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Abstract

The use of biological agents offers a sustainable alternative to chemical control in
managing plant diseases. In this study, Bacillus velezensis IFST-221 was isolated from
the rhizosphere of a healthy maize plant amidst a population showing severe disease
symptoms. The investigation demonstrated a broad-spectrum antagonistic activity of
IFST-221 against eight species of pathogenic ascomycetes and oomycetes, suggesting
its potential utility in combating plant diseases like maize ear rot and cotton Verticillium
wilt. Additionally, our study unveiled that IFST-221 has demonstrated significant plant
growth-promoting properties, particularly in maize, cotton, tomato, and broccoli
seedlings. This growth promotion was linked to its ability to produce indole-3-acetic
acid, nitrogen fixation, phosphate and potassium solubilization, and biofilm formation
in laboratory conditions. A complete genome sequencing of IFST-221 yielded a
genome size of 3.858 M bp and a GC content of 46.71%. The genome analysis
identified 3,659 protein-coding genes, among which were nine secondary metabolite
clusters with known antimicrobial properties. Additionally, three unknown compounds
with potentially novel properties were also predicted from the genomic data. Genome
mining also identified several key genes associated with plant growth regulation,
colonization, and biofilm formation. These findings provide a compelling case for the
application of B. velezensis IFST-221 in agricultural practices. The isolate’s combined
capabilities of plant growth promotion and antagonistic activity against common plant
pathogens suggest its promise as an integrated biological agent in disease management

and plant productivity enhancement.

Keywords: Bacillus velezensis, antifungal activity, plant growth promotion,

rhizobacterium, genomic analysis
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1 Introduction

Maize (Zea mays L.), a staple grain crop for both human and livestock consumption,
faces significant threats from insects and pathogens, with ear and stalk rot caused by
Fusarium verticillioides being among the most destructive. This pathogen can infect
plants from the roots, spreading through the stalk and reaching the ear and kernels,
leading to reduced yields and potential secondary infection (Gai et al., 2018). This
disease not only results in a reduction in maize yield but also poses a threat to human
and livestock health by producing mycotoxins (Li et al., 2019; Savary et al., 2019).
Compounding the problem, F. verticillioides produces mycotoxins such as Fumonisin
B1 (FB)), classified by the International Agency for Research on Cancer (IARC), as a
group 2B carcinogen, posing serious health risks to livestock and humans (Kujawa,

1994).

To combat maize ear and stalk rot, growers typically employ a mix of resistant
cultivars, field management practices, and the application of chemical pesticides.
However, it has been found that the resistance observed in specific cultivars under ideal
experimental conditions may not be adequate for effectively managing the disease in
the field (Dinolfo et al., 2022). Moreover, the excessive reliance on chemical fungicides
for maize disease control has resulted in the emergence of resistance in certain fungal
species. Additionally, this heavy use of chemicals raises environmental contamination
and potential health risks for humans and animals (Pereira et al., 2021). Consequently,
there’s a growing demand for more sustainable solutions. Biological control methods,
which rely on beneficial organisms to combat plant pathogens, present a promising
alternative. They offer an environmentally and human-friendly approach to managing
plant diseases, providing a sustainable path for controlling maize ear and stalk rot

(Gonzalez-Estrada et al., 2021; Gupta et al., 2021b).

Plant growth-promoting rhizobacteria (PGPR) inhabit the rhizosphere, a narrow soil

zone surrounding plant roots, where they provide various benefits to plant development
3
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75  (Kloepper et al., 1980). By colonizing plant roots, PGPR acts as a biofertilizer and
76  biological control agent, protecting against a range of root pathogens, including
77  bacteria, fungi, nematodes, and other harmful microorganisms (Haskett et al., 2020). A
78  key group within this category is the genus Bacillus, renowned for its role in promoting
79 plant growth and controlling pathogens. Bacillus species are capable of fixing
80  atmospheric nitrogen, solubilizing phosphorus, and potassium, and enhancing nutrient
81 uptake in plants (Gupta et al., 2021a). Moreover, these bacteria produce a range of
82  phytohormones to stimulate plant growth like auxins, cytokinins, gibberellins, ethylene,
83  and abscisic acid. Bacillus also produces some secondary metabolites which are crucial
84  in preventing pathogen infection. Unlike primary metabolites, secondary metabolites
85 are not essential for microbial growth and development but are synthesized in response
86  to specific environmental conditions (Abdel-Aziz et al., 2017). They include various
87 antibiotics, such as lipopeptides (surfactin, iturin, and fengycin), polyketides
88  (macrolactin, bacillaene, and difficidin), and aminoglycoside (butirosin) can alter cell
89 membrane structures and inhibit the growth of pathogenic fungi and bacteria (Heifetz
90 etal, 1972; Harwood et al., 2018). In addition, lipopeptides produced by Bacillus can
91 induce systemic resistance in plants leading to the production of defense-related
92  proteins such as peroxidase, lipoxygenase, chitinase, and B-1,3-glucanase, which
93  enhance the plant’s resistance to the pathogens (Ongena et al., 2007; Lin et al., 2019;
94  Tunsagool et al.,, 2019). Furthermore, Bacillus spp. can trigger the activation of
95 enzymatic antioxidants crucial for plant defense, like phenylalanine ammonia-lyase and
96  polyphenol oxidase (Wang et al., 2021). The chitinase and glucanase produced by
97  Bacillus can degrade the fungal cell wall, directly inhibiting the growth of fungal
98  hyphae (Tanaka and Watanabe, 1995).

99 Given the detrimental effects of F. verticillioides and its secondary metabolites,
100 finding an eco-friendly method for disease management is crucial. In our investigation

101  of maize ear and stalk rot in Yunan Province, it was observed that a healthy maize plant
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102  in the vicinity of others with severely diseased symptoms. This unique observation
103  prompted our study with the following objectives: (i) to isolate and identify the potential
104  antifungal strains from the rhizosphere of the healthy maize plant; (ii) to evaluate the
105  biocontrol effects against Fusarium ear and stalk rot as well as other fungal disease;
106  (iii) to assess its growth-promoting activity in crop plants; (iv) to explore the
107  mechanisms of its biocontrol and growth-promoting activities through genome mining
108  and comparative genome analysis. By examining this strain’s efficacy as a biocontrol
109  agent and gaining insights into the genetic basis of its beneficial properties, this study
110  aims to discover an effective biocontrol agent that can both enhance plant growth and

111  manage fungal diseases in crops, contributing to sustainable agricultural practices.
112 2 Materials and methods

113 2.1 STRAINS

114 B. velezensis IFST-221 was isolated from the rhizosphere soil collected from maize
115  in an area affected by Fusarium ear and stalk rot in Yunnan Province, China. Using a
116  serial dilution method, 5 g of soil was mixed with 50 mL of 0.9% NaCl solution, and
117  shaken at 30 °C for 30 minutes. A stepwise dilution (107,102,103, 10,107, 10, and
118  107) was carried out. For each dilution, 100 pL of solution was spread on Luria-Bertani
119  (LB) medium and incubated at 30 °C for two days. After incubation, colonies were
120  isolated and pure colony was obtained through streak plate preparation. To assess the
121  strain’s antifungal activity, a plate confrontation assay was performed. A 6 mm plug of
122 F. verticillioides agar was placed in the center of the PDA plate and 5 pL of bacterial
123 culture was carefully added on both sides of the fungal agar plug, approximately, 2.5
124  cm away. A control plate without bacterial culture was also prepared. All plates were
125  incubated at 25 °C until the control plates exhibited full growth. The inhibition rate was
126  calculated as inhibition rate (%) = (D1 — D2) / D2 x100%, where D1 represents the
127  diameter (mm) of the fungal colony in control and D2 represents the diameter (mm) of

128  the fungal colony in the test plate. The experiment was conducted in triplicate and

5
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repeated three times. B. velezensis IFST-221’s antimicrobial spectrum was evaluated
against seven additional phytopathogens F. proliferatum, F. graminearum, F.
oxysporum, F. solani, Botrytis cinerea, Phytophthora nicotianae, and Verticillium
dahliae. Fusarium strains used in this study were preserved in our laboratory and
identified by morphological features and translation elongation factor la (TEF-Ia)
sequence, while non-Fusarium strains were also maintained in our laboratory and were
identified based on the partial sequences of /7S (internal transcribed spacer region)

gene.

