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Abstract

Verticilllium wilt of cotton is a devastating soil-borne disease, which is caused by Verticillium dahliae Kleb. Bacillus velezen-
sis strain AL7 was isolated from cotton soil. This strain efficiently inhibited the growth of V. dahliae. But the mechanism of
the biocontrol strain AL7 remains poorly understood. To understand the possible genetic determinants for biocontrol traits
of this strain, we conducted phenotypic, phylogenetic and comparative genomics analysis. Phenotypic analysis showed that
strain AL7 exhibited broad-spectrum antifungal activities. We determined that the whole genome sequence of B. velezensis
ALT7 is a single circular chromosome that is 3.89 Mb in size. The distribution of putative gene clusters that could benefit
to biocontrol activities was found in the genome. Phylogenetic analysis of Bacillus strains by using single core-genome
clearly placed strain AL7 into the B. velezensis. Meantime, we performed comparative analyses on four Bacillus strains and
observed subtle differences in their genome sequences. In addition, comparative genomics analysis showed that the core
genomes of B. velezensis are more abundant in genes relevant to secondary metabolism compared with B. subtilis strains.
Single mutant in the biosynthetic genes of fengycin demonstrated the function of fengycin in the antagonistic activity of B.
velezensis AL7. Here, we report a new biocontrol bacterium B. velezensis AL7 and fengycin contribute to the biocontrol
efficacy of the strain. The results showed in the research further sustain the potential of B. velezensis AL7 for application in
agriculture production and may be a worthy biocontrol strain for further studies.
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Introduction

Haiyang Liu and Qingchao Zeng contributed equal to the work. Cotton (Gossypium hirsutum L.) is a great economic impor-

tance crop in some developing and developed countries
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gal pathogens alone (Oerke and Dehne 2004). Therefore,
controlling plant disease plays an important role in protect-
ing the capacity and quality of crop production. The man-
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approach against pathogens (Eljounaidi et al. 2016). The
biological control of plant disease by using microorganisms
can be a safe, cost-effective, and efficient method for control-
ling plant diseases.
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Several biocontrol bacteria, such as Bacillus, Pseu-
domonas, and Streptomyces were able to reduce Verticil-
lium disease (Erdogan and Benlioglu 2010; Li et al. 2013;
Xue et al. 2016). However, spore-forming Bacillus spp.
which used for biological preparations are preferred because
of their long-term viability facilitates the development of
commercial products (Wu et al. 2015). In general, the genus
Bacillus is considered as a group of soil inhabitants. How-
ever, Bacillus spp. can be isolated from varied environment,
including air, water, human and animal gut, vegetables, and
food (Kotb 2015; Tidjiani Alou et al. 2015). A wide range
of plant disease have been controlled using Bacillus-based
biocontrol agents. For example, B. velezensis FZB42 is com-
mercially used as an efficient biocontrol bacterium against
fungal and bacterial pathogens (Wu et al. 2015). The bio-
control strains B. subtilis GLB191 and B. velezensis PG12
have the most robust preventive effects against grape downy
mildew and apple ring rot (Chen et al. 2016; Zhang et al.
2017). The biocontrol strain B. subtilis 9407 displayed a
strong antibacterial activity against bacterial fruit blotch
(Fan et al. 2017a, b). The mechanisms can be divided into
direct and indirect forms, including facilitation of resource
acquisition, competition for nutrients, niche exclusion, pro-
duction of antibiotic metabolites (Paterson et al. 2017).

