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Abstract 

Background The Q-426 strain isolated from compost samples has excellent antifungal activities against a variety 
of plant pathogens. However, the complete genome of Q-426 is still unclear, which limits the potential application 
of Q-426.

Results Genome sequencing revealed that Q-426 contains a single circular chromosome 4,086,827 bp in length, 
with 4691 coding sequences and an average GC content of 46.3%. The Q-426 strain has a high degree of collinearity 
with B. velezensis FZB42, B. velezensis SQR9, and B. amyloliquefaciens DSM7, and the strain was reidentified as B. velezen-
sis Q-426 based on the homology analysis results. Many genes in the Q-426 genome have plant growth-promoting 
activity, including the secondary metabolites of lipopeptides. Genome mining revealed 14 clusters and 732 genes 
encoding secondary metabolites with predicted functions, including the surfactin, iturin, and fengycin families. In 
addition, twelve lipopeptides (surfactin, iturin and fengycin) were successfully detected from the fermentation broth 
of B. velezensis Q-426 by ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry 
(UHPLC–QTOF–MS/MS), which is consistent with the genome analysis results. We found that Q-426 produced indole-
3-acetic acid (IAA) at 1.56 mg/l on the third day of incubation, which might promote the growth of plants. Moreover, 
we identified eighteen volatile compounds (VOCs, including 2-heptanone, 6-methylheptan-2-one, 5-methylheptan-
2-one, 2-nonanone, 2-decanone, 2-undecanone, 2-dodecanone, 2-tridecanone, 2-tetradecanone, 2-nonadecanone, 
pentadecanoic acid, oleic acid, dethyl phthalate, dibutyl phthalate, methyl (9E,12E)-octadeca-9,12-dienoate), pentade-
cane, (6E,10E)-1,2,3,4,4a,5,8,9,12,12a-decahydro-1,4-methanobenzo[10]annulene, and nonanal) based on gas chroma-
tograph-mass spectrometer (GC/MS) results.

Conclusions We mined secondary metabolite-related genes from the genome based on whole-genome sequence 
results. Our study laid the theoretical foundation for the development of secondary metabolites and the application 
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of B. velezensis Q-426. Our findings provide insights into the genetic characteristics responsible for the bioactivities 
and potential application of B. velezensis Q-426 as a plant growth-promoting strain in ecological agriculture.

Keywords Genome mining, Bacillus velezensis Q-426, Secondary metabolites, Plant growth-promoting rhizobacteria

Background
Recently, the emergence of green and environmentally 
friendly agriculture has attracted much attention. The 
common policy requirement is to reduce the intensive 
use of agrochemical inputs [1], and increase the use 
proportion of organic fertilizer products and biocontrol 
agents [2]. Using microorganisms to control plant dis-
eases has been successful in many ways. The strains from 
the genera Bacillus, Pseudomonas, Burkholderia, Entero-
bacter, Pasteurella, and Agrobacterium have the most 
important role in biological control [2, 3]. Bacillus species 
are popular in farm systems due to their typical outstand-
ing advantages, such as storage in warehouse conditions 
as stable dry powders that have a long shelf life [2, 3]. In 
addition, Bacillus species have the capability of forming 
endospores that can tolerate heat and drought [2, 3]. As 
a result, several Bacillus strains have been widely used in 
biological control, including B. subtilis, B. thuringiensis, 
B. amyloliquefaciens, B. cereus, B. megaterium, B. licheni-
formis, B. polymyxa, and B. velezensis [4].

B. velezensis is a gram-positive bacterium that is 
enriched in various environments, including soil, liv-
ing organisms, intestinal microflora, and deep-sea sedi-
ments [5]. Several commercially available strains, such 
as B. velezensis FZB42 [6], B. velezensis SQR9 [7], and B. 
velezensis UCMB5113 [8], are currently being used for 
the efficient control of plant disease with improved pro-
ductivity of many crops. Chen et al. sequenced the whole 
genome of B. velezensis FZB42 in 2007 [9], and analyzed 
genes encoding the antimicrobial compounds, responsi-
ble for biocontrol effects against plant pathogens [10, 11]. 
There were 13 gene clusters involved in nonribosomal 
and ribosomal synthesis of secondary metabolites with 
putative antimicrobial action in the genome of B. velezen-
sis FZB42 [6, 9]. Xu et al. reported that the rhizosphere 
strain B. velezensis SQR9 can produce one of the lipopep-
tide compounds (bacillomycin D), which plays a crucial 
role in the antagonistic activity against Fusarium oxyspo-
rum but also affects the expression of the genes involved 
in biofilm formation [12]. Chen et  al. found that B. 
velezensis SQR9 confers plant salt tolerance by protecting 
plant cells and managing  Na+ homeostasis [13]. Hence, 
B. velezensis SQR9 can be used in salt stress-prone areas, 
thereby promoting agricultural production [13]. Abd 
El-Daim et  al. reported that B. velezensis UCMB5113 
inoculation resulted in significant metabolic modula-
tion and affected the abundance of several proteins in 

wheat leaves [8]. The study indicated that B. velezensis 
UCMB5113 utilized similar metabolic and molecular 
regulatory strategies to enhance the tolerance of wheat 
exposed to different abiotic stress factors, including heat, 
cold and drought [8]. These B. velezensis strains have 
been commercialized in the form of fungicides [6–8, 14]. 
The biocontrol activities were due to the production of 
secondary metabolites in B. velezensis, such as polyke-
tides (including difficidin, bacillaene, and macrolactin) 
and cyclic lipopeptides (including surfactin, fengycin, 
bacillibactin, iturin, and bacillomycin), some of which 
can promote plant growth, control plant pathogens, and 
induce systemic acquired resistance in plants [14].

