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Abstract

Saffron can be infected with pathogenic fungi that cause corm rot as it grows and multiplies, which can reduce the quality
and yield of saffron. Corm rot has become one of the most serious diseases of saffron. In this study, rhizosphere bacteria
were isolated from saffron rhizosphere soil, and bacteria exhibiting antagonistic effects against corm rot pathogenic fungi
were screened using in vitro plate co-culture assays and dual-compartment agar plate systems. Selected strains were further
evaluated for hydrolase activity determination and PGP potential assessment. Among them, Bacillus velezensis showed the
best disease resistance activity. The degradative enzyme production and some beneficial characteristics of Bacillus velezensis
for plant growth promotion were evaluated. It was found that Bacillus velezensis possesses nitrogen fixing, NH;-producing,
IAA production, and ACC-deaminating enzymes. The whole genome sequence of this strain was annotated and analyzed.
The genome of Bacillus velezensis consists of a circular chromosome of 3,908,025 bp base pairs, with a guanine and cytosine
content of 46.64%. There are 3737 protein-coding genes, including 86 tRNA genes, 27 rRNA genes, and 85 SRNA genes. The
genome also contains four genomic islands, two pre-phages, and one transposon. The prediction of the secondary metabolic
accumulation gene cluster demonstrated that the genome sequence of ZGE166 encodes 12 gene clusters involved in the
synthesis of secondary metabolites, including macrolactin H, bacillaene, fengycin, difficidin, and bacillibactin. In summary,
strain ZGE166 Bacillus velezensis has the potential to be developed as a biological agent.
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Introduction

Saffron is an ancient spice derived from the dried stigma of

D4 Lili Wang Crocus sativus L.; it has a long history of use as a dye spice
wli2@shutem.edu.cn with an important role in religion and customs, according
D< Wankui Li to documents proving that the earliest use as medicine was
liwankui@shutem.edu.cn documented in ancient Egypt [1]. Studies have found anti-
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Li Tian rotic properties, etc. [2]. The demand for saffron has been
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of saffron in China, in Chongming, Shanghai, experienced
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corm rot mainly caused by four pathogenic fungi (Fusarium
oxysporum, Fusarium solani, Penicillium citreosulfuratum,
and Penicillium citrinum) [5].

Current preventive management measures for corms rely
on the use of chemical fungicides and the development of
disease-resistant varieties, as well as crop rotation [4]. How-
ever, improper use of chemical fungicides leads to pathogen
resistance, stressing the environment and influencing soil
microbial community (bacteria and fungi) diversity [6, 7].
Instead, biocontrol agents are cost-effective, eco-friendly,
renewable, and have natural ways to tackle plant diseases
and improve agricultural yields [8]. Biological control inhib-
its pests and diseases by introducing natural enemies, micro-
organisms, and their metabolites [9]. Biocontrol bacteria
act on plants through both direct and indirect mechanisms,
including competition for space and nutrition, fungal hyper-
parasitism, antagonism, and induction of systemic resistance
(ISR) [10-12]. The rhizosphere represents one of the most
diverse habitats on the planet and is central to ecosystem
functioning [13—15]. The roots of plants have thousands of
species referred to as the second genome of the plant, and
they have a stake in the health of plants. The rhizosphere
bacteria produce antibiotic compounds or extracellular
enzymes to support plant growth and systemically boost the
defensive capacity of the plant [16].

The genus Bacillus is an important microbial popula-
tion of soil, plant surfaces, and the rhizosphere. Its nutri-
ent requirements, isolation, and culture are simple, and it
has a broad spectrum of antibacterial activity, which is a
very valuable microorganism. Bacillus brevis, Bacillus
amyloliquefaciens, Bacillus tequilensis, Bacillus subtilis,
Bacillus licheniformis, Bacillus thuringiensis, and Bacillus
pumilus, etc., can not only inhibit or kill plant pathogens to
control diseases but also promote plant growth and enhance
the tolerance of plants to abiotic stress through various
mechanisms [17-20]. Bacillus velezensis has been proposed
as a later heterotypic synonym of Bacillus amyloliquefa-
ciens in previous studies based mainly on DNA-DNA relat-
edness values. A later study sequenced a draft genome of B.
velezensis, compared genomics and DNA-DNA relatedness
calculations, and found that the strain was not a synonym of
B. amyloliquefaciens; it is instead synonymous with Bacil-
lus methylotrophicus [21]. Bacillus velezensis was officially
named in November 2005, so named because the strain was
first obtained from the river named Vélez in Mdlaga, south-
ern Spain [22]. B. velezensis has strong antimicrobial activ-
ity, and the control effect of B. velezensis on Fusarium head
blight (FHB) in wheat caused by Fusarium graminearum
could reach 72.3% in the field test [23]. Botrytis cinerea is
a pathogen causing gray mold, which can cause a variety of
plant diseases. B. velezensis biocontrol efficacy was above
50% [16]. For Phytophthora sojae, which causes diseases
in crops such as soybeans and potatoes, and Phytophthora
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species, which causes other plant diseases, B. velezensis
showed high antibacterial activity and inhibition rates of
more than 50% [24]. Marta Torres et al. [25] concluded in
their study that B. velezensis not only has a strong antibac-
terial effect but also promotes the growth of plants. In the
experiment, the fresh weight of the applied XT1 increased
by even more than 100% compared with the control group;
the fresh weight and dry weight of roots also increased in
both [26].