Antibiotic production plays a significant role in biocon-
trol activities (Wu et al. 2015). From the biotechnological
point of view, the most noteworthy feature of Bacillus spe-
cies is their diverse lipopeptides (LPs), which are synthe-
sized non-ribosomally and are structurally diverse. These
LPs are the main contributor to the biocontrol activity of
Bacillus (Shafi et al. 2017). For example, B. amyloliquefa-
ciens FZB4?2 produces bacillomycin D and fengycin, which
display synergistic antagonistic activity against the patho-
gen Fusarium oxysporum (Koumoutsi et al. 2004). Bacillus
strains UMAF6614 and UMAF6639 have direct antagonism
toward pathogens by mediating the production of iturin and
fengycin lipopeptides (Romero et al. 2007; Zeriouh et al.
2011). Apart from antimicrobial properties, lipopeptide-
associated biocontrol induces systemic resistance in host
plants and facilitates biofilm formation and colonization of
the plant roots. The bacillomycin D contributes to biofilm
formation of strain B. amyloliquefaciens SQR9 (Xu et al.
2013). Surfactin and bacillomycin L in B. subtilis 916 con-
duce differently but synergistically to prevent growth of rice
sheath blight through antifungal activity, colonization, and
biofilm formation (Luo et al. 2015). Furthermore, fengycin
and surfactin in B. subtilis GLB191 stimulate the plant’s
defenses to plant pathogen (Li et al. 2019).

The strain B. velezensis AL7 was isolated from the soil of
a cotton plantation in Xinjiang Province, China and exhib-
ited biocontrol effects against cotton Verticillium wilt under
greenhouse conditions. However, limited information is
known about the mechanism of the strain AL7 on biocontrol.
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The study aimed to elucidate the biocontrol performance of
strain AL7. The main information is currently assisted by
implementing genomic approaches, which help to determine
the presence of potentially beneficial features in strains. The
present study provides a foundation for further studies of
related genes and functions and facilitate genetic engineer-
ing of B. velezensis AL7T to promote agricultural and indus-
trial applications.

Materials and methods
Strain used in this study

The newly isolated strain B. velezensis AL7 (from the cotton
soil) was used in this study. The strain AL7 with outstand-
ing biocontrol performance was selected for whole genome
sequencing to obtain the biocontrol informations (Liu et al.
2020).

Microorganisms and growth conditions

The AL7 was routinely cultured at 37 °C on Lurina-Ber-
tani broth (LB) or on solid LB medium supplemented with
1.5% agar (Fan et al. 2017a, b). MSgg medium was used for
assays of biofilm formation. The formula for MSgg medium
is as follows: 5 mM potassium phosphate (pH 7.0), 100 mM
morpholine propane sulfonic acid (pH 7.0), 2 mM MgCl,,
700 mM CaCl,, 50 mM MnCl,, 50 mM FeCl;, 1 mM ZnCl,,
2 mM thiamine, 0.5% glycerol, 0.5% glutamic acid, 50 mg/
mL tryptophan, 50 mg/mL threonine, and 50 mg/mL phe-
nylalanine (Branda et al. 2001; Fan et al. 2017a, b). Tetracy-
cline (10 ug/mL) as an antibiotic was added when necessary.

In vitro antifungal activity of AL7

In the plate confrontation assay, the plant pathogen was
grown on potato-dextrose-agar (PDA) plates at 28 °C for
3-5 days. A 5 mm-diameter block of mycelium culture
was cut and transferred into the center of fresh PDA plates
(90 mm). After 24 h of cultivation, 2 uL of the overnight cul-
tures of strain AL7 grown in LB medium was added on the
PDA plate 2.5 cm away from the center, where the mycelium
agar block was placed (Cao et al. 2018). Antifungal activity
was checked by measuring the diameter of mycelium after
5-7 days of incubation at 28 °C.

Cotton was used to evaluate the biocontrol activity of
strain AL7. Ten cotton plants were grown in each of the 18
pots under natural lighting at 28 °C. Inoculation was per-
formed by adding 50 mL of strain AL7 (10® cfu/mL) and
50 mL of V. dahliae spores (107 conidia/mL). Non-bacteri-
aled cotton (control) were just drenched with 50 mL of LB,
whereas 50 mL of V. dahliae spores (107 conidia/mL) were
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added to the cotton plant as the positive control. Six pots
were employed for each replicate, and values were recorded
as the means of six replicates for each treatment. Cotton
plants were checked for severity based on the disease index
as described previously (Gomez-Lama Cabanas et al. 2018).