B. velezensis Q-426 was isolated and purified from 
compost samples through its antifungal activities in 
Dalian, China [15]. In a previous study, strain Q-426 
was misclassified as B. amyloliquefaciens according to 
morphological and biochemical characteristics and 
16S rDNA sequence [15–21]. B. velezensis Q-426 was 
tested for its potential use against a variety of plant 
pathogens. Zhao et al. screened four genes involved in 
the biosynthesis of antifungal agents and revealed that 
the fen and bmy gene clusters are present in the Q-426 
genome [18]. B. velezensis Q-426 has been reported to 
produce diketopiperazines (DKPs) and lipopeptides 
(such as bacillomycin D, fengycin A, and fengycin 
B) synthesized by nonribosomal peptide synthetases 
(NRPS) [15, 18]. Wang et  al. found that B. velezen-
sis Q-426 produced four kinds of diketopiperazines, 
which could inhibit biofilm formation at the gas–liq-
uid interface [15]. Moreover, DKPs reduced extracel-
lular polymeric substance (EPS) components, proteins, 
polysaccharides, DNA, and so on [15]. Zhao et al. stud-
ied the correlation between substrates of the medium 
and lipopeptide production using single-dimensional 
search techniques [17]. Zhao et  al. also evaluated the 
biosurfactant properties of lipopeptide mixtures using 
six different methods including bacterial adhesion to 
hydrocarbon assays, surface tension measurements, 
lipase activity, oil displacement tests, hemolytic activity 
and emulsification activity, and found that B. velezen-
sis Q-426 may have great potential in agricultural and 
environmental fields [17]. Tao et al. demonstrated that 
bacillomycin D is closely related to hemolytic activ-
ity and antifungal activity using homologous recom-
bination gene knockout technology [22]. Quan et  al. 
revealed that C-16 bacillomycin D can effectively 
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influence cell migration, and cells treated with C-16 
bacillomycin D showed typical apoptotic morphology 
with increasing drug concentration in early apoptosis, 
late apoptosis percentage increased, and  G0/G1 arrest 
was induced significantly [23]. Overall, B. velezensis 
Q-426 is a potential biocontrol agent against fungi and 
bacteria; however, insufficient knowledge about the 
whole genome of B. velezensis Q-426 has limited its 
application in agriculture and biotechnology, although 
some progress has been made in the last decade.

In this study, we aimed to explore the production 
potential of secondary metabolites and elucidate the 
biocontrol performance of B. velezensis Q-426 based 
on whole genome information. We performed genome 
sequencing and mined secondary metabolite related 
genes and plant growth-promoting activity-related 
genes from the genome based on the whole genome 
sequence results. We found that many genes partici-
pated in the synthesis of secondary metabolites and that 
B. velezensis Q-426 had great potential in plant growth-
promotion. The present study provides a foundation 
for further studies of related genes and functions and 
facilitates genetic engineering of B. velezensis Q-426 to 
promote agricultural and industrial applications.

Results and discussion
Genomic features of strain Q‑426
To investigate the genomic and metabolic features 
of strain Q-426, its whole genome was completely 
sequenced. Comprehensive genome analysis revealed 
the presence of 103,490 reads with an average read 
length of 10,750 bp. One complete circular chromosome 
(4,086,827 bp) with a contig was assembled, and the aver-
age G + C content was 46.3% (Fig. 1). A total of 4691 cod-
ing DNA sequences (CDS) genes, 88 tRNA genes, and 27 
rRNA genes (16S-23S-5S rRNA) were predicted in this 
genome. By aligning the genome sequences to six com-
monly used databases, 4201, 3457, 3041, 3486, 3041, 
and 4138 of unique genes were matched with sequences 
in the databases NR, Swiss-Prot, Pfam, COG, GO, and 
KEGG, respectively.

To further evaluate the completeness of the transcrip-
tome library and the effectiveness of the annotation 
process, we searched the annotated sequences for the 
genes involved in COG classifications [24]. The COG 
analysis shown in Fig.  2 classified the identified genes 
into 25 categories. The most frequent functional cat-
egory was amino acid transport and metabolism. The 
highest number of genes (323) participated in amino 
acid transport and metabolism, accounting for 9.27% of 

Fig. 1 Circular genome maps of strain Q-426 chromosome. From the outer circle to the inner circle, the outermost circle marks the genome 
size, and the odd and even circles represent the plus- and minus-strand genes, respectively. The first and second circles are coding genes, 
the third and fourth circles are COG annotation results, the fifth and sixth circles are KEGG annotation results, the seventh and eighth circles 
are GO annotation results, and the ninth and tenth circles are ncRNA annotation results. The legend of KEGG annotation is shown on the right 
of the picture
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all annotated protein sequences. A group of 321 genes 
was involved in general function prediction only, and a 
group of 302 genes is involved in transcription. These 
proteins accounted for 9.20% and 8.66% of the total 
protein sequences, respectively. The annotation results 
suggested that 119 genes participated in secondary 
metabolite biosynthesis, transport, and catabolism. As 
expected, the lipopeptides including surfactin, iturin, 
and fengycin gene clusters, were found in the genome 
sequence of Q-426.

In the present study, we used the InterProScan data-
base [25] to predict all of the protein domains and 
functional sites of B. velezensis Q-426 and extract the 
information of GO [26, 27]. Based on the GO func-
tional annotation shown in Fig.  3, the identified pro-
teins were classified into 3 large groups, including 
biological process, cellular components, and molecu-
lar functions. The results suggested that the proteins 
were annotated into 48 functional groups, including 
26 biological processes, 12 cellular components, and 
10 molecular functions (Fig. 3). In biological processes, 
the proteins were mainly involved in metabolic pro-
cesses (1746 genes), cellular processes (1689 genes), 
and localization (624 genes). In cellular components, 
the proteins were mainly involved in cell (1135 genes), 
cell part (1135 genes), and organelle (225 genes). In 
molecular functions, the proteins were mainly involved 

in catalytic activity (1723 genes), binding (1391 genes), 
and transporter activity (286 genes).

The genes involved in the metabolic pathways were 
analyzed statistically using the KEGG analysis tool in the 
genome sequence of B. velezensis Q-426 [28]. The KEGG 
analysis results showed that the proteins were annotated 
to 36 KEGG pathways, classified into 6 large groups, 
including cellular processes (163 genes), environmental 
information processing (300 genes), genetic informa-
tion processing (185 genes), human diseases (77 genes), 
metabolism (887 genes), and organismal systems (34 
genes) (Fig. 4). Carbohydrate metabolism pathways (187 
genes) and membrane transport (171 genes) were the pri-
mary enriched pathways, followed by amino acid metab-
olism (162 genes). The KEGG database analysis showed 
a great number of two-component systems (114 genes) 
and ABC transporters (135 genes). Moreover, 76 genes 
were related to quorum sensing systems, which played a 
crucial role in sporulation, biofilm formation, and genetic 
competence [29, 30].

The taxonomic status of strain Q‑426
The phylogenetic analysis of strain Q-426 based on whole 
genomic sequences was conducted with related Bacil-
lus species (Fig.  5) to show the phylogenetic relation-
ships. In previous study, strain Q-426 was identified as 
B. amyloliquefaciens based on 16S rDNA sequences. 

