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1 | INTRODUCTION

Abstract

The application of endophytic bacteria, particularly members of the genus Bacillus,
offers a promising strategy for the biocontrol of plant fungal diseases, owing to their
sustainability and ecological safety. Although multiple secondary metabolites that
demonstrate antifungal capacity have been identified in diverse endophytic bacteria,
the regulatory mechanisms of their biosynthesis remain largely unknown. To elucidate
this, we sequenced the entire genome of Bacillus amyloliquefaciens GKTO04, a strain
isolated from banana root, which showed high inhibitory activity against Fusarium
oxysporum f. sp. cubense race 4 (FOC4). The GKT04 genome consists of a circular
chromosome and a circular plasmid, which harbors 4,087 protein-coding genes and
113 RNA genes. Eight gene clusters that could potentially encode antifungal compo-
nents were identified. We further applied RNA-Seq analysis to survey genome-wide
changes in the gene expression of strain GKT04 during its inhibition of FOCA4. In total,
575 upregulated and 242 downregulated genes enriched in several amino acid and
carbohydrate metabolism pathways were identified. Specifically, gene clusters asso-
ciated with difficidin, bacillibactin, and bacilysin were significantly upregulated, and
their gene regulatory networks were constructed. Our work thereby provides insights
into the genomic features and gene expression patterns of this B. amyloliquefaciens

strain, which presents an excellent potential for the biocontrol of Fusarium wilt.
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caused by Fusarium oxysporum f. sp. cubense race 4 (FOC4), is one

of the most serious fungal diseases that limit worldwide sustain-

Banana is a popular fruit crop that is widely cultivated in tropi- able banana production (Ploetz, 2006). FOC4 causes vascular ne-

cal and subtropical regions. Fusarium wilt of banana (Musa spp.), crosis in infected plants and thus causes a destructive reduction
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in banana crop output. Management of this disease is largely re-
stricted to the exclusion of pathogens from non-infested areas and
the use of disease-resistant varieties in areas where FOCs have
been established. The perennial yield of this crop and the multi-
cycle nature of this disease limit the development of other man-
agement strategies. Although biological, chemical, and cultural
measures effective against annual or short-lived hosts of these
diseases are usually ineffective against Fusarium wilt of banana,
biocontrol has received considerable attention owing to its effi-
cacy and environmental friendliness (Ploetz, 2015). According
to Fravel et al. (Fravel et al., 2003), the difficulty in controlling
Fusarium wilt has stimulated research on its biological control,
rather than environmental protection concerns.

Endophytic bacteria, which colonize internal plant tissues with-
out causing apparent harm to the host, are widespread (Senthilkumar
et al., 2011). These bacteria are less susceptible to the influence of
the external environment and can also inhibit the growth and inva-
sion of pathogenic bacteria and prevent various plant diseases via
multiple mechanisms, including the production of a variety of anti-
biotics. Thus, they are regarded as resources for the biocontrol of
crops (Xia et al., 2015).

Studies have shown that Fusarium wilt is inhibited by a range of
biocontrol endophytic bacteria, including Pseudomonas aeruginosa
(Anjaiah et al., 2003), Serratia marcescens (Tan et al., 2015), and
Bacillus sp. (Nam et al., 2009). Bacillus spp. can produce various anti-
fungal components. A bio-organic fertilizer enriched with B. amylo-
liquefaciens strain NJN-6 suppressed Fusarium wilt in banana plants
(Yuan et al., 2012). Wang et al. (Wang et al., 2016) discovered that
B. amyloliquefaciens strain W19 suppressed Fusarium wilt in bananas
under greenhouse and field conditions. These findings point to the
enormous potential of Bacillus spp. in the management of Fusarium
wilt.

Multiple secondary metabolites with antifungal capacity have
been discovered in recent decades. Among them, antifungal com-
pounds synthesized by non-ribosomal polypeptide synthetase
(NRPS) and polyketide synthetase (PKS) have frequently been iden-
tified in Bacillus spp. (Fira et al., 2018). The NRPS includes a versatile
family of secondary metabolites such as siderophores, surfactants,
pigments, and lipopeptides (Wang et al., 2014). Iturins and fengy-
cins are two common lipopeptides from Bacillus spp. that are widely
known for their strong antifungal activity against several plant fungi
(Ongena & Jacques, 2008; Raaijmakers et al., 2010). They inhibit
fungal growth by targeting cell walls and membranes. Siderophore
is another thiotemplate NRPS whose mode of action differs from
that of lipopeptides. Siderophores in Bacillus spp., including itoic
acid and bacillibactin, chelate iron and reduce its bioavailability, thus
antagonizing the growth of other surrounding microbes, such as
Fusarium, by limiting their access to iron (Yu et al., 2011). The PKSs
also comprise several compounds, such as bacillaene and macrolac-
tins, whose antimicrobial activities against Fusarium spp. have been
validated (Um et al., 2013; Yuan et al., 2012). However, the regula-
tory mechanisms underlying antifungal compound synthesis remain
largely unknown.

The endophytic bacterium B. amyloliquefaciens strain GKT04
inhibits the growth and reproduction of FOC4 (Tian et al., 2018).
Although the two lipopeptides, fengycins and bacillomycin, isolated
from GKTO4 have been shown to inhibit FOC4, the existence of
other potential antifungal components in GKT04 remains unclear
(Tian et al., 2020). Here, we combined the analyses of genome and
transcriptome sequences to obtain additional information on the
antifungal mechanism of B. amyloliquefaciens strain GKT04 at the
omics level. Multiple genes involved in the synthesis of antibiotic
metabolites, including polyketides, siderophores, and lipopeptides,
were identified in the genome of this strain. Based on transcriptome
sequence analysis, a series of genes encoding polyketide difficidin,
siderophore bacillibactin, and the lipopeptide bacilysin were found
to be upregulated in response to FOC4. Furthermore, a gene reg-
ulatory network for the biosynthesis of the antifungal metabolites
difficidin, bacillibactin, and bacilysin was also present in this strain.
These results allow us to better understand the antifungal metabo-
lites and regulatory mechanisms involved in the synthesis of antifun-

gal compounds in B. amyloliquefaciens.

2 | MATERIALS AND METHODS

2.1 | Bacterial strain culture and assessment of
antifungal effect against Fusarium wilt

B. amyloliquefaciens strain GKTO4 was previously isolated at the
Guangxi Academy of Agricultural Sciences, Nanning, China, from the
roots of the banana variety Guijiao 9, which is tolerant to Fusarium
wilt. This bacterial strain was cultivated in LA medium at 30°C. To
determine its antifungal activity against Fusarium wilt, the strain
GKT04 was combined with FOC4 in potato dextrose agar (PDA)
medium as previously described (Sun et al., 2010). In brief, FOC4
was placed at the center of a PDA plate, and the GKTO04 colony was
placed approximately 3 cm from FOC4. Plates were incubated for
5 days at 28°C, and the inhibition of fungal growth was monitored
by recording the diameter of the inhibition zone (in millimeters). A
PDA plate culture containing only FOC4 was used as a control. The
percentage of growth inhibition by GKT04 was recorded on days 3
and 6 after incubation.