In this study, we aimed to screen bacteria capable of
inhibiting pathogenic fungi responsible for saffron corm rot
disease. By effectively suppressing the growth of pathogenic
fungi, the incidence of corm rot can be significantly reduced.
We isolated a strain of Bacillus ZGE166 from rhizosphere
soil in the Chongming area of Shanghai, which exhibited
strong antagonistic effects against four major pathogenic
fungi causing corm rot. This strain was identified as B.
velezensis. Through whole-genome sequencing analysis,
we investigated gene clusters potentially associated with its
antagonistic and growth-promoting properties and predicted
corresponding bioactive secondary metabolites in this strain.
These findings laid the foundation for its application as a
biocontrol agent against saffron corm rot disease.

Materials and Methods
Indicative Pathogenic Fungi

In 2020, four pathogenic fungi isolated from the rotten
corms of saffron by our research group, Fusarium oxyspo-
rum, Fusarium solani, Penicillium citreosulfuratum, and
Penicillium citrinum, were preserved in a refrigerator at
4 °C.

Soil Collection and Isolation and Purification
of Bacterial

The rhizosphere soil samples of Crocus sativus L. were
collected from Chongming, Shanghai, China (longitude:
121.349092, latitude: 31.712459). The rhizosphere soil
was naturally dried and crushed with a mortar and pestle,
then passed through a 20-mesh sieve. Weighed 5 g of the
soil sample in a triangular flask containing 45 mL of sterile
water, and the conical flask was placed on a shaker at 30 °C
and shaken at 150 rpm for 2 h [27]. After serial dilution, 200
pL of different concentrations of suspensions were spread
on TWYE medium, LB medium, Beef Extract Peptone
Medium, and TSB medium, each containing cycloheximide
(50 mg/L), in triplicate. The plates were then inverted and
incubated at 30 °C after spreading uniformly. The plates
were incubated continuously for 14 days, and the growth
of colonies was observed daily. Bacterial colonies were
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promptly picked and transferred to LB medium for purifica-
tion, then inoculated onto the corresponding slant medium
and stored at 4 °C for further use.

Antibacterial Activity of Antagonistic Bacteria

In vitro screening of isolated bacteria using the plate co-cul-
ture assay showed that the colony edges of F. oxysporum and
F. solanii were cultured for 7 days, and single colonies of P.
citreosulfuratum and P. citrinum were cultured for 2 days.
These were punched with a hole punch, and then the patho-
gen plugs were placed in the center of a PDA plate. The
bacteria were inoculated in a criss-cross pattern around 2.5
cm away from the pathogen plugs, and only pathogen plugs
were used as a control. The plate was incubated at 28 °C
for a duration of 5 to 10 days, and it was observed whether
antagonistic bands appeared on the plate of the experimental
group. The experiment was repeated three times, and the
inhibition rate was calculated to get the optimal antagonistic
bacteria. Inhibition rate = (control colony diameter — treat-
ment colony diameter)/control colony diameter X 100%.

Antibacterial Activity of Volatile Gas

Antibacterial activity of volatile gas was determined by the
double-dish-to-deduction method, which involves dual cul-
ture by sealing two agar base plates together. [28, 29]. Empty
PDA agar medium coupled with pathogen-containing PDA
agar medium was used as a control. The plate was placed in
an incubator at 30 °C for 7 days, the diameter of the patho-
gen was recorded, and the inhibition rate was calculated
as described previously and repeated three times for each
experimental group.