Fig. 2 COG annotation of strain Q-426
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However, based on the comparative phylogenomic anal-
ysis of Bacillus genomes strain Q-426 should be reas-
signed as B. velezensis species. The phylogenetic tree 
indicated that Q-426 was evolutionarily closest to B. 
velezensis SQR9. B. velezensis FZB42 and B. velezensis 
QST713 were clustered together. Therefore, Q-426 was 
reclassified as B. velezensis Q-426.

B. velezensis and B. amyloliquefaciens have similar mor-
phological, biochemical, physiological, phenotypic, and 
phylogenetic characteristics [31]. They are closely related 
members of the “operational Group B. amyloliquefa-
ciens”, a taxonomical unit above the species level within 
the “B. subtilis species complex” [31]. As a result, it was 
quite difficult to separate these two taxa from each other. 
For example, the plant growth-promoting model bacte-
rium B. velezensis FZB42 was regarded as the type strain 
of B. amyloliquefaciens [32], and it was recognized as B. 
velezensis FZB42 based on phylogenomic analysis five 
years later [33]. Another typical example is B. velezensis 
DSM7, which was first identified as B. amyloliquefaciens 
[34] and then regarded as B. amyloliquefaciens subsp. 
plantarum three years later [32]. Finally, it was reclassi-
fied five years later based on DNA-DNA hybridization, 
as well as phenotypic and phylogenetic analyses [31, 35]. 
With the development of complete genome sequencing 

technology, it has been widely approved to verify taxo-
nomic status based on whole-genome alignments results.

Comparison of genetic characteristics between B. 
velezensis Q‑426 and four other reference Bacillus strains
Bacillus spp. is one of the most extensively studied ben-
eficial microorganisms in the rhizosphere, and several 
commercial products belonging to Bacillus are currently 
available for agricultural production [36]. Researchers 
have studied the antimicrobial compounds in B. velezensis 
FZB42, that are responsible for biocontrol effects against 
plant pathogens [10, 11]. The study of B. velezensis SQR9 
suggested that it has the ability to promote agricultural 
production [13]. We further analyzed the genetic char-
acteristics of B. velezensis Q-426 and four other highly 
active Bacillus strains, including B. velezensis FZB42 [6], 
B. velezensis SQR9 [7], B. amyloliquefaciens type strain 
DSM7 [37], and type strain B. subtilis 168 [38]. The gen-
eral features of these strains are illustrated in Table 1. A 
comparative analysis among the GC contents suggested 
that Q-426 shared similar values with B. velezensis FZB42 
[6], B. velezensis SQR9 [7], and B. amyloliquefaciens 
DSM7 [37], which was much higher than that of B. sub-
tilis 168 [38]. The CDS number of Q-426 was 4691 and 
was larger than four reference Bacillus strains. Secondary 

Fig. 3 GO annotation of strain Q-426



Page 6 of 19Wang et al. BMC Genomics          (2023) 24:589 

metabolite analysis with antiSMASH predicted 14 gene 
clusters related to secondary metabolism in Q-426, and 
the cluster numbers in B. velezensis FZB42 [6], B. velezen-
sis SQR9 [7], B. amyloliquefaciens DSM7 [37], and B. 
subtilis 168 [38] were 13, 12, 11, and 6, respectively. 
The results suggested that the gene encoding secondary 
metabolite synthesis in B. velezensis and B. amylolique-
faciens was much more abundant than that in B. subtilis.

In comparative genomics, synteny and collinearity 
analysis are two effective methods to evaluate the colo-
calization of genetic loci among various species. Synteny 
and collinearity analysis is recognized as a standard step 

for comparative genomics research [39, 40]. To under-
stand the relatedness of Q-426 to other Bacillus strains, 
we performed whole-genome collinearity analysis among 
B. velezensis Q-426 and four other kinds of highly active 
Bacillus strains, such as B. velezensis FZB42 [6], B. 
velezensis SQR9 [7], B. amyloliquefaciens DSM7 [37], and 
B. subtilis 168 [38]. The genomes of B. velezensis Q-426 
presented high collinearity with the B. velezensis FZB42, 
B. velezensis SQR9, and B. amyloliquefaciens DSM7 
genomes but did not show collinearity with B. subtilis 
168 (Fig.  6A). To reveal the differences at the nucleo-
tide level, the genome of Q-426 was used as a reference 

Fig. 4 KEGG annotation of strain Q-426. There are six categories shown in the upper of the figure, and each category is divided into a secondary 
classification system. The X-axis is the biological pathway, and the Y-axis is the number of genes. For secondary classification, different colors are 
used to distinguish the primary classification of biological pathways
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to align the fully sequenced genomes of the other four 
Bacillus strains using BRIG. The results also revealed that 
the Q-426 genome sequence has high similarity to the 
genome sequences of B. velezensis FZB42, B. velezensis 
SQR9, and B. amyloliquefaciens DSM7 (Fig. 6B).

Secondary metabolite biosynthetic gene clusters in strain 
Q‑426
It was reported that B. velezensis has an impressive capac-
ity to produce secondary metabolites with antimicrobial 
activities, including lipopeptides (surfactin, fengycin, and 
bacillomycin D), polyketides (macrolactin, bacillaene, 
and difficidin or oxydifficidin), and peptides (planta-
zolicin, amylocyclicin, and bacilysin). With advances in 
sequencing technologies and the development of robust 
genome mining tools, people have more options for 
research on secondary metabolites. The antibiotics and 
secondary metabolite analysis shell (antiSMASH) can 

quickly annotate and analyze secondary metabolite bio-
synthetic gene clusters, and helps to estimate the types 
of compounds encoded by the gene clusters [14, 41]. The 
secondary metabolite biosynthetic gene clusters in the 
genome of B. velezensis Q-426 were predicted using ant-
iSMASH 4.0. In total, the antiSMASH analysis identified 
14 clusters of secondary metabolites, including two nrps 
clusters, two terpene clusters, two transatpks clusters, 
two transatpks-nrps clusters, one lantipeptide cluster, 
one phosphonate cluster, one otherks cluster, one t3pks 
cluster, one bacteriocin-nrps cluster, and one gene cluster 
with unknown function named the other cluster (Fig. 7).