2.2 | Genomic DNA extraction and whole-
genome sequencing

Genomic DNA was extracted from GKTO4 by using the cetyltri-
methylammonium bromide method (Wu et al., 1999). The qual-
ity and integrity of the genomic DNA were assessed using 0.8%
agarose gel electrophoresis, with a single band of approximately
50 kb representing high-quality DNA. DNA concentration and
purity were measured using a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, USA) and a Qubit 3.0 fluorometer
(Thermo Fisher Scientific). For PacBio sequencing, genomic DNA
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was sheared into 20 kb fragments by using a Covaris g-TUBE shear-
ing device and then purified using AMPure XP beads (Beckman
Coulter, USA). Fragmented genomic DNA was used for library con-
struction by using the PacBio SMRTbell library preparation kit, ac-
cording to the manufacturer's instructions. The SMRTbell libraries
were then selected using BluePippin (Sage Science, Beverly, MA,
USA) and sequenced on the PacBio RS Il platform by BIOMARKER
Ltd. (Beijing, China).

2.3 | Genomic sequence analysis

The PacBio long reads were assembled using the Canu software
(Koren et al.,, 2017). The completeness of the genomic assembly
was assessed using BUSCO (Simao et al., 2015). Pairwise average
nucleotide identity (ANI) between the GKT04 genome and other B.
amyloliquefaciens genomes available from the NCBI database was
analyzed using Pyani software (https://github.com/widdowquinn/
pyani) with default parameters. The GKT04 genome was annotated
using the Prodigal software (Hyatt et al., 2010). Protein-coding genes
were further annotated in other public databases, including NR (non-
redundant), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes
(KEGG), TrEMBL, Clusters of Orthologous Groups (COG), Gene
Ontology (GO), and Pfam. Furthermore, the web-service antiSMASH
was used to identify potential antifungal proteins in the genome of
GKTO4 (Blin et al., 2019).

2.4 | Total RNA extraction and RNA-Seq

To obtain samples for RNA-Seq, the strain GKTO4 was cultured in
PDA medium alone (CK) or in PDA medium combined with FOC4
as described above for 3 days (treatment). Total RNA was extracted
from bacterial plaques from both cultures by using a Bacterial RNA
Kit (Omega Bio-Tek, Salt Lake City, UT, USA), according to the manu-
facturer's instructions. Sequencing libraries were constructed from
three replicates of both samples and sequenced by GENE DENOVO,
Ltd. (Guangzhou, China) on the Illumina HiSeq platform, producing
150 base paired-end reads.

2.5 | Differential gene expression analysis

All clean RNA-Seq reads were aligned to the GKT0O4 genome se-
quence by using Bowtie2 (Langmead & Salzberg, 2012), and the
fragments per kilobase per million (FPKM) method was used to
describe gene expression (Mortazavi et al., 2008). Differentially
expressed genes (DEGs) in treated samples versus CK were de-
termined using the RSEM software (Li & Dewey, 2011), based on
log, fold change >1 and false discovery rate (FDR) <0.05 thresholds
(Benjamini and Hochberg adjustment). The GO category and KEGG
pathway enrichment of DEGs were determined by comparison with
the annotation of total genes (adjusted P-value <0.05, Bonferroni
test). The protein-protein interaction (PPI) network of DEGs was
analyzed using STRING (Szklarczyk et al., 2017) and visualized using
Cytoscape software (Shannon et al., 2003).

3 | RESULTS
3.1 | Invitro antifungal activity of B.
amyloliquefaciens GKT04

Bacillus amyloliquefaciens GKTO4 colony was transferred to a PDA
plate for evaluation of its in vitro antifungal activity. GKT04 showed
a significant ability to suppress the growth of FOC4 when the two
were co-cultivated in vitro (Figure 1A). On Day 3 of the experiment,
GKTO04 showed strong inhibitory activity (91.67%, Figure 1B). The
percentage of growth inhibition then decreased, but only slightly, to
85.72% by Day 6. These data illustrate that this bacterial strain has
high antifungal activity.

3.2 | Genomic features of B.
amyloliquefaciens GKT04

The complete genome sequence of B. amyloliquefaciens GKT04 was
found to contain one chromosome that is 4,056,188 bp long and
one plasmid that is 93,502 bp long. The average GC content was
46.39% in the chromosome and 41.48% in the plasmid. ANI analysis
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revealed that GKT04 shared an average ANI value of 97% with other
B. amyloliquefaciens strains and was highly homologous to strains
KHG19 and SH-B74 (ANI value >98%) (Figure 2). A total of 3,936
protein-coding genes, 27 rRNAs, and 86 tRNAs were detected in the
chromosome, and 151 protein-coding genes were detected in the
plasmid.

3.3 | Functional characterization of strain GKT04

Protein annotation statistics are presented in Table 1. In total, 2,964
proteins were annotated to at least one COG functional category
(Figure 3). Most proteins with known functions were associated
with amino acid transport and metabolism, transcription, carbohy-
drate transport and metabolism, inorganic ion transport and me-
tabolism, and cell wall/membrane/envelope biogenesis (Figure Al).
GO annotation revealed that most of these genes were assigned to
the functional categories of metabolic processes, cellular processes,
catalytic activity, and binding (Figure A2). These functional catego-
ries indicate that this bacterial strain has a strong metabolic capac-
ity. Further annotation in antiSMASH revealed that strain GKT04
might harbor multiple gene clusters that encode polyketides, sidero-
phores, and lipopeptides such as difficidin, bacillibactin, bacilysin,
surfactin, plantazolicin, macrolactin H, bacillaene, bacillomycin D,

and fengycin (Table 2). Most functional genes and all gene clusters
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were located on the chromosome, and the plasmid comprised largely

of genes with unknown functions.

3.4 | Transcriptomic profiles of strain GKT04
during FOC4 inhibition

Considering that the inhibitory activity was extremely high on
Day 3 (Figure 1B), we collected samples on Day 3 and performed
RNA-Seq to investigate the key genes of strain GKTO4 that were
involved in the inhibition of FOC4. GKTO4 interaction with FOC4
resulted in 817 DEGs in GKTO4, representing 19.99% of all protein-
coding genes in this bacterial strain (Figure 4A). Of these, 575 genes
were significantly upregulated, while 242 genes were significantly
downregulated compared to the CK samples (Table S1: https://
doi.org/10.6084/m9.figshare.14403971). Approximately 96.70%
(790/817) of the DEGs were coding genes, and only a few (3.30%,
27/817) were located on the plasmid. These DEGs were mainly en-
riched in molecular function categories such as localization, trans-
port, and small molecule metabolic processes and the biological
process category of transporter activity (Figure 4B, Table S2: https://
doi.org/10.6084/m9.figshare.14403971). However, the functional
enrichment patterns of the upregulated and downregulated genes
differed. The upregulated genes were specifically associated with
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Annotated number in Annotated number in Total annotated

chromosome plasmid number
2,945 19 2,964
2,981 18 2,999
2,078 9 2,087
3,425 28 3,453
3,595 37 3,632
3,926 118 4,044
3,927 121 4,048
3,927 121 4,048
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H: Coenzyme transport and metabolism

I: Lipid transport and metabolism
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L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
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FIGURE 3 Circular representation of B. amyloliquefaciens GKTO4 genome. The outer ring represents the genome scale. Ring 2 and ring 3
represent the protein-coding genes at plus and minus strands, respectively, and different colors represent different COG categories of the
corresponding genes. Ring 4 represents repeated sequences, and ring 5 represents structural RNAs. Ring 6 (black circle) represents the GC

content (%), and the inner ring depicts the GC skew

biosynthetic processes and were dominant in the functional catego-
ries of cellular amino acid biosynthetic and alpha-amino acid biosyn-
thetic processes (Figure 4B), indicating that such functional proteins
might play important roles in the inhibition of FOC4.