Morphological Characteristics, Physiology
and Biochemistry Tests

Single bacterial colonies were inoculated onto LB medium
for 5 days, and the shape, color, and texture of the colony
were observed. Square agar blocks of bacteria with a side
length of about 0.5 cm were cut from the medium, and SEM
samples were prepared by referring to Miloslav Kalab et al.
[30]. The samples were placed in a critical point dryer for
drying, and the dried samples were attached to the special
sample table with double-sided conductive glue. Finally, the
sample table was placed in the ion sputtering instrument
to complete the surface gold plating treatment, and further
observation was performed under SEM. According to the
Berger Handbook of Bacteria Identification [31], physiologi-
cal and biochemical tests were performed on strain ZGE166.

Molecular Identification of Strain ZGE166

PCR amplification of the 16S rRNA gene in ZGE166 was
achieved using universal primers 27 F and 1492R [32].
The amplified PCR products were then purified and Sanger
sequenced at Paishengnuo Biotech Co. LTD. (Shanghai,
China). The bacterial 16S rRNA sequences obtained were
checked on the National Center for Biotechnology Informa-
tion website using the BLAST algorithm through the NCBI
GenBank database [33]. The phylogenetic tree was con-
structed using the neighbor-joining method in MEGA 11.0.

Detection of Antagonism-Related Lytic Enzymes

Antagonistic bacteria secrete two primary categories of
antimicrobial substances: small molecule antibiotics and big
molecular weight antimicrobial proteins or cell wall hydro-
lases [34]. Cell wall hydrolysis plays an important role in
inhibiting the growth of plant pathogens. A single colony
of the activated biocontrol bacteria was selected and con-
nected to glucanase assay plates, protease assay plates, cel-
lulase assay plates, and chitin assay plates, respectively, and
incubated at 30 °C for 5 days [35]. Observe whether there
is a transparent circle on the chitin, dextranase, protease,
and cellulase assay plate, which should be stained by add-
ing an appropriate amount of 1 mg/mL Congo red solution
to the petri dish for 1 h, pour off the staining solution, and
then decolorize the plate by adding an appropriate amount of
1 mol/LL NaCl solution for 1 h to observe whether a transpar-
ent circle is formed around it.

Assessment of Plant Growth Promotion (PGP) Traits

According to the method of Suarez-Moreno et al. [36],
ZGE166 was inoculated in LB liquid medium containing
100 mg/L L-tryptophan. And after 3 days of incubation, 100
uL of the bacterial solution was placed in a test tube, an
equal volume of Salkowski’s colorimetric solution (50 mL of
35% HC1O,+ 1 mL of 0.5 mol/L FeCl,) was added, and the
tube was protected from light. After 30 min of incubation,
the ability of the strain to produce indoleacetic acid IAA was
observed. The ammonia production capacity of the strain
was determined using peptone water liquid medium and
Nessler’s reagent [37]. The ability to utilize phosphate was
determined using the National Botanical Research Institute’s
phosphate growth medium (NBRIP) [38]. The strains were
inoculated on NBRIP and incubated for 5 days, and it was
observed whether the medium near the colonies produced
hyaline rings. For nitrogen fixation capacity of the strain,
the strain was inoculated on Ashby’s N-Free medium, incu-
bated for 5 days, and observed for growth. The strain was
inoculated on silicate medium, incubated at 30 °C for 5 days,
and observed for the appearance of hyaline circles near the
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medium to verify whether strain ZGE1666 has the ability
to solubilize potassium [39]. ACC deaminase activity was
determined by the method of Dubey et al. [40]. The strain
was inoculated in CAS medium for 5 days to observe the
iron carrier production ability of the strain [41].

Whole Genome Sequencing of ZGE166
Sample Preparation

Single colonies were picked up using an inoculating nee-
dle and inoculated into 200 mL of LB liquid medium. The
cultures were then incubated at 30 °C with shaking at 220
r/min until they reached the logarithmic growth phase. Cen-
trifugation was carried out at 12,000 rpm for 10 min at 4 °C,
the supernatant was discarded, and the organisms were col-
lected, washed off the medium components in the organisms
with sterile water, and centrifuged again; the supernatant
was discarded, and the organisms were collected. The organ-
isms were quickly frozen with liquid nitrogen and immedi-
ately transported on dry ice to MGE Biological Medicine
Technology Co., Ltd. (Shanghai, China).