Phylogenetic analysis

A maximum-likelihood (ML) phylogenetic tree of Bacillus
species was established based on the single-copy core pro-
teins sequence shared by Bacillus genomes and the genome
of Paenibacillus polymyxa M1 according to the following
methods: (1) multiple alignment of amino acid sequences
were carried out via mafft (version 7.310) (Katoh and
Standley, 2013); (2) conserved blocks from multiple align-
ment of protein were selected through Gblocks (Castresana,
2000); and (3) ML tree were established using the software
of RAXML (version 8.2.10) using the PROTGAMMALGX
model with 100 bootstrap replicates (Zeng et al. 2018). The
tree was displayed using a web-based software (http://itol.
embl.de/). Then, the average nucleotide identity (ANI) val-
ues between two genome sequences were calculated using
OrthoANI (Yoon et al. 2017).

Pan-genome analysis

Pan-genome analysis of all strains was performed with a
pan-genome analysis pipeline (PGAP) software after genome
annotation in Prokka (Zhao et al. 2012). The requirements of
the pan-genome analysis is as follows. Core orthologs with
at least 50% protein sequence identity to each other were
clustered and 50% overlap with the longest sequence with
an e-value le-5. Core genomes and strain-unique genomes
were selected from the pan-genome table by using own Perl
script (Zeng et al. 2018). Functional annotation of the core
genomes of B. subtilis and B. velezensis was performed
using the COG database.

Core genome, pan-genomes, and their estimated respec-
tive sizes and trajectories were made using models and
regression algorithms proposed by Tettelin and colleagues
(Tettelin et al. 2008). Core genome and pan-genomes were
visualized through PanGP v1.0.1 software. PanGP was run
using default parameters generating distribution plots of (i)
total genes and (ii) conserved genes found upon progressive
sampling of “n” genomes (Zhao et al. 2014).

Whole-genome sequence comparisons

Genome comparisons were conducted by using program
of BLAST ring image generator (BRIG) version 0.95.
The blastn option was selected for analysis. The reference
sequence is the genome sequence of AL7, whereas the
genome sequences of other Bacillus strains were used as

query sequences. To investigate genome rearrangements
in strain AL7 and related bacteria, we adopted the Mauve
v2.3.1 software of progressive Mauve program and to vis-
ualize multiple genome alignments of the four Bacillus
strains (Darling et al. 2004).

Construction of AfenA mutant and tagging strains
with green fluorescence protein (GFP)

A fenA-deletion mutant was generated through homolo-
gous recombination. A tetracycline resistance gene was
amplified from plasmid pGFP78 using primer pair tet-F
and tet-R. Primers fenA-U-F and fenA-U-R were used to
amplify the upstream region (1329 bp) of fenA and fenA-
D-F and fenA-D-R were used to amplify the downstream
region (1270 bp). Then, all of them combined through
fusion polymerase chain reaction (PCR) and ligated into
plasmid PMD19T via gateway cloning technology. For the
transformations process, competent cells were prepared
as describe by published papers with slight modifica-
tions (Zhang et al. 2017). Brief, 1 mL of the overnight
cultures was added to 40 mL growth medium (LB medium
with 0.5 M sorbitol) and cultured at 37 °C, 200 rpm to
ODgyy=0.5. Then, the pellets were harvested by cen-
trifugation at 8000 rpm and 4 °C for 10 min and washed
four times with an equal volume of electroporation buffer
(0.5 M sorbitol, 0.5 M mannitol, 10% glycerol, pH=7).
The plasmid was added to the resulting competent cells
and immediately given a 1.8 kV electric shock and cell
suspensions immediately were diluted with 1 mL LB
medium containing 0.5 M sorbitol and 0.38 M mannitol.
Finally, it incubated at 37 °C with shaking at 160 rpm for
3 h. The cells were spread onto LB plates amended with
tetracycline. Then, the mutant AfenA was selected, identi-
fied via PCR with primer pair fenA-out-F and fenA-out-R,
and subsequently confirmed by sequencing (Table S1 and
S2). The pGFP78 plasmid containing a GFP tag was trans-
formed into B. velezensis AL7. The transformants AL7-gfp
with positive green fluorescence emission were selected.