The DEGs were annotated in the KEGG database to identify
the pathways involved in the antifungal processes of strain GKT04.
Analysis revealed the enrichment of 13 pathways for DEGs, most of

which were associated with amino acid and carbohydrate metabolism

(Figure 4C). Notably, the DEGs showed an increased abundance of
amino acids in the strain GKTO4 that interacted with FOC4, with
enrichment in the biosynthesis of amino acids, in particular, arginine,
valine, leucine, and isoleucine (Figures A3 and A4). Correspondingly,
the valine, leucine, and isoleucine degradation pathways were down-
regulated (Figure A5). In addition, genes associated with phosphate
and amino acid transporters were significantly upregulated in the

ABC transporter pathway (Figure Aé).
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TABLE 2 Gene clusters involved in the biosynthesis of secondary metabolites in B. amyloliquefaciens GKT04 as predicted by antiSMASH.

Region Type From To Potential production

Region 1 transAT-PKS-like, transAT-PKS 157,071 262,821 difficidin

Region 2 NRPS, bacteriocin 897,994 948,500 bacillibactin

Region 3 other 1,474,444 1,515,862 bacilysin

Region 4 NRPS 2,130,203 2,195,146 surfactin

Region 5 LAP 2,518,757 2,540,939 plantazolicin

Region 6 transAT-PKS 3,202,936 3,290,769 macrolactin H

Region 7 transAT-PKS, T3PKS, NRPS 3,511,459 3,621,086 bacillaene

Region 8 NRPS, transAT-PKS, betalactone 3,688,879 3,826,702 fengycin/bacillomycin D
3.5 | Gene regulatory networks of biosynthesis 4 | DISCUSSION

components in strain GKT04

We further analyzed whether any secondary metabolite biosyn-
thetic gene clusters were differentially expressed during FOC4
inhibition. Of all the predicted gene clusters, four harbored DEGs
in more than half of their total genes (Figure 5). Notably, almost all
DEGs in gene clusters 1 (producing difficidin), 2 (producing bacilli-
bactin), and 3 (producing bacilysin) were upregulated (Figure 5A-C),
indicating that the elevated production of these antibiotic com-
pounds might play a key role in the antifungal activity of GKT04
against FOC4. However, the core biosynthetic genes in cluster 8
(producing fengycin) showed insignificant upregulation, and all the
corresponding regulatory genes were significantly downregulated
(Figure 5D). Although fengycin has been shown to inhibit the growth
of FOC4 (Tian et al., 2020), the apparent non-induction of its biosyn-
thesis during the interaction between GKT04 and FOC4 shows that
it does not play a role in this process.

The PPI network of DEGs in gene clusters 1, 2, and 3 and other
DEGs was analyzed using the STRING database. The results showed
that the three clusters were regulated relatively independently of
each other (Figure 6). Although all genes in the difficidin produc-
tion cluster were significantly upregulated, several other genes
were downregulated, such as acetoin dehydrogenase (GE02590,
GE02591, and GE02593), histidine ammonia-lyase HutH (GE01662),
and inositol 2-dehydrogenase (GE01686) components. In addition,
the difficidin production-related gene cluster interacted with mul-
tiple genes from the propanoate metabolism pathway, whose ex-
pression was most significantly downregulated, implying a negative
interaction between propanoate metabolism and difficidin biosyn-
thesis. Several upregulated genes from phenylalanine (Phe), tyrosine
(Tyr), and tryptophan (Trp) biosynthesis pathways interacted with
the bacillibactin production-related gene cluster, indicating poten-
tial co-regulation of biosynthesis of these amino acids and bacilli-
bactin. Notably, one gene in this pathway (GE00722, annotated as
Chorismate mutase AroA) also interacted with difficidin and bacilysin
production gene clusters. Overall, these results show that the gene
regulatory networks for antifungal metabolite biosynthesis, includ-
ing those for difficidin, bacillibactin, and bacilysin, are present in the
strain GKTO4.

Endophytic bacteria are widely present in plants. They possess rich
biological diversity and have positive effects on the host plants. One
of the current major challenges in agriculture is obtaining higher crop
yields. Environmental conditions, cultivar quality, and plant diseases
greatly affect plant productivity. Some endophytic Bacillus species
are already being used as complementary, effective, and safe alter-
natives for crop management. Endophytic Bacillus species provide
plants with a wide range of benefits, including protection against
phytopathogenic microorganisms, insects, and nematodes; disease
resistance; and promotion of plant growth without causing damage
to the environment (Radhakrishnan et al., 2017; Ralf et al., 2018; Xia
et al., 2015). We previously reported that the endophytic bacterium
B. amyloliquefaciens GKTO4, isolated from banana roots, showed re-
markable antagonism to FOC4 in vitro and conferred disease resist-
ance to potted plants (Tian et al., 2018). Moreover, the fermentation
supernatant containing GKTO4 significantly inhibited colony growth
and FOC4 spore germination. Fengycins and bacillomycin that have
previously been isolated from the supernatant of GKT04 showed
obvious antifungal effects (Tian et al., 2020). In the present study,
we characterized the genomic features of this strain and investi-
gated its gene expression patterns in response to FOC4.

ANI analysis revealed that GKT04 was highly homologous to
strains KHG19 and SH-B74 (Figure 2). SH-B74 produces the cyclic
lipopeptide plipastatin A1, which has excellent in vitro ability to sup-
press the germination of B. cinerea conidia, the causal agent of gray
mold disease in tomato (Ma & Hu, 2018). The evolutionary similar-
ity between GKTO4 and this strain implies the potential ability of
GKTO04 to produce antifungal lipopeptides.