DNA Extraction, Genome Sequencing, and Assembly

Genomic DNA was extracted using the bacterial/fungal
DNA extraction kit (magnetic beads) (Majorbio, Shanghai,
China), according to the manufacturer’s protocol. Purified
genomic DNA was quantified, and high-quality DNA was
used to do further research.

Genome was sequenced using a combination of PacBio
Sequel Ile and Illumina sequencing platforms. For Illu-
mina sequencing, genomic DNA was used for each strain in
sequencing library construction. DNA samples were sheared
into ~400 bp fragments using Covaris M220 Focused Acous-
tic Shearer following the manufacturer’s protocol. Illumina
sequencing libraries were prepared from the sheared frag-
ments using the NEXTFLEX Rapid DNA-Seq Kit. Briefly
speaking, 5’ prime ends were first end-repaired and phos-
phorylated. Next, the 3" ends were A-tailed and ligated to
sequencing adapters. The next step is to enrich the adapters-
ligated through the process of PCR. The prepared libraries
were subsequently utilized for Illumina NovaSeq™ X Plus
(Illumina Inc., San Diego, CA, USA). For PacBio sequenc-
ing, genomic DNA was fragmented at ~ 10 kb. DNA frag-
ments were subsequently purified, end-repaired, and ligated
with SMRT bell sequencing adapters in accordance with the
manufacturer’s recommendations (Pacific Biosciences, CA).
Subsequently, the PacBio library underwent preparation and
was sequenced on SMRT cell following standard methods.

The data generated from PacBio Sequel Ile and Illumina
NovaSeq™ X Plus platform were used for bioinformatics
analysis. All analyses were performed using the Majorbio
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Cloud Platform (cloud.majorbio.com), a free online platform
provided by Shanghai Majorbio Bio-pharm Technology Co.,
Ltd. The detailed procedures are as follows.

Gene Prediction and Annotation

For Illumina sequence data, the raw data of Illumina
sequencing was stored in fastq format. In order to make
subsequent assembly more accurate, software fastp [42]
v0.20.0 was used to control the quality of the raw data.
Reads with low sequencing quality, high N content ratio,
and small length after quality trimming were removed to
obtain high-quality clean data. They were then used for sub-
sequent genomic evaluation.The HiFi reads were assembled
into Scaffolds using hifiasm (version0.19.5).

The prediction of open-reading frames (ORFs) was con-
ducted utilizing Maker2, while tRNA-scan-SE [43] was
employed for tRNA prediction, and Barrnap was utilized
for rRNA prediction. The anticipated ORFs were annotated
utilizing NR, Swiss-Prot, Pfam, GO, COG, KEGG, and
CAZY databases through sequence alignment tools includ-
ing BLAST, Diamond, and HMMER. In summary, each
group of query proteins was aligned with the databases, and
annotations for the best-matched subjects (E-value < 107°)
were acquired for gene annotation purposes.

Result
Screening of Rhizosphere Bacteria

In this experiment, a total of 165 bacteria were isolated
from the rhizosphere soil, and the antagonistic effect that
was most effective was ZGE166, which was finally obtained
after several screenings. ZGE166 inhibition rates of Fusar-
ium oxysporum, Fusarium solani, Penicillium citreosulfu-
ratum, and Penicillium citrinum were 82.9% +0.6%, 73.4%
+0.3%, 73.8% +1.3%, and 25.8% +0.3% (Fig. 1), respec-
tively. The volatile gas inhibition rates of Bacillus velezen-
sis were 69.6% +1.2%, 66.9% +4.1%, 79.7% +1.4%, and
79.3% +1.4%, respectively (Fig. 2).

Identification of Rhizosphere Bacteria ZGE166

The single bacterial colony of strain ZGE166 was sub-
orbicular, milky white, opaque, non-pigmented, with
an irregular colony shape and radial edges. The surface
of the colony was slimy, with wrinkled edges, a central
bulge, and sticky, and it was a rod-shaped gram-positive
bacterium (Fig. 3). Based on the above-described mor-
phological characteristics and physiological and biochem-
ical tests (Table 1), strain ZGE166 was initially identi-
fied as a Bacillus genus. Subsequently, the 16S rRNA
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Fig. 1 Antagonism of the strain F. oxysporum
ZGE166 on four pathogenic
fungi in PDA culture
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Fig.2 Antagonism of strain
ZGE166 volatile gas on four
pathogens cultivated on PDA
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gene sequences were compared with the NCBI database,
which proved that strain ZGE166 was Bacillus spp. At
the molecular biology level. Based on the 16S rRNA
sequences, the 19 strains that were closest to each other