In vitro antifungal activity of AfenA

Activities of AfenA against spore germination of V. dahl-
iae were evaluated as follows. Spores of V. dahliae were
diluted to 10° or 10® mL~! and 300 uL were inoculated to
PDA plates. Then, the plates were permitted to dry under a
laminar flow hood. Portions (2 uL) of culture of strain AL7
were added in the center of plate. The plates were cultured
at 28 °C, and inhibition zones were measured after 3 to
5 days (Luo et al. 2015).
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Biofilm formation and swarming motility assay

The cultures of AL7 was shaken at 37 °C until optical den-
sity (ODg) was 0.8 using LB liquid medium (5 mL). 1 mL
of cells were collected through centrifugation at 6000 X g
for 5 min, washed with phosphate-buffered saline (PBS),
and resuspended in 100 uL PBS (Fan et al. 2017a, b). The
swarming motility of AL7 was tested using standard pro-
tocols with minor modification. LB plates containing 0.7%
agar were dried in a laminar flow hood for 20 min, and then
3 L of the cell suspension of strain AL7 was added on the
center of each plate. The plates were cultivated at room tem-
perature for 7 h to allow cell growth to obviously visualize
the zone of swarming. Then, the swarming agar plates were
dried for another 2 h in a laminar flow hood, and the diam-
eter of the swarming zone was measured (Fan et al. 2017a,
b). The experiment was conducted with three independent
assays, each with at least three technical replicates.

Biofilm formation was analyzed in MSgg medium to
monitor pellicle formation. B. velezensis AL7 was cultured
in LB medium at 37 °C overnight. Then, 4 pL of culture
was added to the MSgg medium (a 1000-fold dilution) in a
12-well plate and cultured statically at 28 °C for 72 h (Fan
et al. 2017a, b). To quantify biofilm formation, we used the
reported methods (Fan et al. 2017a, b; Weng et al. 2013).
The assay was performed with three independent experi-
ments. For colony architecture, 2 uL of the culture was
added onto the surface of an MSgg plate containing 1.5%
agar (Fan et al. 2017a, b).

Nucleotide sequence accession numbers

The complete genome sequence of B. velezensis AL7 has
been deposited in NCBI under the GenBank accession num-
ber CP045926.

Results

Strain AL7 is an efficient biocontrol agent
against Verticillium wilt of cotton

Strain AL7 inhibited spore germination with a clear inhi-
bition zone and the diameter of the inhibition zone is
23.3+0.58 mm (Fig. 1a and b). Meantime, strain AL7
remarkably prevented the hyphae growth of other fungal
pathogens with an obvious inhibition zone (Fig. lc, d).
Then, the potential biological control abilities of strain
AL7 on Verticillium wilt of cotton was assessed on green-
house condition. The disease index of the AL7-treated cot-
ton plant was lower than the LB-treated control plant for
a period of 70 days after inoculation (17.9 vs 78.2). The
results suggested that strain AL7 could effectively control
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the Verticillium wilt of cotton on greenhouse condition. As
expected, strain AL7 formed robust, wrinkled pellicles on
MSgg liquid medium (Fig. le—g). Strain AL7 also exhibited
remarkable swarming motility and it could colonize more
than half the plate after 7 h of culture (Fig. li-h). Further-
more, cotton plants were treated with gfp-tagged strains
and were examined via confocal scanning laser microscopy
(CSLM) 7 days later to detect the colonization of strain AL7.
The results displayed that the gfp-tagged strains were easily
observed in cotton plant tissue and confirmed that the strain
AL7 could recolonize in plant tissue.

In summary, we have isolated the strain AL7, which
showed broad-spectrum antagonistic activities and displayed
stronger biofilm formation and swarming motility. Above all,
strain AL7 is a beneficial microbe with potential for biotech-
nological application.