2.2 IDENTIFICATION OF IFST-221

For identification, strain IFST-221 was subjected to morphological, biochemical, and
molecular analysis. Colony morphology (color, shape, and surface) was observed on
LB plate. Cell morphology was examined by scanning electron microscope (S-570,
Hitachi, Japan). Biochemical analysis followed protocols outlined in “Bergey’s Manual
of Systematic Bacteriology” (Madigan et al., 2001), evaluating growth at various NaCl
concentrations (2%, 5%, 7%, and 10%), pH tolerance at 5.7 and 6.8, temperature
tolerance at 15 °C, 25 °C, 30 °C, 37 °C, and 40 °C. Catalase  activity  was
assessed and utilization of various carbon sources (glucose, arabinose, xylose,
mannitol, and starch) was examined. Citrate utilization, casein hydrolysis, the methyl
red (MR) test, and the Voges Proskauer (VP) test were conducted to determine the
strain’s biochemical profile (Madigan et al., 2001). Additionally, the O-nitrophenyl-f-
D-galactopyranoside (ONPG) test for identifying B. velezensis CR502 was performed
as described by Ruiz-Garcia et al. (2005).

For molecular identification, the genomic DNA of IFST-221 was extracted using the
TIANamp Bacteria DNA Kit (TIANGEN Biotech Co., Ltd., Beijing, China). The
partial 16S rRNA gene was amplified using the primers 27F and 1492R (Chen et al.,

2020), while the DNA gyrase subunit B (gyrB) gene was amplified using the primers
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UP1 and UP2R (Yamamoto et al., 1995). The PCR reaction, in a 50 pL final volume,
contained 25 pL Premix Taq (Takara Biomedical Technology Co., Ltd., Beijing,
China), 1 pL forward primer and 1 pL reverse primer, 1 pL bacterial culture, and 22 pL.
ddH>O under the 35 cycles of 94 °C for 10 sec, annealing at 55 °C for 30 sec, and 72
°C for 2 min. After amplification, products were separated using 1% agarose gel
electrophoresis and purified with HiPure Gel Pure DNA Mini Kit (Magen Biotech,
Guangzhou, China). Purified PCR products were then ligated into the pMD18-T vector
(Takara Biomedical Technology Co., Ltd., Beijing, China), and transformed into E. coli
TG-1. Positive transformants were selected and sequenced by Sangon Biotech
(Shanghai) Co., Ltd. using Sanger sequencing. The resulting gene sequences of 16S
rRNA and gyrB were aligned manually. Phylogenetic analysis of partial 16S rRNA and
gyrB gene sequences was performed separately using MEGA X, respectively. The
neighbor-joining method was employed to construct the phylogenetic trees.
Evolutionary distances were calculated with the Kimura two-parameter model, and
bootstrap analysis with 1000 replications was used to estimate the robustness of tree

branches.

23 INVIVO ANTI-F. VERTICILLIOIDES ASSAY OF IFST-221

To assess the inhibitory effect of IFST-221 on F verticillioides in maize, in vivo
assays were conducted using maize ears and kernels. For the maize ears assay, the front
husks of maize ears were carefully removed, and the ears were sprayed with 2 mL IFST-
221 culture at a concentration of 1 x 10° CFU/mL. A control group was treated with the
same volume of distilled water (ddH20). Three days later, the maize ears were
inoculated with either 10 pL of F verticillioides conidial suspension with a
concentration of 1x10° conidia/mL or ddHO for the control. Following the inoculation,
the maize ears were re-covered with the removed husks, placed in a box with wet paper
towels at the bottom to maintain humidity, wrapped with plastic wrap, and incubated in

the dark at 25 °C for five days. The experiment was performed in triplicate and repeated
7
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182  three times.

183 To evaluate the antifungal activity of B. velezensis IFST-221 against F. verticillioides
184  in maize kernels, sterilized maize kernels were prepared following the method
185  described by Liang et al. (2022). Fifteen sterilized maize kernels were immersed in
186  either 10 mL B. velezensis IFST-221 culture at a concentration of 1 x 10° CFU/mL or
187  ddH»O. After one hour, the immersed maize kernels were inoculated with either 10 uL
188  of F. verticillioides conidial suspension or ddH>O. Each treatment was conducted five
189  times and repeated in triplicate. The kernels were then incubated for five days, and

190 symptoms of infection were observed and photographed.

191 To measure the relative fungal biomass in maize kernels, quantitative PCR (qPCR)
192 was conducted following the protocol outlined by Zhang et al. (2023). The S-tubulin
193  gene from F. verticillioides (Fv_f-tubulin) and the gyrB gene from B. velezensis
194  (Bv_gyrB) were used to quantify fungal and bacterial colonization, respectively. The
195  translation elongation factor lo. gene of maize (Zm_TEF-Ia) served as endogenous
196  plant control. The qPCR was conducted using SYBR Green (NovoStart® SYBR qPCR
197  SuperMix Plus, Suzhou, China) on a Quant Studio” 6 Flex System Cycler (Applied
198  Biosystems, Waltham, MA, USA). The experiment was performed in triplicate to
199  ensure the robustness and accuracy of the data. The specific primer sequences used for

200 the qPCR analysis are listed in Supplementary Table S2.

201 The content of FB; in maize kernels was quantified by SAX solid-phase extraction
202  and high-performance liquid chromatography coupled with mass spectrometry (HPLC-
203  MS) with slight modifications (Ding et al., 2023). Briefly, crude fumonisin was
204  extracted by homogenizing 5 g of ground maize kernels in 20 mL of acetonitrile/water
205  (50:50, v/v) for 30 min followed by centrifugation at 4000 rpm for 5 min. the
206  supernatant (3mL) was mixed with 8 mL methanol/water solution (60:20, v/v) and
207  passed through SAX solid-phase extraction column (SAX-06-500mg, Bioland, China).

208  Subsequently, the column was rinsed with 8 mL of methanol/water solution, 3 mL of

8
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methanol, and 10 mL of methanol/acetic acid solution (99:1, v/v). The elution buffer
was collected, evaporated, and dissolved in 1 mL of acetonitrile/water (20:80, v/v).
After filtering through a 0.22 um membrane, the samples were subjected to HPLC-
MS/MS analysis. For HPLC-MS/MS analysis, 2 puL of the processed sample was
injected into a Waters 2695 separation module (Waters Corporation, Milford, MA,
USA) equipped with an EC-C18 reverse-phase column (100 mm X% 2.1 mm, 1.7 pm).
The mobile phase consisted of 0.1 % formic acid in water (solvent A) and acetonitrile
(solvent B, 50:50, v/v) with a flow rate of 0.3 mL/min. The column was maintained at
35 °C during the analysis. FB; in the samples was identified and quantified by

comparing retention times with FB; standards (Sigma-Aldrich Co., St Louis, MO).