Among them, five clusters had 100% amino acid 
sequence homology with known gene clusters, includ-
ing transatpks (Cluster 6), transatpks-nrps (Clusters 7 
and 8), bacteriocin-nrps (Cluster 12), and others (Clus-
ter 14). The above five clusters could synthesize macrol-
actin H, bacillaene, fengycin, bacillibactin, and bacilysin, 

Fig. 5 Phylogenetic tree of the Q-426 strain based on whole-genome alignments

Table 1 Comparison of genomic features between Q-426 and other Bacillus strains

Strain name Q‑426 FZB42 [6] SQR9 [7] DSM7 [37] 168 [38]

Genome size 4,086,827 3,918,596 4,117,023 3,980,199 4,215,606

GC content (%) 46.30 46.40 46.10 46.10 43.50

CDS number 4691 3693 4078 3921 4106

Average CDS length 782 933 916 888 895

tRNA number 86 89 72 94 86

Secondary metabolite synthesis gene clusters

Gene length 316,610 771,823 811,617 559,717 144,451

Cluster number 14 13 12 11 6

Proportion of total length (%) 7.75 19.70 19.71 14.06 3.43



Page 8 of 19Wang et al. BMC Genomics          (2023) 24:589 

Fig. 6 Genome comparison of B. velezensis Q-426 and its homologous strains. A Collinearity analysis. B Circular genome blast atlas. From the outer 
circle to the inner circle, the outermost circle marks the whole genome of B. velezensis SQR9, the second circle marks the whole genome of B. 
velezensis FZB42, the third circle marks the whole genome of B. amyloliquefaciens DSM7, and the fourth circle marks the whole genome of B. subtilis 
168. They were aligned with B. velezensis Q-426 (inner circle) using BRIG

Fig. 7 Quantitative analysis of secondary metabolite genes. Otherks: other ketides; nrps: nonribosomal peptide synthetase; transatpks: trans-acyl 
transferase polyketide synthetases; pks: polyketide synthase; t3pks: type III polyketide
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respectively (Table  2, Fig.  7). The gene in nrps (Cluster 
2) showed 82% amino acid similarity with a surfactin 
synthetase gene cluster. The gene in transatpks (Cluster 
11) showed 93% amino acid similarity with the difficidin 
synthetase gene cluster. However, phosphonate (Cluster 
3), terpene (Clusters 5 and 9), t3pks (Cluster 10), and 
nrps (Cluster13) did not match any known gene clus-
ters (Table 2, Fig. 7). Comparison of gene clusters among 
B. velezensis Q-426 and the other four Bacillus strains 
(FZB42 [6], SQR9 [7], DSM7 [37], and 168 [38]) illus-
trated that there are five highly conserved clusters (Clus-
ters 2, 5, 9, 10, and 13) (Table 2). Ten clusters (Clusters 2, 
5–11, 13 and 14) are conserved by the four strains of B. 
velezensis Q-426, B. velezensis FZB42, B. velezensis SQR9, 
and B. amyloliquefaciens DSM7 (Table  2). Two clusters 
(lantipeptide and phosphonate) are not conserved by the 
three strains of B. velezensis (Q-426, FZB42, and SQR9) 
(Table 2). Through genome mining, clusters responsible 
for the synthesis of secondary metabolites were identi-
fied in the genome of B. velezensis Q-426, and the clus-
ters responsible for the synthesis of surfactin, butirosin 
A/butirosin B, macrolactin H, bacillaene, fengycin, bacil-
lomycin D, difficidin, bacillibactin, and bacilysin were 
detected. The structures of these secondary metabolites 
are also shown in Fig. 8.

The structural compositions of gene Clusters 2 and 8 
are shown in Fig.  8, and they were composed of genes 
for the lipopeptide synthesis, such as surfactin, iturin, 
and fengycin. The surfactin biosynthetic gene Clusters 
Q426_GM000375, Q426_GM000379, Q426_GM000380, 
and Q426_GM000383 in B. velezensis Q-426 were ana-
lyzed using PRISM, and the core genes were selected for 

PKS/NRPS analysis (Fig.  9). The surfactin biosynthetic 
gene cluster contained four genes, including SurfAA, Sur-
fAB, SurfAC, and SurfAD. The iturin biosynthetic gene 
cluster contained three genes of ituA (Q426_GM002145), 
ituB (Q426_GM002143), and ituC (Q426_GM002139). 
The fengycin biosynthetic gene cluster contained five 
genes, fenE (Q426_GM002176), fenD (Q426_GM002177 
and Q426_GM002178), fenC (Q426_GM002179), fenB 
(Q426_GM002180), and fenA (Q426_GM002182).

Seven kinds of secondary metabolites belonging to 
iturin (C14-, C15-, and C16-bacillomycin D) and fengycin 
(C15-, C16-, C17-fengycin A and C17-fengycin B) have 
been separated and identified in our previous studies, 
but the surfactin was not found in the fermentation broth 
[18, 21]. However, we found that a surfactin synthesis 
gene cluster was contained in the genome of B. velezen-
sis Q-426, so the gene cluster was analyzed in detail. The 
surfactin biosynthetic gene cluster in strain Q-426 con-
tained seven adenylation domains, which were named 
A1-A7. The crucial amino acid sequences corresponding 
to the A1-A7 substrate binding cavity were DAKDLGVV, 
DAFMMGMV, DAWFLGNV, DAFWIGGT, DLTKVGHI, 
DAWFLGNV, and DAFXLGCV (Fig.  9). Moreover, the 
potential substrates of A1-A7 were Glu/Asp, Leu/Ile/
Val, Leu, Val, Asp, Glu/Asp, and Leu/Ile/Val, respectively 
(Fig. 9). Collectively, the amino acid sequence of the sur-
factin generated by Q-426 could be Glu/Asp-Leu/Ile/
Val-Leu-Val-Asp-Glu/Asp-Leu/Ile/Val.