Genome characteristics of biocontrol strain AL7

The genome sequence of AL7 is 3,894,709 bp in length
with a GC content of 46.64%. The number of predicted pro-
tein-coding genes of AL7 was 3706. Among the predicted
protein-coding genes, 2872 of them could be allocated a
putative function and 1,060 genes were predicted to encode
hypothetical proteins (Figure S1). The average length of
protein-coding genes is 930 bp. The protein-coding genes
account for 88.50% of the genome sequence. In addition,
a total of 86 tRNA-coding genes and 27 rRNA genes were
annotated in the genome sequence of strain AL7 (Table 1).
The functional classification assigned the protein-coding
genes in different COG functional groups (Figure S2). This
analysis found that the highest number of genes (278) are
participated in amino acid transport and metabolism. A
group of 209 genes is involved in transcription roles, and a
group of 64 genes is involved in secondary metabolites. As
expected, surfactin, iturin, and fengycin gene clusters were
annotated in the genome sequence of AL7 (Fig. 2). All of the
secondary metabolism was displayed in Table S3.

Strain AL7 was identified as B. velezensis

The phylogenetic analysis based on 16S rDNA sequence
indicated that strain AL7 has a close relationship with
B. velezensis (Figure S3). Meantime, the phylogenetic
tree which constructed through the ML method based on
the 903 single-copy core genes showed that B. velezen-
sis strains were clustered together and formed a single
cluster (Fig. 3A). In this cluster, AL7 grouped together
with other sequenced B. velezensis strains. We also found
that B. velezensis strains were more closely related to B.
amyloliquefaciens strains and formed a single large clade
make up of two subclades (Fig. 3A). Moreover, genome
relatedness of strain AL7 was analyzed based on ANI. The
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Fig. 1 Biocontrol efficacy of strain AL7. a Effect of AL7 treatments
on the Verticillium wilt of cotton. b Diameter of inhibition zone of
strain AL7. Error bars indicate + SD of three replicates. ¢ Antago-
nistic activity of AL7 against nine pathogenic fungi on PDA plate. d
Quantification of antagonistic activity of AL7. *Shows obvious dif-
ferences at P<0.01 compared with the control. e Pellicle formation
by strain AL7 on Msgg liquid media. f OD readings from 12-well-

ANI values of strain AL7 against all B. velezensis strains
were > 98%, which is above the threshold of 96% (Fig. 3B)
(Richter and Rossello-Mora 2009). Strain AL7 has a great
nucleotide identity (98.67%) with strain FZB42, which is
a type strain for B. velezensis species. We also performed
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plate experiments of biofilm formation by AL7. Data are expressed as
the mean+SD (n=6). g The colony morphology of strain AL7 was
monitored on MSgg plates. h Data presented are the swarming abil-
ity of AL7 on LB plates 8 h later. Data are expressed as mean=+SD
(n=5). CK represents the LB medium, and AL7 represents the
strain. i Swarming ability of AL7 was assessed

clustering analysis based on ANI values among each strain
to find out evolutionary relationship of Bacillus strains and
found that B. velezensis strains clustered together. How-
ever, some discrepancies were found when comparing with
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Table 1 General genome characters of the B. velezensis AL7

Issue Value
Genome size (bp) 3,894,709
GC content (%) 46.64
Protein-coding genes 3706
Gene length (bp) 3,446,697
Gene average length (bp) 930

Gene length/genome 88.5

GC content in gene region (%) 47.48
tRNA number 86

rRNA number 27

the phylogenetic tree constructed based on core-genome
sequence (Fig. 3B).

Pan-genome analysis of B. velezensis strains

We carried out pan-genome analysis to gain clue into core
and variable gene pool among B. velezensis isolated from
diverse ecological origin. The 30 examined B. velezensis
strains produced a pan-genome size of 7167 genes. Based on
the result, the core genome includes 3108 genes, the acces-
sory genome is comprised of 1991 genes, and the unique
genome contains 2068 genes (Fig. 4A). B. velezensis strain
9912D has the highest number of unique genes, whereas B.

velezensis strains LS69 and S3-1 have the least number of
unique genes.