The annotation of B. amyloliquefaciens GKTO4 proteins revealed
that strain GKTO4 exhibited strong metabolic activity in several as-
pects (Figure A1). Both antibiotic synthesis and bacterial reproduction
occur through complex metabolic processes. For example, the trans-
port and metabolism of amino acids are involved in the formation of
antifungal lipopeptides, which are secondary metabolites containing
peptides. Bacterial cell division requires nucleic acids, carbohydrates,
inorganic ions, and other biochemical components. The transport and
metabolism of these substances, and processes such as cell wall syn-
thesis, are important for bacterial cell division (Mahone & Goley, 2020).
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FIGURE 4 Comparative transcriptomics of B. amyloliquefaciens strain GKTO4 during FOC4 inhibition. (a) A volcano plot of the gene
expression pattern in strain GKTO4 following its interaction with FOC4. Samples cultured in PDA medium alone were used as controls
(CK). The black, red, and green points represent genes with no difference in expression, upregulated genes, and downregulated genes,
respectively (FDR <0.05, Benjamini and Hochberg adjustment). (b) GO enrichment analysis of the differentially expressed genes (DEGs).
The outer ring represents the number of top 20 enriched GO terms, and different colors represent different ontologies. Ring 2 represents
gene counts in the whole genome background, with the color changing based on the Q-value of the enrichment analysis. Ring 3 represents
the counts of upregulated and downregulated genes in the corresponding GO term. Ring 4 represents the rich factor (the number of DEGs
divided by the number of background genes in the corresponding term). (c) Enrichment of DEGs in the KEGG pathway

In this study, several proteins associated with cell wall/membrane/en-
velope biogenesis were identified, suggesting that the GKT04 strain
has a potent ability for cell division and the potential to achieve large
biomass for antifungal action during the biocontrol process.
Annotation using antiSMASH revealed that strain GKT04 might
have multiple gene clusters that encode polyketides, siderophores,

and lipopeptides, suggesting that GKT04 may antagonize fungi
by producing these secondary metabolites. Polyketides, sidero-
phores, and lipopeptides are common secondary metabolites that
have demonstrated antifungal activity. Polyketides in PKS are syn-
thesized from acyl-CoA precursors, such as malonate and methyl
malonate (Smith & Tsai, 2007). Siderophores and lipopeptides were
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FIGURE 5 Genomic architecture of the gene clusters potentially encoding difficidin (a), bacillibactin (b), bacilysin (c), and fengycin (d).
The genes are marked with different colors representing their differential expression conditions in B. amyloliquefaciens strain GKT04 during

FOC4 inhibition

synthesized using NRPS. Although siderophores exhibit different
configurations and properties, all siderophores share a conserved
structure that consists of a functional unit that ligates with mole-
cules such as transferrin and lactoferrin. Typically, they possess a
peptide backbone that interacts with the outer membrane recep-
tors present on the cell surface (Marathe et al., 2015). The lipopep-
tides of Bacillus are small metabolites that contain a cyclic structure
formed by 7-10 amino acids (including 2-4 d-amino acids) and a
B-hydroxy fatty acid with 13-19 C atoms (Zhao et al., 2017). They
are highly effective against fungi, bacteria, and viruses. Different B.
amyloliquefaciens contain different lipopeptides, and even the lipo-
peptides produced by the same strain are complex compounds con-
sisting of several homologs with similar structures (Peypoux et al.,
1999). Based on the annotation of gene clusters, the strain GKT04
was shown to produce a variety of lipopeptides, including bacilysin,
surfactin, bacillomycin D, and fengycin (Table 2).

RNA-Seq identified 575 genes that were upregulated and 242
genes that were downregulated in GKTO4 during its inhibition of
FOC4. Although the functional enrichment patterns between the
upregulated and downregulated genes were different, both pointed
to the accumulation of valine, leucine, and isoleucine, since the bio-
synthesis of these amino acids was upregulated, while their degra-
dation was downregulated. There is inevitable competition between
the biosynthesis of antibiotic substances and biomass formation.
Both biosynthesis and proliferation of antibiotic secondary metab-
olites require energy and substances such as amino acids and fatty
acids. Amino acids, which are intrinsic components of lipopeptides
and siderophores, are simultaneously used in the formation of cell
structural components as well as various enzymes. We suspect
that the increased valine, leucine, and isoleucine concentrations

are beneficial for the biosynthesis of antifungal metabolites. These
amino acids may act as additional resources for the synthesis of
peptide-containing antifungal metabolites or enzymes. In addition,
some upregulated genes associated with phosphate and amino
acid transporters in the ABC transporter pathway were identified.
Previous studies have shown that the knock-out of amino acid
transporter genes can inhibit the biosynthesis of lipopeptide poly-
myxin B-type antibiotics (Shaheen et al., 2011). Thus, the upregu-
lation of these genes may indicate the enhancement of lipopeptide
antibiotics.

Most genes in the clusters producing difficidin, bacillibactin,
or bacilysin were upregulated (Figure 5A-C), indicating that FOC4
inhibition by GKTO4 relies mainly on increasing the biosynthesis
of the three antifungal metabolites in Bacillus spp. Polyketide dif-
ficidin and lipopeptide bacilysin produced by B. amyloliquefaciens
are efficient in controlling fire blight disease (Chen et al., 2009).
The siderophore bacillibactin of B. amyloliquefaciens SQR9 was
upregulated when SQR9 was combined with multiple fungi, in-
cluding Fusarium solani (Li et al., 2014). However, another compo-
nent, fengycin, which was previously shown to be constitutively
produced by GKT04 and effective in inhibiting FOC4 growth (Tian
et al., 2020), showed no significant change in its biosynthesis. This
indicates that fengycin biosynthesis might play a basic antifungal
role and not directly respond to the interaction between GKT04
and FOC4.

Further analysis of gene interactions in the three upregulated
clusters revealed that the three relatively independent clusters
were also related to each other. Many genes that interacted with
the genes involved in difficidin production were downregulated
during this antifungal process, indicating the potential existence of
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FIGURE 6 Protein-protein interaction network of DEGs in gene clusters responsible for difficidin, bacillibactin, and bacilysin
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is based on the expression level in B. amyloliquefaciens strain GKT04 during FOC4 inhibition. The thickness of lines between any two genes

corresponds to the interaction score between those two genes

multiple negative regulators of difficidin biosynthesis. Among the
downregulated products, acetoin dehydrogenase catalyzes the oxi-
dative decarboxylation of 2-oxoacids to their respective acyl-CoAs
in eukaryotes and aerobic bacteria. AcoB (GE02591) is a pyruvate
dehydrogenase beta subunit. The pyruvate dehydrogenase complex
converts pyruvate to acetyl-CoA, thus linking glycolysis with tricar-
boxylic acid (TCA) (Payne et al., 2010; Perham, 2000). Glycolysis
and the TCA cycle are important energy metabolism pathways
that produce energy for organisms. Several genes involved in
the propanoate metabolism pathway were also downregulated

in this cluster. Propionyl-CoA is formed during the oxidation of
odd-carbon-numbered fatty acids, oxidative degradation of the
branched-chain amino acids valine and isoleucine, and from the car-
bon skeletons of methionine, threonine, thymine, and cholesterol
(Rosenberg & Lawson, 1982). We suspect that the downregulation
of valine and isoleucine degradation may account for the decreased
propionate metabolism. Although propionate has specific functions
in various organisms, much of it is catabolized. The product of mi-
crobial metabolism by using propionate is usually succinate or ace-
tate, which can enter the TCA cycle. The propionate-to-succinate
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pathway occurs in many genera of microorganisms, including
Rhodospirillum, Propionibacterium, and Mycobacterium. In Prototheca
zopfi and Clostridium kluyveri, the catabolism of propionate even-
tually leads to the production of acetyl-CoA in the TCA cycle via a
3-hydroxypropionate intermediate (Haase et al., 1984; Halarnkar &
Blomquist, 1989; Wegener et al., 1968). These results indicate that
multiple genes associated with energy metabolism negatively regu-
late the biosynthesis of difficidin.