2.4 THE BIOCONTROL ACTIVITY OF IFST-221 AGAINST VERTICILLIUM
WILT OF COTTON

To evaluate the effectiveness of IFST-221 in combating Verticillium wilt in cotton,
an experiment using a root-dipping method described by Zhang et al. (2020) was
conducted. Cotton plants, aged three weeks, were divided into two groups. One group
of 28 plants was treated with a 40 mL culture of IFST-221 at a concentration of 1 x 10°
CFU/mL and the other group of 28 plants was treated with an equal volume of ddH-O.
After three days, both groups of 14 cotton plants were inoculated with a 20 mL
suspension of V. dahliae conidia containing 5 x 10° conidia/mL, effectively introducing
the pathogen into the plant roots. The other 14 cotton plants of both groups were
inoculated with 20 mL ddH20O. The experiment was repeated three times, and the
severity of Verticillium wilt was evaluated based on disease incidence (DI) and disease

severity index (DSI) as described by Zhu et al. (2013).

2.5 PLANT GROWTH-PROMOTING ASSAYS

In the pot experiments, all the maize, cotton, tomato, and broccoli seeds were

purchased from the market. For each experiment, four 9 cm square plant pots were
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235  prepared with five seeds planted in each pot. IFST-221 was cultured in LB liquid
236 medium at 37 °C. The bacterial concentration of 1 x 10° CFU/mL. When the seedlings
237  reached the two-leaf stage, a treatment of 40 mL of IFST-221 culture was added into
238  each pot, while the fertilizer Huabao No. 2 (HYPONeX, America) was used as a
239  control. Following a 30-day growth period, several growth metrics were assessed by
240  measuring the height, root length, and fresh and dry weight of both the aboveground

241 and underground parts of each plant.

242 In vitro studies were designed to evaluate the nitrogen-fixing, phosphorus- and
243 potassium-solubilizing ability of IFST-221. A single colony of IFST-221 was cultured
244  individually in a nitrogen-free medium to evaluate the nitrogen-fixing ability.
245  Phosphorus solubilizing capacity was tested using the National Botanical Research
246  Institute’s phosphate growth medium (NBRIP), where the insoluble phosphorus source
247  was Caz(POs)>. Potassium solubilization was assessed with potassium feldspar powder
248  as the insoluble potassium source in a potassium bacteria medium. These cultures were
249  maintained at 30 °C for approximately 3-7 days, as described in previous studies (Chen
250 et al, 2011; Ma et al., 2013; Nautiyal et al., 1999). The culture medium without

251  inoculation served as a control.

252 For assessing indole-3-acetic acid (IAA) production, the Salkowski reaction was
253  used with slight modifications (Fierro-Coronado et al., 2014). Briefly, a single colony
254  of IFST-221 was cultured in LB medium supplemented with 100 mg/L L-tryptophan
255  and incubated at 37 °C for two days. After centrifugation, 2 mL of the supernatant was
256  mixed with an equal volume of Salkowski regent and kept in the dark for 30 min. The
257  absorbance of the resulting solution was measured at 530 nm using a
258  spectrophotometer. The concentration of IAA production was estimated by comparing
259  the absorbance with an TAA standard curve. The experiment was conducted in triplicate

260  and repeated three times to ensure the reliability of the results.

10
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261 2.6 GENOMIC SEQUENCING, ANNOTATION, AND PREDICTION OF
262 SECONDARY METABOLITES

263 The genome of IFST-221 was sequenced using Single Molecule Real-Time (SMRT)
264  technology. This sequencing work was conducted by Beijing Novogene Bioinformatics
265  Technology Co., Ltd (Beijing, China).To maintain data integrity, low-quality reads
266  were filtered using SMRT Link v5.0.1, resulting in high-quality contigs. The assembly
267  produced a single continuous contig without any gaps, indicating a high-quality genome
268  assembly. For comparative analysis, the genomic sequences of related strains including
269  B. velezensis SQR9 (NZ CP006890.1), B. velezensis FZB42T (NC_009725.2), B.
270  amyloliguefaciens DSM7" (NC_014551.1), and B. subtilis 168" (NC_000964.3) were
271  downloaded from NCBI website. These sequences were used as references to compare

272 and analyze the genomic features and characteristics of [FST-221.

273 Various software tools were employed to perform comparative analyses and gene
274  annotation. The BLAST Ring Image Generator (BRIG) 0.95 software was used to
275  visualize genomic comparisons among the five Bacillus strains (Alikhan et al., 2011),
276  while collinearity analysis was performed using TBtools-II (Chen et al., 2023). Whole-
277  genome orthologous gene comparisons were done using OrthoVenn 2 (Xu et al., 2019).
278  The coding sequence (CDS) of B. velezensis IFST-221, SQR9, and FZB42', B.
279  amyloliquefaciens DSM7", and B. subtilis 168" were used for this analysis. The related
280  coding genes of IFST-221 were analyzed by BLAST search with specific parameters
281  (E-value less than 1le-5, minimal alignment length percentage larger than 40%). After
282  comparative analysis, the singletons in IFST-221 were annotated using eggNOG-
283  mapper (Cantalapiedra et al., 2021). Gene annotation and function prediction were
284  performed using a combination of GeneMarkS, Gene Ontology (GO), Kyoto
285  Encyclopedia of Genes and Genomes (KEGG), and Clusters of Orthologous Groups
286  (COQG) databases. To identify secondary metabolites, the genome sequence of IFST-
287 221 was analyzed with the antiSMASH 6.0 website, and the default settings were

288  applied for prediction.
11
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289 2.7 DATA AVAILABILITY

290 The genomic sequence of IFST-221 is available at the NCBI website with accession

291  No. CP125283.1.

292 3 Results

293 3.1 ISOLATION OF AN ANTIFUNGAL STRAIN IFST-221

294 To explore potential sources of disease resistance in maize, soil suspension from
295  healthy maize rhizosphere in Yunnan Province was shaken at 30 °C for 20 min.
296  Following a stepwise dilution method, a total of 156 strains were isolated. These strains
297  were tested for their antifungal activity against F. verticillioides to identify potential
298  disease resistance. [FST-221 exhibited the highest antifungal potential, inhibiting
299  62.63% of F. verticillioides. To further assess the broad-spectrum antimicrobial activity
300 of IFST-221, additional tests were conducted using various phytopathogens including
301  F. proliferatum, F. graminearum, F. oxysporum, F. solani, B. cinerea, P. nicotianae,
302 and V. dahliae. The results revealed that IFST-221 exhibited robust antagonistic effects
303  against all the tested pathogens, with relatively broad-spectrum activity against both
304 ascomycetes and oomycetes are shown in Figure 1A. Inhibition rates of up to 77.88%
305  were observed against P. nicotianae, and up to 60% against other tested pathogens (Fig.

