tyr in positions 7-9 of fengycin, whereas
ppsC (C663_1890) may contribute to the C-terminal Ile
and the closing of internal ring via the formation of mac-
rolactone between the carboxyl group of Ile and the free
hydroxy group of Tyr at position 3. The degQ (C663_3033)
gene, which is a regulatory protein, can promote the expres-
sion of sfp to increase fengycin production. Fengycin bio-
synthesis is presumably initiated similarly to the synthesis
of surfactin [13]. The cells of P. brassicae were shown to
be lysed by fengycin-type cyclopeptides (FTCPs) extracted
and purified from XF-1. These compounds may partially
account for the antifungal activity against P. brassicae [50].

Five gene fragments with high amino acid identity
(more than 98 %) to the dhb FBECA, which directs the
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synthesis of the siderophore bacillibactin (2,3-dihydroxy-
benzoyl-Gly-Thr) of FZB42, were detected in the XF-1
strain [14, 38]. Similar to fengycin synthesis, synthesis of
the siderophore bacillibactin is dependent on a functional
PPTase gene sfp and its regulatory gene yczE. Bacilysin
(L-alanyl-[2,3-epoxycyclohexanone-4]-L-alanine), which
is another compound with activity against a broad spec-
trum of bacteria and Candida albicans, is a dipeptide
antibiotic containing the N-terminal 1-Ala residue at the
C-terminal of the non-proteinogenic amino acid l-anticap-
sin. The synthesis of bacilysin is catalyzed by enzymes
encoded by the bhacABCDE gene cluster [13], and the
gene cluster of XF-1 was identified to be co-linear to
FZB42.

Synthesis of polyketides

As major tertiary metabolites in bacteria, polyketides have
been found to have many bioactivities, including the sup-
pression of pathogenic organisms, enhancement of the plant
immunity and inhibition of tumor growth. In Bacillus, pol-
yketides are mainly synthesized by type I polyketide syn-
thases (PKSs); the synthesis starts with acyl-CoA precur-
sors and is followed by decarboxylative Claisen—Schmidt
condensation. The biosynthetic pathway is similar to the
pathway for the non-ribosomally synthesized peptides,
which is catalyzed by giant multi-module enzymes [69].
The genome of XF-1 contains the pksA-S (C663_1751-
C663_1772) locus with a remarkable size of 72.9 kb, a
PKS system, and gene clusters encoding type I polyketide
synthases similar to those found in the FZB42 strain [41].
Macrolactin is the polyketide biosynthesis product of the
pks cluster. The XF-1 genome also harbors another giant
gene cluster which may be involved in the polyketide syn-
thesis of bacillaene. This cluster spans nearly 76 kb (baeB—
S, from 1,783,092 to 1,859,586 bp).

Result of matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) mass analysis
of biosynthesized low-molecular-weight antibiotic
peptides

In the MALDI-TOF mass spectra, several groups of related
mass signals were observed that represent protonated as
well as mono- and dialkali-ion adducts. The correspond-
ing compounds were identified by comparison with MS
data previously obtained from both B. amyloliquefa-
ciens Y2 and B. amyloliquefaciens FZB42 [12, 25, 41]
and attributed to fengycin (M + H, Na]t = 1449.693
and 1499.754; 1527.768), surfactin (M + Na,
K] = 1030.616; 1044.629; 1058.651 and 1074.617;
1102.612), bacillaene ([M + H]™ = 581.282), and macrol-
actin ([M + K]™ = 441.099) (Fig. 4).

It is possible that the XF-1 strain might produce a “cock-
tail” of antibiotics for improved competition and survival,
and the antibiotics described above are most likely only
part of the total antibiotic spectrum. Genes involved in anti-
biotic biosynthesis and the expression of enzymes for poly-
mer degradation of pathogenic organisms would contribute
to the suppression of pathogenic organisms.