F.solani P. citreosulfuratum P. citrinum

Treated

at the genus level were selected to construct a phyloge-
netic tree using the NJ (Neighbor-Joining) method with
MEGA 6.0 software (Fig. 4). The final identification was
Bacillus velezensis.
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Fig.3 Strain ZGE166 identifi-
cation. A, B Colony morpho-
logical. C Gram staining. D
Microscopic morphology

Table 1 Physiological and
biochemical tests of strain
ZGE166
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Physiological and Result
biochemical characteri-
zation

Gram reaction +
Growth at 4 °C -
Growth at 40 °C
Oxidase —

+

Catalase

+ +

Urease
Lipase -
MR

V-P

Gelatin liquefaction
Starch hydrolysis
Milk coagulation

I+ +

+

H2S production -
Nitrate reduction —

Citrate utilization +

+, positive for test; —, negative
for test

Hydrolytic Enzyme Activities and PGP Attributes
of Strain ZGE166

According to the experimental results, strain ZGE166 lacked
the activity of degrading enzymes. However, strain ZGE166
can perform nitrogen fixation, produce ACC deaminase
enzyme, IAA and NH3, but it does not dissolve phosphorus
and potassium (Table 2).

Genome Feature Analysis and Function Annotation

The genome of B. velezensis ZGE166 consists of a circular
chromosome of 3,908,025 bp base pairs, with a guanine and
cytosine (GC) content of 46.64% (Fig. 5). There are 3737
protein-coding genes (CDSs), which encompass 86 tRNA
genes, 27 rRNA genes (1685, 23S, 5S), and 85 sRNA genes.
The total length of the coding region is 3,908,025 bp, con-
stituting 88.59% of the entire genome length; the average
gene length is 926.42 bp, with four genomic islands, two
pre-phages, and one transposon.
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Phylogenetic tree of house-keeping genes
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Fig.4 Construction of strain ZGE166 phylogenetic tree based on housekeeping genes

The whole genome of B. velezensis ZGE166 was func-
tionally annotated using five gene annotation databases:
Pfam, COG, GO, KEGG, and CAZy. In the Pfam database,
3332 annotations were identified, representing 89.61% of
the total annotations. The protein-coding sequences of
the predicted genome of B. velezensis ZGE166 were ana-
lyzed by originators to using the COG database. And we
found that 3052 protein-coding genes could be function-
ally annotated, accounting for 81.67% of the total protein

sequence. These include genes involved in transcription
(291), transcription (291), amino acid transport and metab-
olism (305), carbohydrate transport and metabolism (271),
translation, and ribosomal structure and biogenesis (231)
(Fig. 6). The biocontrol capacity of Bacillus velezensis cor-
relates with COG functional categories: defense mecha-
nisms (V) (COG0577, COG1131), secondary metabolite
biosynthesis (Q) (NRPS, COG1020; PKS, COG3321), cell
wall biogenesis (M) (COG0860, COG0463), intracellular
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Table 2 PGB and degradative enzyme producing strain ZGE166

Hydrolytic enzyme activities and PGP attributes ZGE166

Protease -
Cellulase —
Chitinase —
Glucanase —
Nitrogen fixation +
Phosphate solubilization -

Potassium dissolution -

Siderophore production
NH3 production

TAA production

ACC deaminase enzyme

+ + +

+, positive for test; —, negative for test

secretion (U) (COG0653, COGO0805), and signal transduc-
tion (T) (COG0831, COG0832).

A comparison with the GO database showed that a total
of 1737 annotations were included, accounting for 46.48%

"),
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)y,

500kbp .
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2 3,908,025bp 7
i3

2500 kbp
.