306 IB).

307 Scanning electron microscopy (SEM) was employed to examine the ultrastructural
308 effect of IFST-221 on fungal hyphae, focusing on strains such as F. verticillioides, B.
309 cinerea, P. nicotianae, and V. dahliae were examined. SEM images of untreated F.
310 verticillioides hyphae displayed smooth surfaces and intact hyphae. However, when
311 treated with IFST-221, the hyphae exhibited notable morphological changes, appearing
312  folded, twisted, and partially distended (Fig. 1C). Similarly, irregular hyphae structures
313  were observed in IFST-221 treated other pathogens (Fig. 1C). These findings suggest

12
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314  that treatment with IFST-221 induces morphological alterations in the hyphae of the

315 tested pathogens.
316 3.2 IFST-221 is a strain of B. velezensis

317 To determine the taxonomic classification of IFST-221, its morphology was initially
318 examined. When cultured on the LB solid medium, a single colony of IFST-221
319 displayed characteristics such as being round, opaque, milky white to yellow, and
320 possessing folded edges. Gram staining revealed that IFST-221 was a gram-positive
321  bacterium, indicated by the purple color from crystal violet dye. SEM revealed that
322 IFST-221 is a rod-shaped bacterium with a width ranging from 0.2-0.25 pm and a
323 length ranging from 0.6-1.2 um (Fig. S1). To gain further insights into the physiological
324  and biochemical characteristics of IFST-221, tests outlined in “Bergey’s Manual of
325  Systematic Bacteriology” were conducted. IFST-221 exhibited positive results in
326  various tests, including catalase activity, carbon sources utilization based on dextrose,
327  arabinose, xylose, mannitol, and starch, citrate utilization, casein hydrolysis, MR test,
328 and VP test. Moreover, IFST-221 demonstrated the ability to thrive under a range of
329  growth conditions, including tolerating NaCl concentrations between 2% to 7%, pH
330 levels ranging from 5.7 to 6.8, and temperatures within the range of 15 to 40 °C (Table
331  S1). These findings collectively indicate that the IFST-221 belongs to the Bacillus

332  group.

333 To ensure precise identification of the Bacillus strain IFST-221, a molecular
334  phylogeny analysis was conducted. This method could overcome the limitations
335 inherent in relying solely on morphological and physiological characteristics. The
336  analysis focused on key genetic markers, particularly the 16S rRNA gene, a well-
337  established marker for determining bacterial phylogenetic relationships. Comparing the
338  16S rDNA gene sequence of IFST-221, which had a length of 1512 bp to sequences

339  from known Bacillus species revealed that IFST-221 shared up to 99% identity with

13
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340 the aligned type strains of different Bacillus species, including B. subtilis subsp.
341  spizizenii, B. rugosus, B. tequilensis, B. cabrialesii, B. inaquosorum, B. vallismortis, B.
342  amyloliquefaciens, B. nematocida, B. velezensis, and so on (Fig. S2). This high degree
343  of sequence similarity suggested a close relationship between IFST-221 and these
344  Bacillus species. The phylogenetic analysis further confirmed a close relationship
345  between IFST-221 and B. velezensis strains NRRL B-41580" and BCRC 174677, but
346 not CR-502" (Fig. S2). This outcome, however, highlighted the potential limitation of
347  using the 16S rDNA marker for accurately differentiating between closely related
348  Bacillus species. Another phylogenetic marker, gyrB gene, which encoded the subunit
349 B protein of DNA gyrase, was examined to provide additional clarity. The BLASTn
350 analysis of gyrB sequences obtained from IFST-221 revealed a high level of identity,
351 98.87% with the type strain B. velezensis BCRC 17467". This strong similarity was
352  further supported by the phylogenetic analysis, which showed that [FST-221 and B.
353  velezensis BCRC 17467" clustered together on the same branch (Fig. S3). Furthermore,
354  the ONPG production test was conducted to distinguish B. amyloliquefaciens and B.
355  velezensis. IFST-221 exhibited ONPG production like that of B. velezensis CR-5027
356  (Table S1). The combined results from the 16S rRNA and gyrB genes, as well as the
357  ONPG production test, confirmed that IFST-221 is a strain of B. velezensis, providing

358 arobust and multifaceted approach to the identification and classification of this strain.

359 3.3 B. VELEZENSIS IFST-221 1S A PUTATIVE BIOLOGICAL CONTROL
360 AGENT FOR PLANT DISEASE

361 To evaluate the effectiveness of B. velezensis IFST-221 as a biological control agent,
362  invivo anti-phytopathogenic activity against F. verticillioides in maize ears and kernels.
363  Maize ear and kernels were pre-sprayed with IFST-221 and ddH>O before inoculating
364  with F. verticillioides. The results showed a significant reduction in F. verticillioides
365 infection in maize ears pre-sprayed with IFST-221 compared to those pre-sprayed with

366  ddHO (Fig. 2A). Similarly, when maize kernels were pre-immersed in ddH»O and then
14
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367 inoculated with F. verticillioides exhibited visible hyphae formation, the kernels that
368  were pre-immersed with IFST-221 and then inoculated with F. verticillioides did not
369 show any visible fungal hyphae (Fig. 2B). The qPCR analysis supported these
370  observations, indicating a considerable reduction in the biomass of F. verticillioides in
371  kernels treated with IFST-221 compared to ddH>O (Fig. 2C). Moreover, the treatment
372  of maize kernels with IFST-221 resulted in a significant reduction in the production of
373  FBi, a mycotoxin produced by F. verticillioides, with levels dropping from 5700.33
374  parts per billion (ppb) per gram of maize kernels in the control group to 19.63 ppb in
375  the IFST-221 treated group (Fig. 2D).

376 Similarly, IFST-221 demonstrated potential as a biocontrol agent against cotton
377  Verticillium wilt (Fig. 2E and F). At 30 days post inoculation of V. dahliae, cotton
378 plants that were pre-treated with IFST-221 showed a significantly lower DSI (8.93%)
379  compared to cotton plants without the pretreatment of IFST-221 (73.21%) (Fig. 2F).
380  The disease incidence of cotton plants inoculated with V. dahliae and treated with IFST-
381 221 was 14.29%, whereas the DI of plants without treatment was 85.71% (Fig. 2F).
382  Furthermore, it is worth noting that cotton plants treated with IFST-221 exhibit better

383  growth compared to those treated with ddH>O (Fig. 2E).

384 3.4 B. VELEZENSIS IFST-221 PROMOTES PLANT SEEDLING’S GROWTH

385 To evaluate the potential of IFST-221 in promoting plant growth, experiments were
386  conducted on maize, cotton, tomato, and broccoli seedlings with treatment and control
387  groups. The treatment group was inoculated with IFST-221, while a commercial
388  fertilizer served as the control. Plant growth was monitored over 30 days, and it was
389  observed that the inoculation of IFST-221 resulted in a noticeable enhancement in plant
390 growth as depicted in Figure 3A. After 30 days post-inoculation, there was a noticeable
391 increase in plant height among treated plants. For maize, the average height was 11.57

392+ 1.72 cm, compared to the control height of 10.17 + 1.13 cm. Similarly, the height of
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393 treated cotton increased to 13.67 £+ 1.67 cm whereas the control group measured 11.30
394 £ 1.90 cm (Fig. 3B). Furthermore, all plants including maize, cotton, tomato, and
395  broccoli, that were treated with IFST-221 showed a significant (p < 0.05) increase in
396  fresh weight of the aboveground part (Fig. 3B). Moreover, in the case of broccoli, the
397 dry weight of the aboveground part was significantly increased (0.37 + 0.13 g)

398  compared to the control treatment weight (0.19 = 0.13 g).