Discussion

The genomic sequencing and annotation of XF-1 provide
a useful platform for studying the mechanisms governing
plant growth promotion, protection and colonization. The
genus Bacillus is known for forming metabolically inactive
spores that are highly resistant to environmental stresses.
However, in addition to the spores, genetically simi-
lar Bacillus spp. have numerous distinct cell and biofilm
types with different abilities for producing antibiotics and
enzymes to suppress the growth of pathogenic organisms
under various physiological conditions [46]. These cell
types, which are convertible, are controlled by three major
transcriptional factors, DegU, ComA, and SpoOA, with the
phosphorylated forms (DegU-P, ComA-P and SpoOA-P)
as the active forms [45]. The XF-1 genome showed that
both DegU-p (C663_3435) and ComA-p (C663_1118)
are likely to be linked to their cognate histidine kinases,
DegS and ComP (C663_3030), respectively, whereas
SpoOA-P (C663_1845), mainly maintained by the phos-
phorylation of SpoOF and SpoOB to produce SpoOF-P and
SpoOB-P, is probably activated by several histidine kinases
(kinA C663_1442, kinB C663_3005, kinC C663_1492,
kinD C663_1407, kinE C663_1393) and deactivated by
response-regulator aspartyl-phosphate phosphatases (rapA
C663_1275, rapB C663_3565, rapC C663_0370, rapD
C663_3533, rapH C663_0711) [46]. DegU-P induces the
expression of the genes for cell movement (e.g., formation
of flagella protein) and genes for the secretory machinery
responsible for the production and secretion of enzymes for
polysaccharide, protein and lipid degradation [40]. ComA-
P induces the pathway leading to the production of antibi-
otics [45], killing neighboring microbes and promoting the
uptake of hydrolyzed nutrients. ComA-P also promotes
competence, which prepares cells to take up foreign DNA,
leading to horizontal gene transfer [58]. SpoOA-P promotes
the sporulation process of the XF-1 strain [63], allowing
the cells to survive in harsh conditions, such as a totally
depleted food supply and extreme stress. Prior to plant
colonization, most XF-1 cells would become motile to seek
out the plant host. Successful attachment and colonization
of the root are accomplished by the production of bacterial
enzymes to synthesize the extracellular matrix using avail-
able carbon sources derived from the degradation of pectin,
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Fig. 4 MALDI-TOF mass spectra of an extract of a lyophilized cul-
ture filtrate obtained by the cultivation of Bacillus subtilis XF-1 in
Luria—Bertani medium. Mass range between 400 and 600 showing
the mass peaks of the polyketide products bacillaene and macrolactin

cellulose and hemicelluloses of the plant host. The diver-
sity of hydrolases for polymer degradation controlled by
DegU-P in XF-1 is consistent with this hypothesis.

The control of clubroot and other soil-borne patho-
gens by XF-1 could be primarily attributed to its occupa-
tion of the soil space, resulting in the depletion of avail-
able organic and inorganic compounds needed for plant
pathogen propagation, the production of antibiotics, such
as lipopeptides and polyketides, and the degradation of
the cell wall of fungi and bacteria by ribosomally synthe-
sized enzymes. From a genomic point of view, XF-1 con-
tains several gene clusters for the synthesis of three types
of EPS, the major component of the biofilm that can effec-
tively block Plasmodiophora spores from coming in con-
tact with plant roots. Another set of gene clusters produces
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(a, b); mass range between m/z = 1000 and 1200 showing the mass
peaks of the surfactin lipopeptide family (c¢); mass range between
m/z = 1400 and 1550 showing the mass peaks of the fengycin lipo-
peptide family (d)

different types of antimicrobial substances (e.g., both NRPs
and polyketides and other low-molecular weight polypep-
tides, such as surfactin and fengycin, macrolactin and bacil-
laene, and bacillibactin and bacilysin) for the suppression
of pathogenic microorganisms. In addition, carbohydrate
utilizing proteins or enzymes produced by XF-1 are prob-
ably responsible for the degradation of the polysaccharides
of fungi and bacteria: chitosanase (csn, C663_2522, EC:
3.2.1.132), xylanase/chitin deacetylase (yxkH, C663_3795,
EC:3.5.1.41), N-acetylglucosaminidase (/yrD, C663_3472,
EC:3.2.1.52) and exo-glucosaminidase (lytG, C663_2964).
Consistent with other fungi, Plasmodiophora has a spore
wall whose major component is chitin [7, 51]. The carbohy-
drate utilizing genes produced by XF-1 suppress the patho-
gen infection by directly degrading the cell components of
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the pathogen. Further researches using a combination of
transcriptomics, proteomics, metabolomics and mutagene-
sis of Bacillus subtilis XF-1 will help to elucidate the exact
functions of the putative genes and pathways.
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