MS/MS analysis of lipopeptides in Q‑426
The structures of lipopeptides from the fermenta-
tion broth of B. velezensis Q-426 in bran medium were 

Table 2 Genetic clusters coding for secondary metabolites in the genome of Q-426

Q‑426 Gene cluster location Presence ( +) or absence (‑)

Cluster 
number

Cluster name From To Most similar  
known cluster

Similarity (%) Bv
FZB42 [6]

Bv
SQR9 [7]

Ba
DSM7 [37]

Bs
168 [38]

1 lantipeptide 193398 216013 locillomycin 35 ‑ ‑  + ‑
2 nrps 312579 375474 surfactin 82  +  +  + + 
3 phosphonate 617097 657981 unknown ‑  + ‑ ‑ ‑
4 otherks 939837 981057 butirosin A/ B 7  +  + ‑ ‑
5 terpene 1066518 1083778 unknown ‑  +  +  + + 
6 transatpks 1392364 1478734 macrolactin H 100  +  +  + ‑
7 transatpks-nrps 1703592 1800385 bacillaene 100  +  +  + ‑
8 transatpks-nrps 1878281 2015557 fengycin, iturin 100  +  +  + ‑
9 terpene 2039620 2141588 unknown ‑  +  +  + + 
10 t3pks 2061473 2182757 unknown ‑  +  +  + + 
11 transatpks 2314595 2403880 difficidin 93  +  +  + ‑
12 bacteriocin-nrps 3142532 3193034 bacillibactin 100  +  + ‑ ‑
13 nrps 3471444 3539864 unknown ‑  +  +  + + 
14 other 3744026 3785444 bacilysin 100  +  +  + + 
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Fig. 8 Secondary metabolite gene clusters identified in B. velezensis Q-426 genome using antiSMASH software version 4.0
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determined by high‒resolution LC‒MS/MS in nega-
tive-ion mode. The precursor ions [M +  Na]+ at m/z 
1030.6410, 1030.6410, 1044.6569, 1044.6575, 1058.6715, 
1058.6716, 1463.8041, 1491.8368, 1477.8233, 1017.5313, 
1031.6415, and 1045.5660 indicated the existence of 
three types of lipopeptides, including surfactins, iturins 
and fengycins. The identification of these compounds 
was mainly according to the typical product ions in 
the MS/MS of the precursor ions in each compound 
described by previous studies [42, 43]. For example, 
the Compund 1 which eluted at 38.33  min in HPLC 
showed precursor ion m/z [M +  Na]+ at 1030.6410. As 
shown in Fig. 10, The ions at m/z 590.38 Da, 689.46 Da, 
804.47  Da, and 917.56  Da are generated by β-hydroxy 
fatty acid Glu-Leu-Leu, β-hydroxy fatty acid-Glu-Leu-
Leu-Val, β-hydroxy fatty acid-Glu-Leu-Leu-Val-Asp, and 
β-hydroxy fatty acid-Glu-Leu-Leu-Val-Asp-Leu, respec-
tively. Ions at m/z 383.25 Da, 481.26 Da, 594.35 Da, and 
707.43 Da found in the spectrum are generated by Asp-
Leu-Leu, Val-Asp-Leu-Leu, Leu-Val-Asp-Leu-Leu, and 
Leu-Leu-Val-Asp-Leu-Leu. Collectively, the existence 
of these characteristic peaks indicates that the structure 
of 1 was β-C13-Glu-Leu-Leu-Val-Asp-Leu- Ile/Ile, and 
it was identified as C13-surfactin. Compound 2, whose 
retention time was different from that of 1, showed the 

same precursor ion as Compound 1, and the produc-
tion ions were almost identical. As, Leu, the amino acid 
at positions 2, 3 and 7 of surfactin, may be replaced by 
its isomer Ile, which cannot be distinguished by the MS 
data alone. Thus, Compound 2 was identified as the iso-
mer of C13-surfactin. Accordingly, the other 10 com-
pounds were also indentified as summarized at Table 3. 
Thus, there were 12 kinds of lipopeptides produced by B. 
velezensis Q-426, including six surfactins (two kinds of 
C13-surfactin, two kinds of C14-surfactin, and two kinds 
of C15-surfactin), three iturin (one C13-bacillomycin D, 
one C14-bacillomycinD, and one C15-bacillomycin D), 
and three fengycin (one C16-fengycin A, one C16-fengy-
cin B, and one C17-fengycin A).

In a previous study, B. velezensis Q-426 was isolated, 
and seven kinds of cyclic lipopeptides were identified 
from the fermentation broth of B. velezensis Q-426 cul-
tured in Luria–Bertani, including three iturin (C14-bacil-
lomycin D, C15-bacillomycin D, and C16-bacillomycin 
D) and four fengycin (C15-fengycin A, C16-fengycin 
A, C17-fengycin A, and C17-fengycin B) [16, 17]. In 
this study, we changed the medium (from LB to bran 
medium) and fermentation conditions (from 37 ℃ in liq-
uid cultures to 28 ℃ in solid cultures). The results sug-
gested that there were three kinds of cyclic lipopeptides 

Fig. 9 Schematic diagram of gene Clusters 2 and 8 in B. velezensis Q-426. The potential secondary metabolite biosynthetic gene clusters were 
predicted using antiSMASH. Genes with different functions are marked in different color blocks, which are shown in the legend. The functional 
domains of surfactin synthesis-related genes were analyzed using PKS/NRPS analysis. The abbreviations indicate the functions of the corresponding 
structural domains. The conserved binding pockets for substrates formed by amino acids in different adenylation domains are shown in light red 
boxes
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produced by B. velezensis Q-426 in bran medium, includ-
ing six surfactin, three iturin, and three fengycin. The 
composition of the medium and the fermentation con-
ditions might affect the amount and kinds of secondary 
metabolites.

Genetic basis for the plant growth‑promoting activity 
of Q‑426
Researchers have proposed the term plant growth-pro-
moting rhizobacteria (PGPR) to refer bacteria that inhabit 

the rhizosphere of plants, and are able to promote plant 
growth significantly [44]. PGPR promote plant growth 
through various mechanisms, and it has been proposed 
that PGPR can synthesize and release plant-promoting 
compounds, volatile organic compounds, and lipopetide-
type compounds and induce systemic resistance [44, 45]. 
There are several plant-promoting compounds, such as 
indole-3-acetic acid (IAA), tryptophan, siderophores, 
cellulase, protease, amylase, β-1,3-glucanase, and tryp-
tophan [14]. Genome analysis revealed the presence of 

Fig. 10 Secondary mass spectrum of precursor ion of surfactin with precursor ion [M + H].+ at m/z 1030.64

Table 3 The identification of secondary metabolites in Q-426

No. name RT/min m/z ppm typical product ions

1 C13-Surfactin 38.33 1030.6410 1.0222 917.5586, 804.4060, 590.4240, 707.4305, 594.3467, 481.2188, 365.2400, 688.5582

2 38.74 1030.6410 1.0222 917.5568, 804.4728, 590.3780, 707.4305, 594.3459, 481.2636, 365.2516, 688.4607