399 Although treatment with IFST-221 didn’t have a significant effect on the root length
400  and the underground part of maize, tomato, and broccoli seedlings, it is worth noting
401  that cotton treated with IFST-221 showed remarkable improvement (Fig. 3B).
402  Specifically, compared to the control group, cotton plants treated with IFST-221
403  experienced a 0.5-fold increase in the fresh weight of the underground part and a 1.5-
404  fold increase in root length (Fig. 3B). These findings suggest that IFST-221 plays a
405  crucial role in enhancing the fresh weight of the aboveground part of the tested plant
406  seedlings, especially cotton. Additionally, IFST-221 showed versatility by thriving in
407 various nutrient-deficient cultures, suggesting its adaptability to different
408  environmental conditions. This was observed in nitrogen-free cultures, NBRIP, and
409  potassium bacteria medium, demonstrating that IFST-221 could grow in nutrient-
410  limited environments (Figure 3C). Moreover, crystal violet staining of [IFST-221 grown
411 on LBGM medium revealed the formation of a wrinkled structure, a common
412  phenotype observed in mature biofilms produced by various bacteria (Fig. 3D).
413  Additionally, when IFST-221 was cultured for 12 hours, it produced 5.59 mg/L of IJAA

414  as determined by the Salkowski reagent method.

415 3.5 GENOMIC FEATURE OF B. VELEZENSIS 1FST-221 AND
416 COMPARATIVE GENOMICS ANALYSIS OF B. VELEZENSIS 1IFST-221,
417 SQR9Y, FZB42', B. AMYLOLIQUEFACIENS DSM7', AND B. SUBTILIS 168"

418 The whole genome sequencing of IFST-221 yielded significant insights into the
419  genomic features. Following the sequencing and quality assessment of the original
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420  reads, the assembled genome consisted of one contig with an N50 length of 3,874,945
421  base pair (bp). The entire genome of IFST-221 comprised a circular chromosome with
422  alength of 3,858,300 bp and a GC content of 46.71% (Fig. 4A). Within this genome, a
423  total of 3,973 genes were identified, accounting for approximately 90.06% of the total
424  genome length with a combined gene length of 3,474,660 bp. Additionally, the genome
425  analysis predicted the presence of 86 tRNA structures, nine rRNA operons (i.e., 5S,
426 168, and 23S structures), and six SRNA were also predicted in the genome of IFST-221
427  (Table 1). The genome sequencing data of IFST-221 have been deposited in the
428  National Center for Biotechnology Information (NCBI) under the GenBank BioProject

429 number CP125283.1.

430 To deeply understand the genetic characteristics of [FST-221, a comparison of gene
431  features was made using the nucleotide sequence of well-studied and standard Bacillus
432  strains, including B. velezensis SQRY, B. velezensis FZB42", B. amyloliquefaciens
433 DSM7', and B. subtilis 168. Compared to other strains, IFST-221 exhibited a smaller
434  genome size, lower GC content, fewer CDS, less average CDS size, and a higher
435  percentage of coding region (Table 1). Based on the Average Nucleotide Identity (ANI)
436  value of these strains, it was confirmed that IFST-221 belongs to the B. velezensis strain
437  because of the high ANI value between IFST-221 and B. velezensis SQR9 and FZB42"
438  (Fig. S4). Also, a collinearity analysis was performed to examine the genomic
439  similarities and variations among five strains. The analysis revealed a generally
440  collinear relationship among the genomes, indicating that the gene order and
441  arrangement were largely conserved. Despite this overall collinearity, some genome
442  rearrangement events, such as inversions and translocations, were observed among the
443  five Bacillus genomes (Fig. 4B). Among these strains, IFST-221 showed the highest
444  synteny with SQRO.

445 In addition to collinearity, a comprehensive protein sequence analysis using

446  OrthoVenn2 was performed to compare the orthologous and paralogous clusters across
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the five strains. Out of the 3,659 proteins identified in IFST-221, 3,542 clusters were
generated by comparing orthologs and paralogs among the five Bacillus strains.
Additionally, 90 singletons were observed, representing genes that did not have
orthologs in other species (Fig. 4C and D). Additionally, 3,019 clusters were common
to all five strains, indicating a significant overlap in genetic content (Fig. 4C). A total
of 3,468 overlapping clusters were common between IFST-221 and B. velezensis
SQRO. IFST-221 shared 3,424 clusters with B. velezensis FZB42" and 3,358 clusters
with B. amyloliquefaciens DSM7", while sharing 3,180 clusters with B. subtilis 168,
Additionally, two unique clusters were identified for IFST-221 (Fig. 4C). These unique
clusters contained four proteins (IFST-221 GMO001075, IFST-221 _GMO001077, IFST-
221 GMO001080, and IFST-221 _GMO001084) involved in ATP and DNA binding,
which were important biological processes. Furthermore, 90 singletons found in IFST-
221 were annotated using eggNOG-mapper. The results revealed that ten proteins were
associated with information storage and processing, eight proteins were involved in
signal transduction and mechanisms, 12 proteins were associated with coenzyme

transport and metabolism, and 60 proteins had unknown functions (Fig. 4D).

3.6 PREDICTION OF THE ANTIMICROBIAL CHARACTERISTIC OF IFST-
221

Functional annotation of protein-coding genes is crucial for understanding the
molecular functions of the species. In the case of IFST-221, 2,574, 3,810, and 2,846
protein-coding genes were annotated in the GO, KEGG, and COG database,
respectively (Fig. S5). In the whole genome of IFST-221, 12 possible secondary
metabolites gene clusters were predicted using the antiSMASH bacterial version (Table
2, Fig. 4A, and 4B). Among these clusters, three were predicted to encode unknown
secondary metabolites through unknown clusters. However, cluster 1, cluster 2, cluster
3, cluster 4, cluster 5, cluster 6, cluster 7, cluster 8, and cluster 9 were associated with

the production of surfactin, fengycin, bacillibactin, macrolactin H, difficidin,
18
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474  bacillaene, bacilysin, butirosin A/B, and andalusicin A/B, respectively. This indicates
475  that IFST-221 possesses genes responsible for the biosynthesis of surfactin, fengycin,
476  bacillibactin, macrolactin H, difficidin, bacillaene, bacilysin, butirosin A/B, and
477  andalusicin A/B. And andalusicin A/B is the one difference from secondary metabolites

478  from the other four strains according to the antiSMASH prediction results (Table 2).

479 In addition, collinearity analysis was performed to analyze the consistency of 12 gene
480  clusters among the five strains. The high similarity in the orders of secondary
481  metabolite gene clusters among the five strains is depicted in Figure 4B. However, the
482  genetic identity of these secondary metabolites showed differences. Based on the
483  highlighted brown line, which indicates a high level of consistency among the five
484  strains, the known gene clusters of butirosin, bacillibactin, and bacilysin exhibited a
485  greater degree of consistency. Other gene clusters of predicted secondary metabolites,
486 including andalusicin, surfactin, macrolactin, bacillaene, fengycin, and difficidin,
487  showed more variation, indicating that these substances may be different from the other
488  four related strains. Notably, three predicted unknown gene clusters, encoding
489  unknown 1, 2, and 3, showed high conservation among the five strains. The similarity
490  of gene clusters may partially explain the variations observed in the predicted secondary

491  metabolites among the five strains.