The core-genome and pan-genome sizes of B. velezen-
sis were calculated by extrapolation of the selected genome
data. The generated pan-genome curves of B. velezensis are
cross-sectional by the Heaps law mathematical functions:
Y = 77.46X%% + 2973.52 , where Y represents the size
of pan-genome and X indicates to the number of selected
strains. According to above results, the pan-genome size
appeared to reach infinity with the number of strains increas-
ing (Fig. 4B). Therefore, our data suggest that B. velezensis
hold open pan-genomes, which illustrates that the species
have infinite genomes. The curve of the core genome was
also asymptotic, with 3108 core genes after addition of the
30" genome. The infinite pan-genome indicates the bacteria
will keep gaining other new genes as they evolve indepen-
dently over evolutionary time.

Comparative genomics analysis of four biocontrol
Bacillus strains

To obtain an extensive overview of the occurrence of bio-
control activity in Bacillus strains, we selected three bio-
control Bacillus strains (BSD-2, HJ5 and CAU B946) for
study, which are well-known for their inhibition ability of
plant disease, especially for Verticillium wilt of cotton (Blom
et al. 2012; Li et al. 2013; Liu et al. 2016). Firstly, a global
alignment of the four Bacillus strains was performed using
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—
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Fig.2 Gene clusters of surfactin, iturin, and fengycin in B. velezensis AL7. The schematic representation of the entire gene cluster for surfactin,

iturin, and fengycin
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ferent Bacillus strains established based on 903 single-copy core pro-
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Fig.4 Pan-genomes of B. velezensis strains. A Number of specific
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the core genomes shared between all strains. The unique genes for
each strain are displayed in each of the outer circles. B Curves for B.
velezensis pan-genomes and core genomes. The blue dots represent

progressive Mauve and BRIG software. The result showed a
close genetic relatedness of these strains and displayed that
most sections within their genomes were conserved (Figure
S4). In addition, the comparison of strains using progres-
sive Mauve software illustrated that some collinear blocks
were present with several regions of rearrangement (Figure
S5). Meanwhile, the genome features for each of the biocon-
trol Bacillus strains analyzed are summarized in Table S4.
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the pan-genome size of B. velezensis for each genome comparison
while the green dots represent the core genome size of B. velezensis
for each genome comparison. The median values were linked to dis-
play the relationship between number of genomes and gene families

The studied genomes had the same genome sizes (4 M) and
number of protein-coding genes (3873 in average). How-
ever, their GC contents were different. The GC content in
B. velezensis strain is higher than that in B. subtilis strains
(Table S4). Furthermore, we performed phylogenetic analy-
sis based on the core-genomes of Bacillus was estimated
from 903 proteins sequence. The resulting phylogenetic tree
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Fig.5 Comparative genomics analysis of the four biocontrol Bacillus
strains. A Phylogenetic tree showing the relationship of B. velezen-
sis and B. subtilis strains. B Genomic diversity of the four biocon-

grouped the B. velezensis and B. subtilis strains into two
species clades (Fig. 5SA).

In total, 3706, 3947, 3943 and 3896 protein-coding genes
(including hypothetical proteins) of the Bacillus strain AL7,
BSD-2, HJ5, and CAU B946 were annotated, respectively.
The analysis of the four biocontrol Bacillus genomes iden-
tified 2965 predicted protein-coding genes which formed
the core genome (Fig. 5B). The predicted proteins were
functionally classified using the COG database, and COGs
classifications were compared among the genomes of the
four biocontrol Bacillus strains. COGs displayed analogous
distributions among the studied strains (Table S5). The
results verified that those acquired from the pan-genome
analysis, where the studied biocontrol Bacillus strains are
very similar, with several genes participated in different
functions. However, we found that B. velezensis strains had
more specific genes than B. subtilis strains (Fig. 5B). Thus,
it stimulates us to compare the functions of core genomes of
B. velezensis and B. subtilis strains. We compared the core
genome of B. velezensis and B. subtilis strains by using COG
distributions to decide whether there were distinctions in the
proportion of the core genome attributable to a specific cel-
lular process. As excepted, we found that the core genome
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of B. velezensis was disproportionately enriched in second-
ary metabolism genes (Fisher’s exact test; P value <0.01,
Table 2). Furthermore, we found that B. velezensis strains
harbored the three types of lipopeptides (surfactin, iturin
and fengycin), whereas B. subtilis strains only included sur-
factin and fengycin (Fig. 5C). However, all of the Bacillus
strains inhibited cotton Verticillium wilt. Fengycin may play
an important role in the inhibition cotton Verticillium wilt.