3 C14-Surfactin 40.09 1044.6569 1.0219 931.5721, 594.3448, 972.6702, 728.4932

4 40.85 1044.6575 1.0219 931.5732, 972.6725 728.4938

5 C15-Surfactin 41.89 1058.6715 1.0216 945.5861, 814.4935, 707.4300, 594.3465, 986.6858, 742.5082

6 43.00 1058.6716 1.0216 945.5869, 814.4932, 707.4302, 594.3463, 986.6863, 743.5118

7 C16-Fengycin A 20.17 1463.8041 1.0001 996.4537, 1080.5342, 1144.6583,

8 C16-Fengycin B 20.31 1491.8368 1.0000 994.4878, 1108.5673

9 C17-Fengycin A 21.05 1477.8233 1.0001 966.4025, 1108.5300

10 C13-Bacillomycin D 14.81 1017.5313 0.9965 603.35, 625.3914, 704.1019, 740.4687, 791.4575, 903.2043

11 C14-Bacillomycin D 16.67 1031.6415 0.9967 617.0829, 754.4219, 917.5571

12 C15-Bacillomycin D 17.96 1045.5660 0.9994 631. 4584, 768.6399
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gene clusters for the biosynthesis of plant-promotion 
and antifungal compounds, such as IAA, tryptophan, 
siderophores, and phenazine. The Q-426 genome has 
multiple genes encoding proteins predicted to be asso-
ciated with plant growth-promoting activity, which are 
illustrated in Table 4. There are 7 putative genes involved 
in the production of indole-3-acetic acid (IAA). There 
are also other genes encoding proteins involved in the 
production of the volatile compound (VOC) 3-hydroxy-
2-butanone, such as acetolactate decarboxylase (alsD), 
alpha-acetolactate synthase (ilvB), acetoin dehydrogenase 
(acuC), and 2,3-butanediol dehydrogenase (bdhA). The 
Q-426 genome possesses 3 genes involved in biofilm for-
mation, development, and regulation, including the cell 
fate regulator YmcA (ymcA), scyllo-inositol 2-dehydroge-
nase NADP ( +) (iolU), and regulator of the extracellular 
matrix (slrR). Furthermore, 13 putative genes encoded 

proteins involved in the synthesis of lipopeptides, such as 
surfactin, iturin, and fengycin.

To verify the phosphate-solubilizing ability of Q-426, 
we performed the test using the hydrolysis of organic 
and inorganic phosphorus medium. We observed a clear 
transparent circle around the colony, which proved that 
Q-426 had organic phosphorolytic activity (Fig. 11A) but 
did not have inorganic phosphorolytic activity (Fig. 11B). 
IAA production in B. velezensis Q-426 was determined 
qualitatively and quantitatively. Q-426 was confirmed 
to produce IAA through the pink chromogenic reac-
tion, and IAA production seemed to be high accord-
ing to the pink color (Fig. 11C). The IAA production of 
Q-426 was further quantified by the calculated standard 
curve Equation y = 0.07933x-0.0105 (R2 = 0.999, y is the 
absorbance and x is IAA concentration). Q-426 showed 
the maximum IAA content of 1.56 mg/l on the third day 

Table 4 Genes involved in plant growth-promoting activity in Q-426

Gene ID Gene Protein coded by the gene

genes involved in tryptophan biosynthesis and IAA metabolism

 Q426_GM002478 trpA tryptophan synthase subunit alpha

 Q426_GM002479 trpB tryptophan synthase subunit beta

 Q426_GM002481 trpC indole-3-glycerol phosphate synthase

 Q426_GM002483 trpE anthranilate synthase component I

 Q426_GM000820 dhaS aldehyde dehydrogenase

 Q426_GM000792 ysnE N-acetyltransferase

 Q426_GM001039 yhcX putative amidohydrolase

genes involved in the production of VOCs

 Q426_GM004101 alsD alpha-acetolactate decarboxylase

 Q426_GM004102 ilvB alpha-acetolactate synthase

 Q426_GM000711 dbhA (R,R)-butanediol dehydrogenase

 Q426_GM003379 acuC acetoin dehydrogenase

genes involved in biofilm formation, development, and regulation

 Q426_GM001965 ymcA cell fate regulator YmcA

 Q426_GM003809 iolU scyllo-inositol 2-dehydrogenase NADP( +)

 Q426_GM000004 slrR regulator of the extracellular matrix

genes involved in the synthesis of lipopeptides

 Q426_GM000375 srfAA surfactin family lipopeptide synthetase A

 Q426_GM000379 srfAB surfactin family lipopeptide synthetase B

 Q426_GM000380 srfAC surfactin family lipopeptide synthetase C

 Q426_GM000383 srfAD surfactin family lipopeptide synthetase D

 Q426_GM002145 ituA iturin family lipopeptide synthetase A

 Q426_GM002143 ituB iturin family lipopeptide synthetase B

 Q426_GM002139 ituC iturin family lipopeptide synthetase C

 Q426_GM002146 ituD iturin family lipopeptide synthetase D

 Q426_GM002177 fenA fengycin family lipopeptide synthetase A

 Q426_GM002176 fenB fengycin family lipopeptide synthetase B

 Q426_GM002182 fenC fengycin family lipopeptide synthetase C

 Q426_GM002170 fenD fengycin family lipopeptide synthetase D

 Q426_GM002179 fenE fengycin family lipopeptide synthetase E
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of incubation (Fig.  11D). These results suggest that B. 
velezensis Q-426 could produce IAA even in the absence 
of exogenous tryptophan.

The genome mining results suggested that there were 
several genes involved in the production of VOCs. 
Then, we collected the VOCs produced by Q-426 on LB 
medium and analyzed them by GC/MC. Eighteen VOCs 
with relatively high peak areas were identified from 
Q-426. The retention times ranged from 1 to 60  min, 
with molecular weights ranging from 114.19 to 294.48 Da 
(Fig.  11E, Table  5). The identified VOCs included ten 
ketones (2-heptanone, 6-methylheptan-2-one, 5-meth-
ylheptan-2-one, 2-nonanone, 2-decanone, 2-undecan-
one, 2-dodecanone, 2-tridecanone, 2-tetradecanone, 
and 2-nonadecanone) and two acids (pentadecanoic acid 
and oleic acid). In addition, three esters (dethyl phtha-
late, dibutyl phthalate, and methyl (9E,12E)-octadeca-
9,12-dienoate), two hydrocarbons (pentadecane, and 
(6E,10E)-1,2,3,4,4a,5,8,9,12,12a-decahydro-1,4-metha-
nobenzo[10]annulene), and one aldehyde (nonanal) were 
present in the samples collected from Q-426. 2-hep-
tanone displayed the highest peak of the 11 compounds 
detected in the VOC spectrum emitted by Q-426. Jiang 
et  al. had reported that VOCs produced by Bacillus sp. 
JCo3 could significantly promote the biomass accumula-
tion of Arabidopsis and tomato [46]. They identified that 