492 3.7 GLOBALLY SCREENING OF GENES POTENTIALLY CONTRIBUTING
493  TO PLANT GROWTH-PROMOTING ACTIVITIES IN IFST-221

494 The annotation results from eggNOG and GO databases offer valuable insights into
495  the potential roles of genes within the IFST-221 genome, especially regarding plant
496  growth promotion, colonization, and biofilm formation. In addition to the genes
497  responsible for antimicrobial secondary metabolites production (s7f, fen, dhb, btr, bac,
498  ancKC/anCMT, bae, min, and dif), there are numerous additional genes that directly or

499 indirectly contribute to plant promotion (Fig. 5). IFST-221 possesses genes involved in
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500 the synthesis of IAA through the indole-3-acetonitrile (IAN) pathway (ysnE and yhcX).
501 Furthermore, IFST-221 carries the phy gene, which is responsible for phytase
502  production. It also possesses the genes involved in acquiring and utilizing PO4>
503  (pstABCS), K (ackA, gltA, and mdh), Fe*" (ycINOPQ), and N (nifU). The synthesis of
504 plant cell wall-degrading enzymes is another important trait for colonization in the
505 rhizosphere. IFST-221 carries genes such as bgIC5, bglS, and yhfE involved in the
506  coding of endo-B-glucanase, bg/A4 and licH related to endo-B-glucosidase, Additionally,
507  IFST-221 possesses genes (xy/A/B and xynA/B) involved in the coding of xylanase.
508 Moreover, IFST-221 genome contains a complete pathway for biofilm formation,
509 including kinC/D, spo0OA, abbA, abrB, sinl/R, eps, and yqxM/tapA-sipW-tasA, as
510 described in Yu et al. (2016). Overall, the comprehensive analysis of the IFST-221
511  genome demonstrates its potential as a biological control agent and hopefully enables
512  its use in the future with capabilities in plant growth promotion, colonization, and

513  biofilm formation.

514 4 Discussion

515 Plant growth-promoting rhizobacteria (PGPR) play a dual role in agriculture, serving
516  as biocontrol agents that protect plants from pathogens and offering a range of benefits
517  to crops, such as stimulating growth, boosting yields, enhancing seedling vigor, and
518 aiding seed germination (Tabassum et al., 2017). In this study, we isolated and
519 identified B. velezensis IFST-221 from the healthy maize rhizosphere in the field
520  experiencing a high incidence of Fusarium ear and stalk rot. The IFST-221 exhibited
521  broad-spectrum antimicrobial activity against oomycetes and ascomycetes in vitro.
522  When applied to crops, [FST-221 treatment resulted in a remarkable alleviation of both
523  maize ear rot and cotton Verticillium wilt. Moreover, seedlings of maize, cotton,
524  tomato, and broccoli treated with IFST-221 showed enhanced growth compared to
525 untreated seedlings, indicating its potential as a plant growth regulator. Thus, B.
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526  velezensis 1FST-221 emerges as a promising PGPR candidate for sustainable

527 agriculture, offering both disease control and plant growth benefits.

528 For a significant period, B. velezensis was considered as a later heterotypic
529  synonym of B. amyloliquefaciens (Wang et al., 2008; Borriss et al., 2011). However, in
530 2016, it was recognized as a separate species from B. amyloliquefaciens. In 2017, B.
531  amyloliquefaciens, B. velezensis, and B. siamensis were classified as an “operational
532  group B. amyloliquefaciens” within the B. subtilis species complex (Dunlap et al., 2016;
533  Fanetal., 2017). Although the 16S rRNA gene is commonly used to determine bacterial
534  phylogenetic relationships, it has proven a bit unreliable for differentiating closely
535 related Bacillus species, largely due to the high sequence similarity among these
536  species. This limitation is demonstrated in the phylogenetic analysis of the 16S rRNA
537  gene sequence of B. velezensis IFST-221 compared with other Bacillus species. Instead,
538 the gyrB gene has emerged as a more reliable alternative to the 16S rRNA gene for
539 identifying and analyzing members of the B. subtilis group (Wang et al., 2007). In the
540 phylogenetic analysis, the gyrB gene sequence of IFST-221 formed a distinct branch
541  alongside the type strain B. velezensis BCRC 17467, providing evidence that IFST-
542 221 belongs to the B. velezensis species. Additional support for this conclusion came
543  from the ONPG test and the comparative analysis of genomic features. The analysis
544  revealed a higher ANI value and a greater number of shared gene clusters between

545  IFST-221 and B. velezensis SQR9 and FZB42" (Fig. 4B, C, and Fig. S4).

546 The Bacillus genus, especially B. velezensis, has garnered considerable interest for
547  its production of various antimicrobial secondary metabolites (Chowdhury et al., 2015).
548 FZB42' isolated from the maize rhizosphere, was the first strain in this group to have
549 its genome annotated (Chen et al., 2007). Since then, an increasing number of B.
550 velezensis species have been isolated from rhizospheres of different plants, such as
551  tomato, wheat, cucumber, polar, and lettuce. As of 2024/04/25, there are 859 genome

552  assembly and annotation reports of B. velezensis available in the NCBI database. It is
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553  worth noting that different Bacillus strains exhibit variation in the production of
554  antimicrobial secondary metabolites. These metabolites typically fall into the categories
555  of polyketides and non-ribosomal synthetic peptides. Polyketides such as bacillaene,
556  macrolactin, and difficidin are synthesized by polyketide synthase gene clusters bae
557  (formerly pksl), min (formerly pks2), and dif (formerly pks3) (Chen et al., 2006). Non-
558 ribosomal peptide synthetases (NRPS) produce numerous lipopeptides, including
559 iturins, surfactins, fengycins, and bacillibactin (Mongkolthanaruk, 2012; Cochrane and
560  Vederas, 2016). Though both IFST-221 and FZB42" were isolated from the maize
561  rhizosphere, their secondary metabolite profiles differ. Both strains produce
562  antimicrobial substances including surfactin, fengycin, bacillibactin, macrolactin H,
563  difficidin, bacillaene, bacilysin, and butirosin A/B. However, FZB42" was predicted to
564  produce plantazolicin, bacillothiazol, and three other substances, whereas IFST-221
565  was predicted to produce andalusicin A/B and three other unknown substances (Table
566  2). Interestingly, the IFST-221 has a smaller genome size but comparatively higher GC
567  content than B. velezensis SQR9, FZB42", B. amyloliquefaciens DSM7', and B. subtilis
568 168'. These findings suggest that IFST-221 may possess a higher denaturation

569  temperature and enhanced tolerance to harsh environmental conditions.

570 Collinearity analysis has demonstrated that the secondary metabolites gene clusters
571  become more compact as evolution progresses through the five strains, from B. subtilis
572 168, B. amyloliquefaciens DSM7', to B. velezensis FZB42", SQR9, and IFST-221 (Fig.
573  4B). This evidence suggests that IFST-221 may retain more secondary metabolite genes
574  as an adaptation to survive in a harsher environment. Additionally, this adaptation
575 includes targeted deletions and integrations of less important genes as an adaptive
576  response. Among the predicted secondary metabolites, IFST-221 produces a unique
577  chemical called andalusicin A/B, which belongs to class III lanthipeptide, which is the
578  well-known family of ribosomally synthesized and post-translationally modified

579  peptides, was also reported to inhibit the growth of Gram-positive bacteria (Grigoreva
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580 et al.,, 2021). Considering that the other predicted secondary metabolites, such as
581  surfactin, fengycin, bacillibactin, macrolactin, difficidin, bacillaene, and bacilysin,
582  have been successfully extracted from B. velezensis SQR9 using reverse-phase high-
583  pressure liquid chromatography analysis in vitro (Xu et al., 2013; Li et al., 2014; Wu et
584 al., 2018), it is reasonable to assume that similar methods could be used to extract and
585 produce secondary antimicrobial metabolites from IFST-221 for further studies.
586  Notably, even though most of the predicted secondary metabolites align with those
587  found in other B. velezensis, the results of the gene variation in the collinearity analysis

588  suggest the possibility of discovering novel compounds in IFST-221.