A AfenA mutant exhibited decreased biocontrol
efficacy

To determine the potential role of the fengycin in the bio-
control ability of AL7, a mutant was constructed in the bio-
synthetic genes of fengycin. We investigated whether the
production of the fengycin compounds would influence the
biocontrol efficacy in strain AL7 by utilizing the AfenA
mutant. The prevention abilities of strain AL7 against plant
pathogens were attenuated in the AfenA mutant (Fig. 6). The
result indicated that the production of fengycin affect the
biocontrol ability of strain AL7.
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Tab]e 2 Comparison of COG Individual functional categories Core genome P value

assignments between B.

velezensis and B. subtilis strains B. velezensis B. subtilis
Energy production and conversion 166 169 0.6525
Cell cycle control, cell division, chromosome partitioning 31 31 0.7993
Amino acid transport and metabolism 245 271 0.7824
Nucleotide transport and metabolism 78 78 0.6849
Carbohydrate transport and metabolism 168 206 0.2395
Coenzyme transport and metabolism 172 185 1
Lipid transport and metabolism 73 74 0.7386
Translation, ribosomal structure and biogenesis 166 166 0.5342
Transcription 192 217 0.6447
Replication, recombination and repair 106 111 0.8899
Cell wall/membrane/envelope biogenesis 172 185 1
Cell motility 21 22 1
Posttranslational modification, protein turnover, chaperones 91 99 1
Inorganic ion transport and metabolism 148 159 1
Secondary metabolites biosynthesis, transport and catabolism 58 41 0.04253
General function prediction only 313 344 0.8045
Function unknown 307 345 0.6191
Signal transduction mechanisms 84 89 0.9385
Intracellular trafficking, secretion, and vesicular transport 27 26 0.7827
Defense mechanisms 54 57 0.9239

P value: Fisher’s exact test

Discussion

In the present study, biocontrol strain AL7 displayed signifi-
cant inhibitory effect on V. dahliae in plate and greenhouse
condition. However, the control efficiency of biocontrol
strains is influenced by several factors, such as environmen-
tal conditions, colonization, inoculation methods, and anti-
fungal compound production (Tan et al. 2019). For exam-
ple, environmental conditions could affect the efficacy of
endophytes under field conditions, despite biocontrol strain
have displayed strong in vitro suppression against the plant
disease (Martin et al. 2015). Therefore, we need to check the
biocontrol efficacy of B. velezensis AL7 in different field.
In addition, plants and communities of microorganisms that
play important roles for the host’s development and health
have co-evolved. (Berg et al. 2017). It is reported that phage
treatment did not affect the existing rhizosphere microbi-
ome and enriched some bacterial species that were antago-
nistic toward Ralstonia solanacearum (Wang et al. 2019).
Moreover, how does Bacillus control plant diseases through
regulating the microbial community and we could learn the
relationship between Bacillus and community structure to
understand the mechanism of Bacillus and to apply it in the
agricultural production.