Most genes that interact with bacillibactin or the bacilysin
production-related gene cluster were upregulated, indicating the
presence of a series of potential positive bacillibactin or bacilysin
regulators. Some upregulated genes in Phe, Tyr, and Try biosynthe-
sis pathways interacted with the bacillibactin production-related
gene cluster. In microorganisms, the shikimate pathway branches
at many points. It is used to synthesize the three proteinogenic ar-
omatic amino acids (Phe, Tyr, and Trp), folate coenzymes, benzoid
and naphtoid quinones, and a broad range of mostly aromatic sec-
ondary metabolites, including some siderophores. The last common
branch point of these compounds is chorismate. Chorismate is a
common precursor in the biosynthesis of Phe, Tyr, and Try, as well
as siderophores (Dosselaere & Vanderleyden, 2001). The four genes
that clustered into Phe, Tyr, and Try biosynthesis pathways are re-
ferred to as chorismate metabolism-related genes (Table S1: https://
doi.org/10.6084/m9.figshare.14403971). They may interact with
isochorismatase dhbB (GE00917), enterobactin synthase subunit
EdhbCE (GE00918), and/or isochorismate synthase dhbC (GE00919)
in a coordinated manner to promote the biosynthesis of the sidero-
phore bacillomycin. In addition, chorismate mutase AroA (GE00722),
one of the genes in this pathway, also interacted with difficidin and
bacilysin production gene clusters, while GE00109, GE00110, and
GE00112 did not. Although AroA is the only gene in Phe, Tyr, and Try
biosynthesis pathways that interacted with difficidin and bacilysin
production gene clusters, multiple genes involved in chorismate
metabolism also interacted with at least one of these clusters, for
example, GE00917 and GE0O0918. These results indicate that cho-
rismate metabolism affects the secondary metabolites polyketide
difficidin, siderophore bacillibactin, and lipopeptide bacilysin. The
effects of chorismate metabolism-related genes on polyketide and
lipopeptide production have also been reported in previous studies.
A chorismatase/3-hydroxybenzoate synthase gene was identified in
an orphan type | polyketide synthase gene cluster in Streptomyces sp.
LZ35 (Jiang et al., 2013). In addition, chorismate mutase PheB was
involved in regulating the production of bacillomycin and fengycin
by B. amyloliquefaciens Q-426 (Zhao et al., 2015).

In summary, through a combined analysis of genomic and tran-
scriptomic sequence data, we demonstrated that the biosynthesis
of difficidin, bacillibactin, and bacilysin is enhanced during FOC4
inhibition by B. amyloliquefaciens GKT04. We also presented a
regulatory network of gene interactions involved in the biosyn-
thesis of these antifungal metabolites. Several genes involved
in amino acid biosynthesis, chorismate metabolism, and propa-
noate metabolism pathways, among others, may be involved in
regulating the synthesis of antifungal compounds. These results

broaden our understanding of the antifungal mechanism of B. am-
yloliquefaciens. However, the specific mechanism requires further

verification.

ACKNOWLEDGMENTS

This work was supported by the Guangxi Key Research
(Guike  AB19245026), Youth
Program of National Natural Science Foundation of Guangxi
(2017GXNSFBA198219), Guangxi
Development Project (Guike AA18118028-3), Youth Program
of National Natural Science Foundation of China (31901594),
and Guangxi Banana Innovative Research Team Project of China

& Development Program

Innovation-Driven

Agriculture Research System (nycytxgxcxtd-16-01).

CONFLICT OF INTEREST
None declared.

AUTHOR CONTRIBUTIONS

Dandan Tian: Conceptualization (lead); Data curation (equal);
Investigation (lead); Writing-original draft (lead); Writing-review &
editing (lead). Xiupeng Song: Conceptualization (equal); Investigation
(equal); Methodology (lead); Writing-original draft (equal); Writing-
review & editing (equal). Chaosheng Li: Conceptualization (equal);
Funding acquisition (lead); Project administration (lead); Supervision
(equal); Writing-original draft (equal); Writing-review & editing
(equal). Wei Zhou: Data curation (equal); Formal analysis (equal);
Visualization (equal). Liuyan Qin: Data curation (equal); Formal
analysis (equal); Software (equal). Liping Wei: Data curation (equal);
Resources (equal). Di Wei: Data curation (equal); Resources (equal).
Sumei Huang: Formal analysis (equal); Resources (equal). Baoshen Li:
Formal analysis (equal); Validation (equal). Quyan Huang: Data cura-
tion (equal); Software (equal). Shengfeng Long: Investigation (equal);
Validation (equal). Zhangfei He: Formal analysis (equal); Visualization
(equal). Shaolong Wei: Funding acquisition (equal); Methodology
(equal); Project administration (equal); Writing-original draft (equal);
Writing-review & editing (equal).

ETHICS STATEMENT

None required.

DATA AVAILABILITY STATEMENT

All data are provided in full in this paper except the genomic and
transcriptomic data, which are available at NCBI database under
BioProject PRINA716416 (https://www.ncbi.nlm.nih.gov/biopr
oject/PRIJNA716416) and in figshare (https://doi.org/10.6084/
m9.figshare.14403971).

ORCID

Chaosheng Li "= https://orcid.org/0000-0002-6708-7142

REFERENCES

Anjaiah, V., Cornelis, P., & Koedam, N. (2003). Effect of genotype and root
colonization in biological control of fusarium wilts in pigeon pea


https://doi.org/10.6084/m9.figshare.14403971
https://doi.org/10.6084/m9.figshare.14403971
info:x-wiley/peptideatlas/PRJNA716416
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA716416
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA716416
https://doi.org/10.6084/m9.figshare.14403971
https://doi.org/10.6084/m9.figshare.14403971
https://orcid.org/0000-0002-6708-7142
https://orcid.org/0000-0002-6708-7142

TIAN ET AL.

and chickpea by Pseudomonas aeruginosa PNA1. Canadian Journal of
Microbiology, 49, 85-91. https://doi.org/10.1139/w03-011

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Lee, S. Y., Medema,
M. H., & Weber, T. (2019). antiSMASH 5.0: Updates to the second-
ary metabolite genome mining pipeline. Nucleic Acids Research, 47,
W81-W87. https://doi.org/10.1093/nar/gkz310

Chen, X. H., Scholz, R., Borriss, M., Junge, H., Mégel, G., Kunz, S., &
Borriss, R. (2009). Difficidin and bacilysin produced by plant-
associated Bacillus amyloliquefaciens are efficient in controlling fire
blight disease. Journal of Biotechnology, 140, 38-44. https://doi.
org/10.1016/j.jbiotec.2008.10.015

Dosselaere, F., & Vanderleyden, J. (2001). A Metabolic node in action:
Chorismate-utilizing enzymes in microorganisms. Critical Reviews in
Microbiology, 27, 75-131. https://doi.org/10.1080/20014091096710

Fira, D., Dimki¢, 1., Beri¢, T., Lozo, J., & Stankovié, S. (2018). Biological
control of plant pathogens by Bacillus species. Journal of
Biotechnology, 285, 44-55. https://doi.org/10.1016/j.jbiot
ec.2018.07.044