589 In the pot experiment, IFST-221 exhibited the ability to promote the growth of maize,
590 cotton, tomato, and broccoli seedlings. Plants treated with IFST-221 resulted in a
591  significant increase in plant height and fresh weight of the aboveground part compared
592  to control groups (Fig. 3). This growth-promoting effect is partly attributable to the
593  presence of IAA in the culture of IFST-221, indicating that it may synthesize [AA.
594  Bacteria can produce IAA through various pathways using L-tryptophan (Trp),
595 including the indole-3-acetamide (IAM) pathway, indole-3-pyruvic acid (IPyA)
596  pathway, tryptophan side-chain oxidase (TSO) pathway, tryptamine (TAM) pathway,
597 and indole-3-acetonitrile (IAN) pathway (Keswani et al., 2020). In the IFST-221
598  genome, the IAOD (acetaldoxime dehydratase) encoded by ysnE and nitrilase (indole-
599  3-acetonitrile nitrilase) encoded by yhcX are present, which convert Trp to [AA.
600 However, some genes associated with the other four pathways are absent. The nif gene
601  cluster plays a vital role in biological nitrogen fixation with nifU and nifS encoding
602  components of the nitrogen fixation-specific iron-sulfur cluster assembly pathway (Ryu
603 et al., 2020). Although #ifU is not essential for all nitrogen-fixation strains (Wang et
604 al., 2013), its presence indicates potential nitrogen-fixation capabilities. IFST-221 also
605  possesses features characteristic of plant growth-promoting rhizobacteria (PGPR), such

606  as the ability to solubilize insoluble phosphate and potassium. Genomic mining and in
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607  vitro experiments confirmed these traits in IFST-221, with the phy gene encoding
608  phosphohydrolase, or phytase, for organic phosphate solubilization (Torres et al.,
609  2023). Additionally, the high affinity phosphate transport system (ps¢) is essential for
610  phosphate uptake in a nutrient-deficient environment (Moreno-Letelier et al., 2011).
611  The ability of IFST-221 to solubilize potassium is supported by the upregulation of
612  genes such as ackA, gltA, and mdh in potassium-solubilizing strain B. aryabhattai SK1-
613 7 (Chen et al., 2022). Despite its various plant growth-promoting properties, the
614  genome of Bacillus velezensis 1FST-221 lacks the ktrAB and ktrCD genes, which
615 encode the high-affinity and low-affinity potassium transporters, respectively.
616  (Gundlach et al., 2017). While IFST-221’s ability to secrete siderophores for iron
617  acquisition wasn’t observed in our study, the genome analysis revealed the presence of
618  a bacillibactin (BB) biosynthesis pathway based on dhb gene cluster. In addition, the
619  ycINOPQ operon encodes a complete transporter for petrobactin (PB), a photoreactive
620  3,4-catecholate siderophore (Zawadzka et al., 2009). Moreover, IFST-221 contains
621 enzymes such as cellulases specialized in cellulose degradation, glucanase, and
622  glucosidase involved in glucan degrading, which play a significant role in bacterial
623  colonization of the rhizosphere of plants (Sritongon et al., 2023). Biofilm formation in
624  IFST-221 adds to its ecological adaptability, enhancing its resilience in challenging
625  environmental conditions. While these characteristics suggest that [FST-221 has the
626  potential for plant growth promotion and rhizosphere colonization, the impact of IFST-
627 221 on plant growth across various abiotic conditions has yet to be comprehensively
628  evaluated. Despite this, the in vitro growth of IFST-221 in different nutrient-deficient
629  cultures suggests its adaptability and potential for application in diverse environmental
630  settings. Further studies will be needed to fully understand IFST-221’s capabilities in
631  promoting plant growth under different environmental conditions and its resilience

632  against abiotic stresses.
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633 5 Conclusion and future perspective

634 B. velezensis IFST-221 is a promising PGPR with a broad spectrum of antimicrobial
635 activity and notable plant growth-promoting abilities. Comparative genomic analysis
636  of IFST-221 and related strains revealed the presence of 12 secondary metabolites,
637 including surfactin, fengycin, bacillibactin, macrolactin H, difficidin, bacillaene,
638  bacilysin, butirosin A/B, andalusicin A/B, and three unknown secondary metabolites.
639  Notably, the IFST-221 exhibited three unidentified secondary metabolites as well as a
640  distinctly known metabolite, andalusicin A/B. Furthermore, the deep mining of IFST-
641 221 genome has provided insights into the genetic potential for plant growth regulation,
642  colonization, and biofilm formation. Overall, the characteristics and genomic features
643  of B. velezensis IFST-221 indicate its potential as a beneficial bacterium for agriculture

644  applications, such as biocontrol of plant pathogens and promotion of plant growth.
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Figure 1 Antagonistic activity of strain IFST-221 against eight different
phytopathogens. (A) The antagonistic spectrum of strain IFST-221 in vitro. Fusarium
verticillioides, F. proliferatum, F. graminearum, F. oxysporum, F. solani, Botrytis
cinerea, Phytophthora nicotianae, and Verticillium dahliae were used to test the
antimicrobial activity. (B) Inhibition rates of strain IFST-221 against eight
phytopathogens. Error bars represent standard errors. (C) Scanning electron
microscopy images showing the morphological changes of F. verticillioides, B. cinerea,

P. nicotianae, and V. dahliae after co-incubation with IFST-221.
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Figure 2 The inhibitory effects of IFST-221 against ear rot of maize and Verticillium
wilt of cotton plants. (A and B) Effect of IFST-221 on the development of F.
verticillioides in maize ears and kernels, respectively. Maize ears and kernels pretreated
with ddH2O or IFST-221 were then inoculated with F. verticillioides or ddH>O.
Representative photos were captured at 5 days post-inoculation. (C) Quantitative PCR
(qPCR) analysis of the fungal and bacterial biomass on maize kernels. Error bars
represented standard errors. (D) HPLC-MS analysis of the level of fumonisin By (FB))
in maize kernels under different treatments. Double asterisks (**) indicate p < 0.01
determined by Student’s #-test. (E) Assessment of the efficacy of IFST-221 in
controlling Verticillium wilt of cotton plants. (F) The disease incidence (DI) and disease

severity index (DSI) of Verticillium wilt under different treatments.
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Figure 3 The plant growth-promoting activity of IEST-221. (A) Effect of IFST-221 on
the growth of maize, cotton, tomato, and broccoli seedlings. Photos were captured at
30 days post inoculation (dpti). Seedlings exposed to the Fertilizer “HUABAO No. 2”
were used as controls. (B) Measurements of plant height, fresh and dry weight of the
aboveground, root length, and fresh and dry weight of the underground part of maize,
cotton, tomato, and broccoli seedlings treated with IFST-221 or HUABAO Fertilizer
“HUABAO No. 2” at 30 dpi. Error bars indicate standard errors. A single asterisk (*)
indicates a significant difference of p < 0.05. Double asterisks (**) indicate a highly
significant difference of p < 0.01. (C) Ability of IFST-221 to fix nitrogen and to
solubilize phosphate and potassium in vitro. The IFST-221 was cultivated under
different cultures, with ddH>O serving as the control. (D) Biofilm formation of IFST-