the compounds released from JC03, including 2-hep-
tanone, tetrahydrofuran-3-ol and 2-ethyl-1-hexanol, 
significantly promoted the growth of Arabidopsis seed-
lings [46]. Widada et al. found that two known antifungal 
compounds 1,2-dimethyldisulfane and 6-methylheptan-
2-one, were produced by Nocardiopsis alba, and the 
abundant of antifungal VOCs are potentially used as 
biocontrol agents for pathogenic fungi in plants [47]. 
Héctor et  al. reported that the VOCs produced by B. 
amyloliquefaciens BUZ-14 and I3 have antifungal activ-
ity, and 2-nonanone and 2-undecanone have shown low 
concentrations for in  vitro inhibition of Monilinia spp. 
and B. cinerea [48]. Li et  al. found that nonanal, octa-
nal and decanal could effectively inhibit the growth of 
Aspergillus. flavus both on maize kernels and in culture 
medium, these results confirmed that the plant-derived 
compounds could be developed into promising antifun-
gal agents applied in the preservation of grains [49]. The 
2-decanone was found in the volatilomes of three Bacil-
lus  species and showed antifungal activity [50–54]. 
2-Nonadecanone is a ketone that showed antibacterial 
activity against Staphylococcus aureus and Escherichia 
coli [55]. The GC/MS results suggested that the antifun-
gal and antimicrobial activity of VOCs can play impor-
tant roles over short and long distances in promoting the 
growth of plants.

Fig. 11 Plant growth-promoting activity test of B. velezensis Q-426. A Organic phosphate solubilization activity. B Inorganic phosphate 
solubilization activity. C Pink chromogenic reaction of IAA produced in B. velezensis Q-426. D Standard curve of IAA. E GC/MS of VOCs produced by B. 
velezensis Q-426
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Conclusions
To explore the insights into the genetic characteristics 
and potential application of B. velezensis Q-426, in this 
study, we performed genome sequencing, gene functional 
annotation, and secondary metabolite biosynthetic gene 
cluster prediction of Q-426, which was isolated from 
compost samples. The Q-426 strain had high degree of 
collinearity with B. velezensis FZB42, B. velezensis SQR9, 
and B. amyloliquefaciens DSM7, and the strain was rei-
dentified as B. velezensis Q-426 based on the phylogenetic 
tree. There are many genes in the Q-426 genome basis for 
plant growth-promoting activity, including the secondary 
metabolites of lipopeptides. Genome mining revealed 14 
clusters and 732 genes encoding secondary metabolites 
with predicted functions, including surfactin, iturin and 
fengycin families. Twelve kinds of lipopeptides (surfactin, 
iturin and fengycin) were successfully detected from the 
fermentation broth of B. velezensis Q-426 by ultra-high 
performance liquid chromatography-quadrupole time-
of-flight mass spectrometry (UHPLC–QTOF–MS/MS), 
which matched the genome analysis. We analyzed the 
potential surfactin gene clusters using antiSMASH, and 
the results suggested that the amino acid sequence might 
be composed of Glu/Asp-Leu/Ile/Val-Leu-Val-Asp-Glu/
Asp-Leu/Ile/Val. We found 36 kinds of potential surfac-
tins, and 16 of them had different molecular weights. We 
also found that Q-426 produced IAA and VOCs, which 
might promote the growth of plants. In conclusion, we 

mined secondary metabolite-related genes from the 
genome based on the whole genome sequence results. 
Our study laid the theoretical foundation for the develop-
ment of secondary metabolites and the application of B. 
velezensis Q-426.

Methods
Bacterial strains and genomic DNA preparation
B. velezensis Q-426 was isolated from compost samples 
and stored in our laboratory (Key Laboratory of Biotech-
nology and Bioresources Utilization of Ministry of Edu-
cation, Dalian Minzu University). Q-426’s whole genome 
was sequenced and submitted to GenBank (accession 
number CP102351). Q-426 was cultured in LB at 310 K 
for 20 h. Then the cells were harvested by centrifugation 
at 13,000 rpm for 30 min at 277 K. The cell pellet was col-
lected and used to extract genomic DNA with a Bacterial 
DNA Isolation Kit (FOREGENE, China). The quality of 
DNA was assessed using agarose gel electrophoresis. The 
absorbances at 260 and 280 nm  (A260/280) were estimated 
to check the quality and quantity of the extracted DNA 
sample.

Genome sequencing and assembly
Genomic DNA was extracted with the SDS method. 
The harvested genomic DNA was detected by the aga-
rose gel electrophoresis and quantified by Qubit® 2.0 
Fluorometer (Thermo Scientific). The genome of Q-426 

Table 5 The identification of VOCs produced by Q-426

a annulene: (6E,10E)-1,2,3,4,4a,5,8,9,12,12a-decahydro-1,4-methanobenzo[10]annulene

Ret. Time Area% Height% Name Chemical Formula Function

5.842 1.60 1.56 2-Heptanone C7H14O promote plant growth [46]

9.871 0.37 0.44 6-methylheptan-2-one C8H16O antifungal [47]

10.427 0.21 0.28 5-methylheptan-2-one C8H16O ___

17.773 6.56 7.24 2-Nonanone C9H18O antifungal [48]

18.521 0.30 0.42 Nonanal C9H18O antifungal [49]

21.188 1.54 2.01 2-Decanone C10H20O antimicrobial [50–54]

27.852 9.91 12.53 2-Undecanone C11H22O repellant [56]

30.757 4.80 6.13 2-Dodecanone C12H24O repellant and repellant and insecticide [57]

32.694 0.24 0.35 Pentadecane C15H32 bacteriostatic [58]

36.611 4.79 6.53 2-Tridecanone C13H26O repellant and antimicrobial [59]

39.183 3.75 5.11 2-Tetradecanone C15H26 antifungal [60]

39.455 1.27 1.77 2-Nonadecanone C14H28O antimicrobial [55]

40.053 3.39 3.71 Diethyl Phthalate C19H38O ___

41.878 0.39 0.45 Annulenea C12H14O4 ___

51.905 0.54 1.18 Dibutyl phthalate C15H22 ___

52.140 0.17 0.27 Pentadecanoic acid C16H22O4 ___

54.664 0.28 0.50 Methyl (9E,12E)-octadeca-
9,12-dienoate

C15H30O2 ___

57.109 0.90 1.06 Oleic Acid C19H34O2 ___
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was sequenced by Single Molecule Real-Time (SMRT) 
technology. Sequencing was performed at the Beijing 
Novogene Bioinformatics Technology Co., Ltd. The low-
quality reads were filtered by the SMRT Link v5.0.1 and 
the filtered reads were assemblied to generate one contig 
without gaps.