\
Wy

1500 kbp -
= N
2000 kbp

1

W cDS

I tRNA

M 'RNA Ly
| Other m nI\M\M

W GC content
B GC skew+ . q
W GC skew-

e
i

Fig.5 B. velezensis ZGE166 genome circle diagram. From the out-
side to the inside, the first circle and the fourth circle are CDS on the
positive chain and negative chain, and different colors indicate differ-
ent COG functional classifications. The second circle and the third
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of all protein-coding gene sequences (Fig. 7). In the pro-
tein-coding genes of strain ZGE166, there are 427 types of
genes associated with biological activities, with the highest
quantity pertaining to translation (GO:0006412) and phos-
phorylation (GO:0016310). There are 64 genes associated
with cellular component, the majority of which pertain
to the membrane (GO:0016020), followed by cytoplasm
(GO:0005737), plasma membrane (GO:0005886), ribo-
some (G0O:0005840), and the genes related to ribonucleo-
protein complex (GO:1,990,904). There are 743 genes
related to molecular function, the most numerous of which
are the genes related to ATP binding (GO:0005524), DNA
binding (GO:0003677), metal ion binding (GO:0046872),
hydrolase activity (GO:0016787), DNA-binding tran-
scription factor activity (GO:0003700), ATP hydrolysis
activity (GO:0016887), transmembrane transporter activ-
ity (GO:0022857), structural constituent of ribosome
(GO:0003735), and oxidoreductase activity(GO:0016491).
In GO annotations, antagonistic effects are associated
with DNA binding activity (GO:0003677), ATP binding
(GO:0005524), transferase activity (GO:0016740), and

A RNA processing and modification
B Chromatin structure and dynamics
C Energy production and conversion
D Cell cycle control, cell division, chromosome partitioning
B E Amino acid transport and metabolism
B F Nucleotide transport and metabolism
[l G Carbohydrate transport and metabolism
H Coenzyme transport and metabolism
| Lipid transport and metabolism
3: J Translation, ribosomal structure and biogenesis
K Transcription
L Replication, recombination and repair
_ [:‘;- M Cell wall/membrane/envelope biogenesis
= N Cell motility
g O Posttranslational modification, protein turnover, chaperones
[l P Inorganic ion transport and metabolism
[;:> [l Q Secondary metabolites biosynthesis, transport and catabolism

Ly )

PO W o

r
Py

R General function prediction only
S Function unknown
[\,‘:» T Signal transduction mechanisms
[:}» U Intracellular trafficking, secretion, and vesicular transport
[f > [l V Defense mechanisms
B W Extracellular structures
B Y Nuclear structure
Il Z Cytoskeleton

circle are CDS, tRNA, and rRNA on the positive chain and negative
chain, respectively. The fifth circle is GC content, and the sixth circle
is GC-skew value
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COG function classification: ZGE-166

400

350

305

300 291

250

200

1504

Number of genes

100+

50

C DEF GH I

JJ K LMNOPOQRSTWU
COG Type

Fig.6 COG function classification of strain ZGE166

hydrolase activity (GO:0016787) in molecular function; they
are also linked to the regulation of DNA-template-dependent
transcription (GO:0006351) in biological process.

The number of genes annotated in the KEGG database
was 2808, representing 75.14% of the estimated gene count.
Gene functions are categorized into 42 functional entries
in six classes; of these, metabolism has the highest number
of 2165 related genes, including global and overview maps
(843), carbohydrate metabolism (278), amino acid metabo-
lism (229), metabolism of cofactors and vitamins (213),
and energy metabolism (118), respectively. The number of
genes annotated to environmental information processing,
genetic information processing, cellular processes, human
diseases, and organismal systems was 307, 191, 149, 148,
and 65, respectively (Fig. 8). Through annotation, it was
found that biofilm formation (ko02025, ko02026, ko05111)
and quorum sensing (ko02024) are related to antagonism.
Biofilm formation provides bacteria with protection against
environmental stress and antimicrobial agents, thereby
enhancing their survival in competitive environments.

Upon comparison of the genome sequence with the
CAZy database, it was found that the B. velezensis ZGE166
genome contains 130 protein-coding domains classi-
fied within the CAZy family: glycosyltransferases (43),

[l C:Energy production and conversion
D:Cell cycle control, cell division, chromosome partitioning
¥ E:Amino acid transport and metabolism
M F:Nucleotide transport and metabolism
[l G:Carbohydrate transport and metabolism
H:Coenzyme transport and metabolism
[ I'Lipid transport and metabolism
M J:Translation, ribosomal structure and biogenesis
K:Transcription
M L:Replication, recombination and repair
Il M:Cell wall/membrane/envelope biogenesis
N:Cell motility
[l O:Posttranslational modification, protein turnover, chaperones
I P:Inorganic ion transport and metabolism
Q:Secondary metabolites biosynthesis, transport and catabolism
M R:General function prediction only
B S:Function unknown
M T:Signal transduction mechanisms
U:Intracellular trafficking, secretion, and vesicular transport
I V:Defense mechanisms
W:Extracellular structures
B X:Mobilome: prophages, transposons
[l Z:Cytoskeleton

glycoside hydrolases (42), carbohydrate esterases (32),
auxiliary activities (9), polysaccharide lyases (3), and car-
bohydrate-binding modules (1) (Fig. 9).