221 stained with crystal violet.
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The comparative genomic circle map was constructed using BRIG v0.95. The features

are as follows (from center to outside): circle 1 is genome size; circle 2 is GC Content;
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velezensis SQR9 and FZB42", B. amyloliquefaciens DSM7", and B. subtilis 168. (A)

circle 3 is GC Skew; circles 4 to 8 are the comparative genomic maps of B. velezensis
IFST-221, SQRY, FZB42', B. amyloliquefaciens DSM7', and B. subtilis 1687,
respectively; the outermost circle indicates the positions of gene clusters of predicted
secondary metabolites. (B) Synteny analysis of five strains and IFST-221 genome was
used as the reference genome. Grey indicated a sequence with synteny and the genes of
secondary metabolites were shown in brown. (C) Venn diagram showing the number

of unique, accessory, and core genes shared by B. velezensis IFST-221, SQR9, FZB42T,
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B. amyloliquefaciens DSM7", and B. subtilis 168". The core and accessory genes are
those located at the intersection of the five circles. The number of unique genes of each
species is shown in each corresponding circle. Annotation was performed using
OrthoVenn2. (D) Classification of annotated singleton (genes for which no orthologs
could be found in other species) functions in the COG (Clusters of Orthologous Groups)
for B. velezensis IFST-221.
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Figure 5 The key genes potentially participating in antimicrobial secondary metabolites
(green color), plant growth promotion (yellow color), cellulase and xylose degradation

(pink color), and biofilm formation (blue color) in the IFST-221 genome.
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Figure S1 Scanning electron microscopy of the morphology of IFST-221 after

incubation in LB broth at 37 °C for 12 hours. (A) Scale bar, 4 um (B) Scale bar, 100

nm.
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Figure S2 A neighbor-joining phylogenetic tree was constructed using the /65 rDNA

gene sequence of [FST-221 and other closely related Bacillus species. The significance

of each branch is indicated by a bootstrap value (%) calculated for 1000 subsets.

Genbank accession numbers are given in parentheses. Bar, 0.01 substitutions per

nucleotide position.
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Figure S3 A phylogenetic tree of IFST-221 constructed using the nucleotide sequences
of gyrB (subunit B protein of DNA gyrase) based on the neighbor-joining method. The
significance of each branch is indicated by a bootstrap value (%) calculated for 1000
subsets. Genbank accession numbers are given in parentheses. Bar represents 0.01

substitutions per nucleotide position.
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Figure S4 Heatmap of the Average Nucleotide Identity (ANI) values for the genomes

of five Bacillus strains, including B. velezensis IFST-221, SQR9, FZB42', B.

amyloliquefaciens DSM7", and B. subtilis 168",
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Figure S5 Classification of annotated gene functions in the (A) COG (Clusters of
Orthologous Groups), (B) GO (Gene Ontology), and (C) KEGG (Kyoto Encyclopedia
46

of Genes and Genomes) for the whole genome of B. velezensis IFST-221.
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Table 1 Genomic comparison between B. velezensis IFST-221, B. velezensis SQR9, B. velezensis FZB42", B. amyloliquefaciens DSM7", and B.

subtilis 168T.

Features

B. velezensis IFST-221

B. velezensis SQR9

B. velezensis FZB42 T

B. amyloliquefaciens DSM7"

B. subtilis 1687

Genome size (bp)
GC content (mol%)
Protein-coding sequences
Average CDS size (bp)
Percent of coding region
Numbers of tRNAs

Ribosomal RNA operons

3,858,300
46.71
3659

875
90.06
86

9

4,117,023
46.1
4078

916
89.0
72

7

3,918,600
46.5
3693

933
88.0
88

10

3,980,200
46.1
3921

888
87.0
93

10

4,215,606
43.5
4237

895
87.2
86

10

Note: The genomic information of IFST-221 was predicted by GeneMarkS software (http://topaz.gatech.edu/). And the genomic information of B. velezensis

SQRY, B. velezensis FZB42", B. amyloliquefaciens DSM7", and B. subtilis 168" were obtained from Chen et al. (2007) and Zhang et al. (2015)
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Table 2 Comparison of predicted and known secondary metabolites between B. velezensis
IFST-221, B. velezensis SQRO, B. velezensis FZB42", B. amyloliquefaciens DSM7', and B.
subtilis 1687,

Cluste B. B. velezensis B. velezensis FZB42T B. B. subtilis
r velezensis SQR9 amyloliquefacie 168"
IFST-221 ns DSM 77
1 Surfactin Surfactin Surfactin Surfactin Surfactin
2 Fengycin Fengycin Fengycin Fengycin Fengycin
3 Bacillibacti Bacillibactin  Bacillibactin Bacillibactin Bacillibactin
n
4 Macrolacti Macrolactin =~ Macrolactin H Unknown Subtilosin A
nH H
5 Difficidin Difficidin Difficidin Unknown Sporulation
killing factor
6 Bacillaene  Bacillaene Bacillaene Bacillaene Bacillaene
7 Bacilysin Bacilysin Bacilysin Bacilysin Bacilysin
8 Butirosin Butirosin Butirosin A/B Butirosin A/B Sublancin
A/B A/B 168
9 Andalusici Dumulmycin Plantazolicin Unknown 1 1-carbapen-
nA/B / 2-em-3-
Shuangdaoli carboxylic
de A/B/C/D acid
10 Unknown 1 Unknown 1 Bacillothiazol A/B/C/ Unknown 2 Pulcherrimin
D/E/F/G//H/I/J/K/LIM ic acid
/N
11 Unknown 2 Unknown 2 Unknown 1 Unknown 3 Thailanstatin
A
12 Unknown 3 Unknown 3 Unknown 2 - Unknown 1
13 - - Unknown 3 - Unknown 2
14 - - - - Unknown 3

-, Not applicable
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Table S1 Physiological and biochemical results of strain IFST-221.

% ¥ LIEGE

université

Tests IFST-221 Tests IFST-221
Gram stain + Dextrose +
Growing in pH 5.7 + L-Arabinose +
Growing in pH 6.8 + D-xylose +
Growing at 15 °C + Mannitol +
Growing at 40 °C + Starch +
Growing in 10 % NaCl - Methyl red (MR) test +
Growing in 7 % NaCl + Voges-proskauer (VP) tests ~ +
Growing in 5 % NaCl + Casein hydrolysis +
Growing in 2 % NaCl + Citrate utilization test +
ONPG production test +

“+” represents “Positive” and “-” represents “Negative”.
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Table S2. Primers used in this study.
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Name Sequences (5'—3’) Purpose
27F AGAGTTTGATCCTGGCTCAG
Partial 16S rDNA gene amplification
1492R TACGGCTACCTTGTTACGACTT
UP1 GAAGTCATCATGACCGTTCTGCAYGCNG
GNGGNAARTTYGA
Partial gyrB gene amplification
UP2R AGCAGGGTACGGATGTGCGAGCCRTCN
ACRTCNGCRTCNGTCA
Zm_TEF-la_F TGGGCCTACTGGTCTTACTACTGA Relative biomass (endogenous control of
Zm_TEF-la_R ACATACCCACGCTTCAGATCCT plants)

Fv_p-tubulin F
Fv B-tubulin R
Bv gyrB F

Bv gyrB R

CCCCGAGGACTTACGATGTC
CGCTTGAAGAGCTCCTGGAT
CGTACGGTTCACAGGGACAG
ACACGGCCTTGGATCGTATG

Relative biomass (fungi)

Relative biomass (bacteria)

Note: R=A/G,Y=C/T,N=A/G/C/T