Fravel, D., Olivain, C., & Alabouvette, C. (2003). Fusarium oxysporum
and its biocontrol. New Phytologist, 157, 493-502. https://doi.
org/10.1046/j.1469-8137.2003.00700.x

Haase, F. C., Beegen, H., & Allen, S. H. (1984). Propionyl-coenzyme a
carboxylase of Mycobacterium smegmatis. An electron microscopic
study. European Journal of Biochemistry, 140, 147-151. https://doi.
org/10.1111/j.1432-1033.1984.tb08078.x

Halarnkar, P. P., & Blomquist, G. J. (1989). Comparative aspects of pro-
pionate metabolism. Comparative Biochemistry and Physiology Part
B: Biochemistry and Molecular Biology, 92, 227-231. https://doi.
org/10.1016/0305-0491(89)90270-8

Hyatt, D., Chen, G. L., LoCascio, P.F., Land, M. L., Larimer, F. W., & Hauser,
L. J. (2010). Prodigal: Prokaryotic gene recognition and translation
initiation site identification. BMC Bioinformatics, 11, 119. https://
doi.org/10.1186/1471-2105-11-119

Jiang, Y., Wang, H., Lu, C., Ding, Y., Li, Y., & Shen, Y. (2013). Identification
and characterization of the cuevaene A biosynthetic gene clusterin
Streptomyces sp. LZ35. ChemBioChem, 14, 1468-1475. https://doi.
org/10.1002/cbic.201300316

Koren, S., Walenz, B. P., Berlin, K., Miller, J. R., Bergman, N. H., & Phillippy,
A. M. (2017). Canu: Scalable and accurate long-read assembly via
adaptive k-mer weighting and repeat separation. Genome Research,
27,722-736. https://doi.org/10.1101/gr.215087.116

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with
bowtie 2. Nature Methods, 9, 357-359. https://doi.org/10.1038/
nmeth.1923

Li, B., & Dewey, C. N. (2011). RSEM: Accurate transcript quan-
tification from RNA-Seq data with or without a refer-
ence genome. BMC Bioinformatics, 12, 323. https://doi.
org/10.1186/1471-2105-12-323

Li, B, Li, Q., Xu, Z., Zhang, N., Shen, Q., & Zhang, R. (2014). Responses
of beneficial Bacillus amyloliquefaciens SQR9 to different soil-
borne fungal pathogens through the alteration of antifungal com-
pounds production. Frontiers in Microbiology, 5, 636. https://doi.
org/10.3389/fmicbh.2014.00636

Ma, Z., & Hu, J. (2018). Plipastatin A1 produced by a marine sediment-
derived Bacillus amyloliquefaciens SH-B74 contributes to the con-
trol of gray mold disease in tomato. Biotech, Biotech Publishing, 8,
125. https://doi.org/10.1007/s13205-018-1144-z

Mahone, C. R., & Goley, E. D. (2020). Bacterial cell division at a glance.
Journal of Cell Science, 133, jcs237057. https://doi.org/10.1242/
jcs.237057

Marathe, R., Phatake, Y., & Sonawane, A. (2015). Bioprospecting of
Pseudomonas aeruginosa for their potential to produce siderophore:
Process optimization and evaluation of its bioactivity. International
Journal of Bioassays, 4, 3667-3675.

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., & Wold, B.
(2008). Mapping and quantifying mammalian transcriptomes by

M- b I O B 11 of 17
Icrobiologypen Wl LEY

Open Access’

RNA-Seq. Nature Methods, 5, 621-628. https://doi.org/10.1038/
nmeth.1226

Nam, M. H., Park, M. S., Kim, H. G., & Yoo, S. J. (2009). Biological con-
trol of strawberry Fusarium Wilt caused by Fusarium oxysporum f.
sp. fragariae using Bacillus velezensis BS87 and RK1 formulation.
Journal of Microbiology and Biotechnology, 19, 520-524. https://doi.
org/10.1006/jmaa.1999.6447

Ongena, M., & Jacques, P. (2008). Bacillus lipopeptides: Versatile weap-
ons for plant disease biocontrol. Trends in Microbiology, 16, 115-
125. https://doi.org/10.1016/j.tim.2007.12.009

Payne, K. A, Hough, D. W., & Danson, M. J. (2010). Discovery of a pu-
tative acetoin dehydrogenase complex in the Hyperthermophilic
archaeon Sulfolobus solfataricus. FEBS Letters, 584, 1231-1234.
https://doi.org/10.1016/j.febslet.2010.02.037

Perham, R. N. (2000). Swinging arms and swinging domains in multifunc-
tional enzymes: Catalytic machines for multistep reactions. Annual
Review of Biochemistry, 69, 961-1004. https://doi.org/10.1146/
annurev.biochem.69.1.961

Peypoux, F., Bonmatin, J. M., & Wallach, J. (1999). Recent trends in the
biochemistry of surfactin. Applied Microbiology and Biotechnology,
51, 553-563. https://doi.org/10.1007/s0025300514 32

Ploetz, R. C. (2006). Fusarium Wilt of banana is caused by several patho-
gens referred to as Fusarium oxysporum f. sp. cubense. Phytopathology,
96, 653-656. https://doi.org/10.1094/PHYTO-96-0653

Ploetz, R. C. (2015). Management of Fusarium Wilt of banana: A review
with special reference to tropical race 4. Crop Protection, 73, 7-15.
https://doi.org/10.1016/j.cropro.2015.01.007

Raaijmakers, J. M., De Bruijn, I., Nybroe, O., & Ongena, M. (2010). Natural
functions of lipopeptides from Bacillus and Pseudomonas: More
than surfactants and antibiotics. FEMS Microbiology Reviews, 34,
1037-1062. https://doi.org/10.1111/j.1574-6976.2010.00221.x

Radhakrishnan, R., Hashem, A., & Abd Allah, E. F. (2017). Bacillus: A bi-
ological tool for crop improvement through bio-molecular changes
in adverse environments. Frontiers in Physiology, 8, 667. https://doi.
org/10.3389/fphys.2017.00667

Ralf, L., Sarina, T., Goncalves, P. J. R. O., & de Queiroz, M. V. (2018). A look
into a multifunctional toolbox: Endophytic Bacillus species provide
broad and underexploited benefits for plants. World Journal of
Microbiology and Biotechnology, 34, 1-10. https://doi.org/10.1007/
s11274-018-2479-7

Rosenberg, L. E., & Lawson, A, M. (1982). Disorders of propionate and
methylmalonate metabolism. In The metabolic basis of inherited
disease (5th ed., pp. 296-331). Dordrecht: Springer. http://dx.doi.
org/10.1007/978-94-009-5778-7_11

Senthilkumar, M., Anandham, R., Madhaiyan, M., Venkateswaran, V., &
Sa, T. (2011). Endophytic bacteria: Perspectives and applications
in agricultural crop production. In Bacteria in agrobiology: Crop
ecosystems (pp. 61-96). Springer. https://doi.org/10.1007/978-3-
642-18357-7_3