The gene cluster of secondary metabolite synthesis in
strain ZGE166 was predicted. Identify the gene clusters
associated with the synthesis of secondary metabolites in
strain ZGE166, which possesses 12 secondary metabolite
biosynthetic gene clusters (BGCs). NRPS (non-ribosomal
peptide synthetase) clusters, transAT-PKS clusters, and
PKS-like clusters are present. Macrolactin H, bacillaene,
fengycin, difficidin, bacillibactin, and bacilysin were iden-
tified as bioactive compounds with a predicted similar-
ity of 100%. Strain ZGE166 contained four gene clusters
with unknown functions, comprising two terpene clusters,
one lanthipeptide-class-iicluster, and One T3PKS(Type III
PKS) cluster (Table 3). Macrolactin is a macrolide anti-
bacterial substance. It can damage the integrity of bac-
terial cell membranes, inhibit the formation of biofilms,
and interfere with bacterial protein synthesis [44]. Bacil-
laene is a kind of linear polyketide compound. It interferes
with the growth of pathogenic bacteria by interacting with
lipids in the cell membrane and disrupting the integrity
of the cell membrane [45]. Fengycin is a kind of cyclic
lipopeptide antibiotic. It can disrupt the cell membrane
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of fungi, causing leakage of cytoplasm [46]. Difficidin is
a macrolide antibiotic that causes the cell wall to become
loose, porous, distorted, and even ruptured, leading to the
efflux of intracellular components. Bacillibactin is a cat-
echol-based iron carrier that can chelate iron ions (Fe3")
from the surrounding environment. By sequestering iron,
it restricts other microorganisms’ access to this essential
nutrient, thereby inhibiting their growth [47]. Bacilysin is
a dipeptide antibiotic compound, and it causes cell lysis
in bacteria and fungi [48].

Discussion
The way saffron is produced, as well as its medicinal
parts, leads to its high price. It takes between 150,000

and 200,000 flowers to produce 1 kg of saffron [49], and
corms directly affect flower production. Saffron corm rot

@ Springer

is caused globally by a variety of pathogenic bacteria
[50-53]. The extensive presence of corm rot significantly
impacts saffron yield, serving as a primary limiting fac-
tor in saffron production regions. Methods such as crop
rotation and chemical management have been applied to
solve the saffron disease. Compared with chemical man-
agement methods, biological control has become a better
solution [4]. Bacillus species are widespread in nature,
easy to isolate and cultivate, non-pathogenic, and possess
broad-spectrum antimicrobial properties [54]. Addition-
ally, they can promote plant growth, making them widely
used in biological control.

Through whole gene sequencing, we further understood
the antagonistic effect of B. velezensis; surfactin and fengy-
cin are both lipopeptide antibiotics. They not only exhibit
broad-spectrum antibacterial activity but also induce
systemic resistance (ISR) in plants through interaction
with plant cell membranes, thereby enhancing the plants’
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defense capabilities against pathogenic bacteria [55]. Sur-
factin is regulated by the SrfA operon, which consists of four
adjacent genes: SrfAA, SrfAB, SrfAC, and SrfAD. Genome
sequence analysis showed that strain ZGE166 contains
SrfAA, SrfAC, and SrfAD [56]. Bacillibactin is annotated
in the whole-genome sequencing annotation, but it is nega-
tive in the CAS medium. In the synthesis of bacillibactin,
the complete gene cluster (including dhbA, dhbB, dhbC,
dhbD, dhbE, and dhbF) is crucial for efficient synthesis and
secretion of bacillibactin. However, in strain ZGE166, only
dhbF is present, which may lead to the obstruction of the
synthesis process and the inability to effectively synthesize
and secrete bacillibactin. Another possibility is attributed to
the secretion quantity of bacillibactin being lower than the
sensitivity threshold of the CAS detection method, leading

T T 1
600 800 1000
Number of genes

to a false-negative result [57]. Another possibility is that the
strains used in this experiment exhibit differences in their
synthetic capabilities.