Genome component prediction
Genome component prediction included the predic-
tion of the coding gene, repetitive sequences, noncod-
ing RNA, genomics islands, transposon, prophage, and 
clustered regularly interspaced short palindromic repeat 
sequences (CRISPR). We used the GeneMarkS program 
to retrieve the related coding genes. The interspersed 
repetitive sequences were predicted using RepeatMas-
ker (http:// www. repea tmask er. org/). The tandem repeats 
were analyzed by the TRF (Tandem repeats finder). 
Transfer RNA (tRNA) genes were predicted by tRNAs-
can-SE. Ribosome RNA (rRNA) genes were analyzed 
by rRNAmmer. Small nuclear RNAs (snRNA) were pre-
dicted by BLAST against the Rfam database. The Island-
Path-DIOMB program was used to predict the genomics 
islands, and transposon PSI was used to predict the trans-
posons based on the homologous blast method. PHAST 
was used for prophage prediction (http:// phast. wisha 
rtlab. com/), and CRISPRFinder was used for CRISPR 
identification.

Genome functional annotation and analysis
We used seven databases to predict gene functions. 
They were respective GO (Gene Ontology) [26], KEGG 
(Kyoto Encyclopedia of Genes and Genomes) [28], COG 
(Clusters of Orthologous Groups) [24], NR (Non-Redun-
dant Protein Database databases) [61], TCDB (Trans-
porter Classification Database), and Swiss-Prot. A whole 
genome Blast search (E-value less than 1e-5, minimal 
alignment length percentage larger than 40%) was per-
formed against above seven databases. Genome overview 
was created by Circos to show the annotation infor-
mation. The phylogenetic tree was constructed by the 
TreeBeST [62] or PhyML and the setting of bootstraps 
was 1,000 with the orthologous genes.

Comparative genomics
Genomic alignment between the sample genome and 
reference genome was performed using MUMmer. 
Genomic synteny was analyzed based on the alignment 
results. For the comparison between the genome of B. 
velezensis Q-426 and other Bacillus strains (including B. 
velezensis FZB42 [6], B. amyloliquefaciens DSM7 [37], B. 
velezensis SQR9 [7], and B. subtilis 168 [38]), a circular 
comparative genome map was constructed using BLAST 

Ring Image Generator (BRIG) [63]. The NCBI GenBank 
server was used to download the genome of all strains.

Secondary metabolite analysis and identification
AntiSMASH 4.0 software [41] was used to identify the 
gene clusters related to secondary metabolites. Using 
antiSMASH 4.0 with the default settings, the structure 
of secondary metabolism was detected against MIBiG. 
The lipopeptides in B. velezensis Q-426 were cultured 
and analyzed by LC–MS/MS according to a previ-
ously described method [64]. The B. velezensis Q-426 
strain was cultured in bran medium (100 g bran/L, 20 g 
dextrose/L, 15  g agar/L) for three days at 28 ℃. The 
extracts were dissolved in 150 μL methanol and centri-
fuged at 15,000 × g for 20  min. The supernatants were 
transferred into HPLC autosampler vials and analyzed 
on an LTQ Orbitrap XL mass spectrometer (Thermo 
Fisher Scientific, Hemel Hempstead, UK) at a flow rate of 
0.6 ml/min. Mass scanning range was m/z 550–1,500 Da 
in centroid mode with a scan rate of 1.5 spectra/s. The 
mass detection was performed by an electrospray source 
functioning in positive and negative ion modes at 15,000 
resolving power. The mass measurement was externally 
calibrated before the experiment. Each full MS scan was 
followed by data-dependent MS/MS on the three most 
intense peaks using stepped collision-induced dissocia-
tion (35% normalized collision energy, isolation width 
2 Da, activation Q 0.250).

Identification of the plant growth‑promoting activity 
of Q‑426
The qualitative assay of IAA production was determined 
by the method described by Zhou, et al. [14]. B. velezensis 
Q-426 was inoculated in LB medium and incubated in a 
shaker (180 rpm, 37 ℃) for 2 days. Two milliliters of the 
culture was mixed with 2 ml of Salkowski reagent (50 ml 
35%  HClO4 + 1 ml 0.5 M  FeCl3), and incubated for 30 min 
at 40 ℃ in dark. The appearance of pink color indicates 
IAA production. The noninoculated broth medium was 
used as a control. All treatments consisted of three repli-
cates and were repeated twice. For the quantitative assay 
of IAA production, 2 ml of Q-426 supernatant was mixed 
with 2  ml of Salkowski’s reagent. The optical density of 
the sample was measured at 530 nm and the amount of 
Q-426 IAA produced was calculated by comparison with 
the standard IAA curve.

To verify whether Q-426 is a phosphate-solubilizing bac-
terium, we performed a test using the hydrolysis of organic 
and inorganic phosphorus medium. The seed solution 
of Q-426 was inoculated in LB medium and incubated in 
a shaker (180  rpm, 37 ℃) for 12  h. Single colonies were 
marked on the corresponding medium with seed solution, 

http://www.repeatmasker.org/
http://phast.wishartlab.com/
http://phast.wishartlab.com/
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incubated in an incubator at 37 ℃ for 24 h. Then, the trans-
parent circle around the colony was observed.

The VOCs produced by Q-426 were identified using a 
gas chromatograph-mass spectrometer (GC/MS, QP2010 
Plus, Shinadzu). Q-426 was inoculated in LB medium and 
incubated in a shaker (180 rpm, 37 ℃) for 2 days. The rotor 
wrap was placed to seal, the extraction needle was inserted, 
and the extraction was stired at room temperature for 4 h. 
The results of detection were carried out by matching the 
molecular weights and fragmentation patterns of isolated 
compounds with compounds in the GC/MS library. By 
using GC/MS, the compounds produced can be used to 
determine the molecular weight and molecular structure of 
these compounds.
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