Shaheen, M., Li, J,, Ross, A. C., Vederas, J. C., & Jensen, S. E. (2011).
Paenibacillus polymyxa PKB1 produces variants of polymyxin B-
type antibiotics. Chemistry & Biology, 18, 1640-1648. https://doi.
org/10.1016/j.chembiol.2011.09.017

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage,
D., Amin, N., Schwikowski, B., & ldeker, T. (2003). Cytoscape: A
software environment for integrated models of biomolecular in-
teraction networks. Genome Research, 13, 2498-2504. https://doi.
org/10.1101/gr.1239303

Siméo, F. A., Waterhouse, R. M., loannidis, P., Kriventseva, E. V.,
& Zdobnov, E. M. (2015). BUSCO: Assessing genome assem-
bly and annotation completeness with single-copy orthologs.
Bioinformatics, 31, 3210-3212. https://doi.org/10.1093/bioin
formatics/btv351

Smith, S., & Tsai, S. C. (2007). The type | fatty acid and polyketide syn-
thases: A tale of two megasynthases. Natural Product Reports, 24,
1041-1072. https://doi.org/10.1039/b603600g


https://doi.org/10.1139/w03-011
https://doi.org/10.1093/nar/gkz310
https://doi.org/10.1016/j.jbiotec.2008.10.015
https://doi.org/10.1016/j.jbiotec.2008.10.015
https://doi.org/10.1080/20014091096710
https://doi.org/10.1016/j.jbiotec.2018.07.044
https://doi.org/10.1016/j.jbiotec.2018.07.044
https://doi.org/10.1046/j.1469-8137.2003.00700.x
https://doi.org/10.1046/j.1469-8137.2003.00700.x
https://doi.org/10.1111/j.1432-1033.1984.tb08078.x
https://doi.org/10.1111/j.1432-1033.1984.tb08078.x
https://doi.org/10.1016/0305-0491(89)90270-8
https://doi.org/10.1016/0305-0491(89)90270-8
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1002/cbic.201300316
https://doi.org/10.1002/cbic.201300316
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.3389/fmicb.2014.00636
https://doi.org/10.3389/fmicb.2014.00636
https://doi.org/10.1007/s13205-018-1144-z
https://doi.org/10.1242/jcs.237057
https://doi.org/10.1242/jcs.237057
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.1006/jmaa.1999.6447
https://doi.org/10.1006/jmaa.1999.6447
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1016/j.febslet.2010.02.037
https://doi.org/10.1146/annurev.biochem.69.1.961
https://doi.org/10.1146/annurev.biochem.69.1.961
https://doi.org/10.1007/s002530051432
https://doi.org/10.1094/PHYTO-96-0653
https://doi.org/10.1016/j.cropro.2015.01.007
https://doi.org/10.1111/j.1574-6976.2010.00221.x
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.3389/fphys.2017.00667
https://doi.org/10.1007/s11274-018-2479-7
https://doi.org/10.1007/s11274-018-2479-7
http://dx.doi.org/10.1007/978-94-009-5778-7_11
http://dx.doi.org/10.1007/978-94-009-5778-7_11
https://doi.org/10.1007/978-3-642-18357-7_3
https://doi.org/10.1007/978-3-642-18357-7_3
https://doi.org/10.1016/j.chembiol.2011.09.017
https://doi.org/10.1016/j.chembiol.2011.09.017
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1039/b603600g

TIAN ET AL.

12 0f 17 : :
biologyO
4|—Wl LEYJVIlcro iology! pen

Sun, J. B,, Peng, M., Wang, Y. G., Zhao, P. J., & Xia, Q. Y. (2010). Isolation
and characterization of antagonistic bacteria against Fusarium Wilt
and induction of defense related enzymes in banana. African Journal
of Microbiology Research, 5, 509-515. https://doi.org/10.5897/
AJMR10.607

Szklarczyk, D., Morris, J. H., Cook, H., Kuhn, M., Wyder, S., Simonovic,
M., Santos, A., Doncheva, N. T., Roth, A., Bork, P., Jensen, L. J.,
& von Mering, C. (2017). The STRING database in 2017: Quality-
controlled protein-protein association networks, made broadly
accessible. Nucleic Acids Research, 45, D362-D368. https://doi.
org/10.1093/nar/gkw937

Tan, D., Fu, L., Han, B., Sun, X., Zheng, P., & Zhang, J. (2015). Identification
of an endophytic antifungal bacterial strain isolated from the rub-
ber tree and its application in the biological control of banana
Fusarium Wilt. PLoS One, 10, e0131974. https://doi.org/10.1371/
journal.pone.0131974

Tian, D. D., Zhou, W,, Li, C. S., Wei, D., Qin, L. Y., Huang, S. M., Wei, L.
P, Long, S. F., He, Z. F., & Wei, S. L. (2020). Isolation and identifica-
tion of lipopetide antibiotic produced by Bacillus amyloliquefaciens
GKTO4 antagonistic to banana Fusarium Wilt. Journal of South China
Agricultural University, 51, 1122-1127.

Tian, D. D., Zhou, W,, Tan, L. Y., Wei, L. P, Long, S. F,, Li, C. S., ... Wei, S.
L. (2018). Isolation, identification and control effect of antagonis-
tic endophytic bacterium against Fusarium Wilt. Chinese Journal of
Tropical Crops, 39, 2007-2013.

Um, S., Fraimout, A., Sapountzis, P., Oh, D. C., & Poulsen, M. (2013).
The fungus-growing termite Macrotermes natalensis harbors
bacillaene-producing Bacillus sp. that inhibit potentially antago-
nistic fungi. Scientific Reports, 3, 3250. https://doi.org/10.1038/
srep03250

Wang, B., Shen, Z. Z., Zhang, F. G., Raza, W., Jim, Y. U., Huang, R., Ruan,
Y., LI, R., & Shen, Q. (2016). Bacillus amyloliquefaciens strain W19
can promote growth and yield and suppress Fusarium Wilt in ba-
nana under greenhouse and field conditions. Pedosphere, 26, 733-
744. https://doi.org/10.1016/51002-0160(15)60083-2

Wang, H., Fewer, D. P., Holm, L., Rouhiainen, L., & Sivonen, K. (2014). Atlas
of nonribosomal peptide and polyketide biosynthetic pathways re-
veals common occurrence of nonmodular enzymes. Proceedings of
the National Academy of Sciences of the United States of America, 111,
9259-9264. https://doi.org/10.1073/pnas.1401734111

Wegener, W. S., Reeves, H. C., Rabin, R., & Ajl, S. J. (1968). Alternative
pathways of metabolism of short chain fatty acids. Bacteriological
Reviews, 32, 1-26. https://doi.org/10.2307/1588459

Wu, D., Lin, Q., & Li, G. (1999). Cetyl trimethyl ammonium bromide
(CTAB) method for extracting Rhizophora apiculata’s DNA and Its
random amplified polymorphic DNA (RAPD) reaction. Journal of
Biochemistry and Molecular Biology, 15, 67-70.