Compared with B. velezensis LS69, strain ZGE166
does not possess the iturin, amycolysin, and amylocycli-
cin-related gene clusters. In the bacillibactin-related gene
cluster, dhbABCDEF are typically included, while strain
ZGE166 only has dhbF [58]. Compared with B. velezen-
sis LGMB12, LGMB319, LGMB426, and FZB42, strain
ZGE166 has more genes related to carbohydrate esterases
(CEs) and auxiliary activities (AAs), with a higher number
of CEs [59]. This usually indicates that it can more effec-
tively degrade complex polysaccharides in plant cell walls,
such as xylan, pectin, and arabinogalactan [60]. Moreover,
a higher number of AAs may indicate a stronger ability to
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degrade lignin and other recalcitrant carbohydrates, suggest-
ing greater adaptability.

A burst of ethylene is necessary for many plants to over-
come seed dormancy, but a persistently high ethylene level
after germination may prevent root extension. The enzyme
ACC deaminase can cleave the plant ethylene precursor
ACC, which lowers the amount of ethylene in a growing or
stressed plant [61, 62]. IAA has an important role in plant
growth and development [63, 64]. Two primary strategies
have been reported for the plant synthesis of IAA: the Trp-
dependent (TD) pathway and the Trp-independent (TI)

pathway [65, 66]. In B. velezensis, it may be synthesized de
novo using tryptophan (7rp) as a precursor(trpABCDE). B.
velezensis has a plant growth-promoting effect. Microorgan-
isms are necessary to act on plants for the stable colonization
of plant roots, and biofilms influence the stable colonization
and carrying of microorganisms [64]; biofilms are assem-
blages of cells embedded in a matrix composed of exopoly-
saccharides (EPSs), proteins, and sometimes DNA [67], in
strain ZGE166, TasA, epsG, spo0 AD, and others regulate it.
During the nitrogen utilization process of plants, the ammo-
nia production and nitrogen fixation by microorganisms play
a crucial role. Ammonia production breaks down organic
nitrogen (such as proteins and nucleic acids) in the soil into
ammonium (NH,"), enabling plants to directly absorb and
utilize it. Nitrogen fixation converts nitrogen gas (N,) in the
atmosphere into ammonia (NHs), which is further converted
into ammonium or nitrate (through nitrification) and sig-
nificantly increases the available nitrogen content in the soil
[68]. The nitrogenase (nif) genes required for nitrogen fixa-
tion include structural genes, genes involved in Fe protein
activation, genes for the biosynthesis of iron-molybdenum
cofactors, genes for electron donation, and regulatory genes
necessary for enzyme synthesis and function [69]. The key
genes for ammonia production mainly encode proteases
(apr, npr, sub), urease (ure), and deaminases (gdh, dadA,
aspA) [45, 70, 71]. In B. velezensis, genes such as gin, groE,
apr, npr, and ure are included.

A preliminary demonstration of the growth-promoting
and Chongming major pathogenic fungal antagonistic
effects of the rhizosphere bacterium ZGE166 on saffron
was presented. The functions of growth-promoting and
antagonism-related genes have not yet been verified. Future

Table 3 Identification of

. Type Similar cluster From-to (location, bp) Similarity(%) MIBiG accession
secondary metabolite-related
gene clusters in the genome of transAT-PKS Macrolactin H 1,362,039-1,448,403 100 BGC0000181
ZGE166 transAT-PKS Bacillaene 1,712,675-1,813,159 100 BGC0001089
NRPS Fengycin 1,877,866-2,014,251 100 BGC0001095
transAT-PKS Difficidin 2,298,201-2,391,999 100 BGC0000176
NRPS Bacillibactin 3,010,956-3,062,749 100 BGC0000309
Other Bacilysin 3,573,741-3,615,160 100 BGC0001184
NRPS Surfactin 302,909-367,720 82 BGC0000433
PKS-like Butirosin A/butirosin B 897,946-939,191 7 BGC0000693
Terpene - 1,024,063-1,041,345 - -
Terpene - 2,037,830-2,059,714 - -
T3PKS - 2,128,378-2,169,479 - -
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Lanthipeptide-class-ii

1,162,802-1,191,692
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investigations of the roles of these genes will be taken into
account. The results of this study are of great significance for
the study of the mechanism of action and antagonism, which
will lay the foundation for future applications in biological
control of plant growth and diseases.

Conclusions

In this study, we discovered that Bacillus velezensis exhib-
ited significant antibacterial activity against the pathogenic
fungi responsible for crocus corm decay through in vitro
screening. Additionally, it was observed to enhance plant
growth. Through the analysis whole-genome sequencing,
strain-specific genes were identified, revealing crucial antag-
onistic traits and mechanisms that promote plant growth.
This research provides a scientific foundation for the biologi-
cal control of plant rot caused by pathogenic fungi.
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