Previously, the definitive relationship of these strains is
very difficult to obtain. Because of many Bacillus strains
show very similar phenotypic and physiological properties

and 16S rRNAs gene sequences. With the development of
sequencing technique, more and more genome sequence
have been published. The constructed species tree based on
genome sequence will help us to correct and improve the
taxonomy of strains. For example, strains CECT 8237 and
CECT 8238 are classified as B. subtilis based on 16S rDNA
and metabolic profiles. While, the two biocontrol strain were
identified as B. amyloliquefaciens group using 11 conserved
protein sequence (Magno-Perez-Bryan et al. 2015). In the
study, we identified that strain AL7 belongs to B. velezen-
sis by using 16S rDNA and core-genome sequence (Fig. 3
and Figure S3). Meantime, B. amyloliquefaciens group
strains were divided into three taxonomic units that could
be regarded as ‘subspecies’, they were re-classified into other
species through the phylogenomic analysis. A phylogenetic
tree was constructed using core-genome sequence and
divided into three tightly linked branches, including three
species (Wu et al. 2015; Fan et al. 2017a, b). Confirming the
taxonomic status of Bacillus using whole-genome sequence
would likely contribute to further insights into their phylog-
eny and adaptation.

To determine the specific traits of Bacillus strain, we
selected four Bacillus strains for comparative genome analy-
sis. We found that B. velezensis strains possess more specific
genes than B. subtilis genes (Fig. 5B). Furthermore, compar-
ison of the core genome between B. velezensis and B. subtilis
strains based on COGs database displayed that the genes
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Fig. 6 Antagonistic activities of B. velezensis AL7 and its mutant
against cotton Verticillium wilt. A 300 uL of V. dahliae spores (10°
conidial/mL) was added on the plate and 2 uL of AL7 and AfenA also
was added in the center of PDA plate. Obvious inhibition zones were
observed after cultivation at 28 °C for 3 days. B Investigation of the
inhibition zones of AL7 and mutant against V. dahliae. Data are the
average inhibition zone region of three triplicates + the standard devi-
ation of three independent assays. *Represented that there are signifi-
cantly different (P value <0.05) according to ¢ test

participated in secondary metabolites were more abundant
in B. velezensis strains (Table 2). Genomic and evolutionary
features of B. velezensis and B. subtilis are obtaining great
attention because of their potential in agriculture. B. velezen-
sis and B. subtilis comprise an evolutionary compact (Zhang
et al. 2016), but their phenotypic difference remains unclear.
Secondary metabolism possesses multiple functions, includ-
ing antifungal activities, motility, and biofilm formation
(Luo et al. 2015). The major adaptive colonization strategies
of Bacillus strains are motility and biofilm formation in new
environments (Zhao et al. 2017). We should compare the
antifungal activities and colonization abilities of B. subtilis
and B. velezensis strains isolated from the same environment
in further research. However, interactions and competitions
between organisms usually have been happening in rhizos-
phere which is the highly dynamic font; microbes within the
environment have to compete with each other for resources,
by nutrient/space competition and direct suppression (Zhang
et al. 2016). Plant-associated strains hold more intermediary
metabolism and secondary metabolites biosynthesis genes
when compared with non-plant-associated strains (Zhang

@ Springer

et al. 2016). Overall, different species and strains from dif-
ferent source display the enrichment of functional genes,
especially those involved in secondary metabolism. Second-
ary metabolism also plays a vital role in the plant-bacteria
interaction. We are also interested in the difference between
endophyte and non-endophyte strains to help us to under-
stand the evolutionary relationship of Bacillus strain.

We found that fengycin gene cluster from biocontrol
strain B. velezensis AL7 plays an important role in inhibit-
ing V. dahliae (Fig. 6). Iturins can induce cell death in V.
dahliae and serve as activators to induce the expression of
some defence genes in cotton plants (Han et al. 2015). In the
current study, we compared the B. velezensis and B. subtilis
strains and found their difference. Based on the mentioned
results, B. velezensis strains may have good control effect
than B. subtilis strains. We also need to compare the efficacy
of different Bacillus species. Meantime, we should focus
on the iturin gene cluster to study the function of the gene
cluster in the inhibition effect of B. velezensis AL7 against
cotton Verticillium wilt. Our results revealed that the strain
AL7 exhibits broad spectrum antifungal activities and con-
tains genes related to antibiotic production. Importantly, the
fengycin gene cluster of strain AL7 has an effect against
cotton Verticillium wilt. Further research on the biocontrol
mechanisms of this beneficial strain will aid the develop-
ment of biocontrol agents for plant diseases.
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