Xia, Y., DeBolt, S., Dreyer, J., Scott, D., & Williams, M. A. (2015).
Characterization of culturable bacterial endophytes and their ca-
pacity to promote plant growth from plants grown using organic or
conventional practices. Frontiers in Plant Science, 6, 490. https://doi.
org/10.3389/fpls.2015.00490

Yu, X., Ai, C., Xin, L., & Zhou, G. (2011). The Siderophore-producing
bacterium, Bacillus subtilis CAS15, has a biocontrol effect on
Fusarium Wilt and promotes the growth of pepper. European
Journal of Soil Biology, 47, 138-145. https://doi.org/10.1016/j.
ejsobi.2010.11.001

Yuan, J., Li, B., Zhang, N., Waseem, R., Shen, Q., & Huang, Q. (2012).
Production of bacillomycin- and macrolactin-type antibiotics by
Bacillus amyloliquefaciens NJN-6 for suppressing soilborne plant
pathogens. Journal of Agricultural and Food Chemistry, 60, 2976~
2981. https://doi.org/10.1021/jf204868z

Zhao, H., Shao, D., Jiang, C., Shi, J, Li, Q., Huang, Q., Rajoka, M. S. R.,
Yang, H., & Jin, M. (2017). Biological activity of lipopeptides from
Bacillus. Applied Microbiology and Biotechnology, 101, 5951-5960.
https://doi.org/10.1007/s00253-017-8396-0

Zhao, J., Zhao, P, Quan, C., lJin, L., Zheng, W., & Fan, S. (2015).
Comparative proteomic analysis of antagonistic Bacillus amy-
loliquefaciens Q-426 cultivated under different pH conditions.
Biotechnology and Applied Biochemistry, 62, 574-581. https://doi.
org/10.1002/bab.1293

How to cite this article: Tian D, Song X, Li C, et al. Antifungal
mechanism of Bacillus amyloliquefaciens strain GKTO4 against
Fusarium wilt revealed using genomic and transcriptomic
analyses. MicrobiologyOpen. 2021;10:€1192. https://doi.
org/10.1002/mbo03.1192



https://doi.org/10.5897/AJMR10.607
https://doi.org/10.5897/AJMR10.607
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1371/journal.pone.0131974
https://doi.org/10.1371/journal.pone.0131974
https://doi.org/10.1038/srep03250
https://doi.org/10.1038/srep03250
https://doi.org/10.1016/S1002-0160(15)60083-2
https://doi.org/10.1073/pnas.1401734111
https://doi.org/10.2307/1588459
https://doi.org/10.3389/fpls.2015.00490
https://doi.org/10.3389/fpls.2015.00490
https://doi.org/10.1016/j.ejsobi.2010.11.001
https://doi.org/10.1016/j.ejsobi.2010.11.001
https://doi.org/10.1021/jf204868z
https://doi.org/10.1007/s00253-017-8396-0
https://doi.org/10.1002/bab.1293
https://doi.org/10.1002/bab.1293
https://doi.org/10.1002/mbo3.1192
https://doi.org/10.1002/mbo3.1192

TIAN ET AL. . . 13 of 17
MicrobiologyO _
icrobiologyOpen WILEY- 2"

Open Access’

APPENDIX

(@) COG Function Classification of Chromosome genes

.A: RNA processing and modification [0~0%]

. B: Chromatin structure and dynamics [1~0.03%)]

. C: Energy production and conversion [183~5.28%]

. D: Cell cycle control, cell division, chromosome partitioning [34~0.98%)]
. E: Amino acid transport and metabolism [348~10.04%)]

. F: Nucleotide transport and metabolism [77~2.22%)]

. G: Carbohydrate transport and metabolism [259~7.47%)]

. H: Coenzyme transport and metabolism [124~3.58%)]

B !: Lipid transport and metabolism [118~3.41%)

400 -

300 -
. J: Translation, ribosomal structure and biogenesis [160~4.62%)]
oy [ K: Transcription [308~8.89%]
§ . L: Replication, recombination and repair [137~3.95%]
g . M: Cell wall/membrane/envelope biogenesis [186~5.37%)]
L 200 -

[ N: Cell motility [57~1.65%)]
. O: Posttranslational modification, protein turnover, chaperones [100~2.89%]
. P: Inorganic ion transport and metabolism [213~6.15%)]
. Q: Secondary metabolites biosynthesis, transport and catabolism [120~3.46%)]
. R: General function prediction only [473~13.65%)]

100 - . S: Function unknown [311~8.98%]
.T: Signal transduction mechanisms [148~4.27%)]
. U: Intracellular trafficking, secretion, and vesicular transport [47~1.36%]
.V: Defense mechanisms [61~1.76%]

I I [ W: Extracellular structures [0~0%]
o-2E . Y: Nuclear structure [0~0%)]

|1 Cytoskeleton [0~0%]

(b) COG Function Classification of Plasmid genes

. A: RNA processing and modification [0~0%)]

. B: Chromatin structure and dynamics [0~0%)]

.C: Energy production and conversion [0~0%)]

D: Cell cycle control, cell division, chromosome partitioning [0~0%)]

9- . E: Amino acid transport and metabolism [0~0%)]

. F: Nucleotide transport and metabolism [0~0%)]

. G: Carbohydrate transport and metabolism [0~0%)]
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. I: Lipid transport and metabolism [0~0%]

. J: Translation, ribosomal structure and biogenesis [0~0%)]

5’6 | I K: Transcription [1~5.26%)]

% - L: Replication, recombination and repair [11~57.89%]
é‘ . M: Cell wall/membrane/envelope biogenesis [3~15.79%]
= I N: Cell motility [0~0%)

- O: Posttranslational modification, protein turnover, chaperones [0~0%)]
. P: Inorganic ion transport and metabolism [0~0%)]
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39 . R: General function prediction only [1~5.26%)]
. S: Function unknown [0~0%]
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. U: Intracellular trafficking, secretion, and vesicular transport [3~15.79%)]
. V: Defense mechanisms [0~0%)]
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0- . Y: Nuclear structure [0~0%)]
| 0 O O .Z: Cytoskeleton [0~0%)]
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Figure A1 COG functional classification of protein-encoding genes in the chromosome (a) and plasmid (b) of B. amyloliquefaciens GKTO4.
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Figure A2 Gene Ontology (GO) S = -2
functional categories of protein-encoding
genes in B. amyloliquefaciens GKT04
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Figure A3 The impact of differentially expressed genes on the arginine biosynthesis pathway. Red indicates that the gene is upregulated
and green indicates that the gene is downregulated in B. amyloliquefaciens GKTO4 during FOC4 inhibition
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Figure A4 The impact of differentially expressed genes on valine, leucine, and isoleucine biosynthesis pathways. Red indicates that the gene
is upregulated and green indicates that the gene is downregulated in B. amyloliquefaciens GKT04 during FOC4 inhibition
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Figure A5 The impact of differentially expressed genes on valine, leucine, and isoleucine degradation pathways. Red indicates that the gene
is upregulated and green indicates that the gene is downregulated in B. amyloliquefaciens GKTO4 during FOC4 inhibition
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Figure A6 The impact of differentially expressed genes on the ABC transporter pathway. Red indicates that the gene is upregulated and
green indicates that the gene is downregulated in B. amyloliquefaciens GKT04 during FOC4 inhibition



