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Abstract The numerous bioactive components from Bacillus subtilis are commonly used as antimi-

crobial agents for reducing plant diseases caused by fungal pathovars. In this study, we isolated and

identified B. subtilis SI-18 strain from twenty isolates of rhizosphere soil through morphological and

molecular approaches, and explored its inhibitory activities against Rhizoctonia solani. According to

morphological features and 16S rRNA and gyrB gene sequence analysis, B. subtilis SI-18 strain was

identified. Additionally, the culture filtrate of B. subtilis SI-18 resulted in the suppression of R.

solani mycelium growth and material leakage from the cells. Then, we have performed homology

modelling and molecular docking study of S9 protein from R. solani where three potential com-

pounds (D1, D2, and D3) were identified among 134 antimicrobial compounds derived from B. sub-

tilis group based on higher binding energy and interaction at the active grove of the target protein.

The D1 compound creates alkyl bond at Val48 whereas D2 also binds with Val48 by creating

hydrogen bond. On the other hand, two hydrogen bonds were observed at Val48 and Ile52 by

D3, which might be responsible for possible blocking of the target S9 protein of R. solani. To val-

idate the docking study and understand the change in drug-ligand conformation, molecular dynam-

ics simulation was assessed where rigid conformation was found for D1, D2 and D3 complexes.

Moreover, ADMET study confirms that no toxicity and carcinogenicity were found for screened

compounds. Based on our studies, we demonstrated that compounds D1, D2, and D3 derived from

B. subtilis can be a potential inhibitor of S9 protein of R. solani that might be a possible strategy for

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.09.044&domain=pdf
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fungal disease prevention.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The prevalence of systemic microbial infection has dramati-
cally increased over the past decades, owing to the rising num-

ber of immunocompromised hosts. Meanwhile, nearly every
microbial communities acquire resistance to eligible drugs over
several years. So, the available anti-microbial drugs are either
less effective or inadequate (Frieri et al., 2017). For these rea-

sons, researchers are required for alternative antimicrobials or
active compounds that offer feasible candidates to reduce mul-
tiple plants, animal and human-related diseases. Favourable

bacteria are stated to be able to suppress phytopathogenic fun-
gal growth by various approaches that induce plant cell
immune response, including thickening of the cell wall

(Benhamou et al., 1996), active oxygen bursts (Lu et al.,
2017), deposition of callose, and enzyme accumulation dealing
with the protection (Yang and Li, 2011). In order to thrive in
unfavourable conditions, plants must exhibit a range of defen-

sive mechanisms that allow them to ignore injuries to the tissue
when microbes invade (Porter, 1985). In our lab, we screened
many potential resistant genes from cDNA libraries using

the B. subtilis expression system, as this system is a valuable
method for acquiring resistant gene expression (Fu et al.,
2020; Kong et al., 2018; Wu et al., 2020), but this technique

is very time-consuming and confronts several hurdles through-
out the testing. On account of this, in silico modelling
approach was done to detect broad-scale antimicrobial pep-

tides or compounds derived from B. subtilis species (Qutb
et al., 2020). The primary goal of in silico molecular study is
to identify bigger compounds databases into a smaller subset
of expected bioactive compounds, allowing the optimization

of key compounds by enhancing pharmacological activity
(such as ADMET and affinity) and bind a nucleating site by
integrating segments with optimized roles (Kapetanovic,

2008). However, many bioinformatics tools have been used
to identify antimicrobial compounds from databases, includ-
ing PubChem, ChEMBL-EMBL-EBI (Jinal and Amaresan,

2020).
The Bacillus genus comprises 541 species of rod-shaped

Gram-positive bacteria (https://www.bacterio.net/genus/Bacil-

lus). Their tendency to develop endospores, their variety in

morphological features and ability to generate various bioac-
tive substances (AMCs) facilitate widespread distribution of
arthropods and mammals in the soil, aquatic ecosystems, food
and gut microbiome (Nicholson, 2002). The bacterial commu-

nity of B. subtilis forms tiny vegetative cells (<1 to 0.5 lm
wide) for which the strain B. subtilis 168 is considered as a
model host (Belda et al., 2013). They are usually mesophilic

and neutrophilic, although some can survive high pH condi-
tions. For decades, the ability of B. subtilis community strains
is to develop a broad range of antibiosis-mediating bioactive

compounds. It is now estimated that almost 5% of its genome
is dedicated to the formation of secondary metabolites for any
specific strain of the B. subtilis group (Stein et al., 2002). Most

of those substances are antimicrobial peptides (AMPs). Their
structures are typically cyclic, hydrophobic and contain unu-
sual moieties including D-amino acids (AA). In addition to

AMPs, volatile substances also form a broad family of antimi-
crobial drugs which exhibit different metabolic and opera-
tional responsibilities. In recent time, Bacillus species

derived bioactive substances which provides a much more effi-
cient and eco-friendly supplement to soil-borne and other crop
diseases (Sun et al., 2017). Many studies have also stated that

rhizosphere species are ideal candidates for the control of cer-
tain adverse conditions responsible by R. solani on different
crop such as rice, wheat, maize, tomato etc. (Ma et al., 2015;
Muis and Quimio, 2016; Yu et al., 2017; Akinrinlola et al.,

2018).
Plants must deal with a range of biotic and abiotic stress

conditions when growing and evolving. For example, the ubiq-

uitous soil-borne microbe R. solani along with plants is respon-
sible for significant damage to many of the financially
important agricultural and horticultural crop worldwide

(Dean et al., 2012; Jia et al., 2007). R. solani strains grow any-
where and tend to be saprophytic and infectious to over 500
host plants. Sclerotia-dormant types of plant pathogens are
immune to the severity of the climate and allow negative

impacts to persist in the fungus (Kai et al., 2007). In China,
the occurrence of the infection caused by R. solani is 10% to
30% overall in years and up to 50% in severe cases (Feng

et al., 2017). Unfortunately, while the pathogen causes signifi-
cant economic loss in many plants leading to decreased yields,
there is presently no successful pathogen management

approach feasible.
The S9 (40S ribosomal) protein acts a crucial role as initia-

tion factors that resembles a primary rRNA-binding protein

molecule which facilitates messenger RNAs scanning and pro-
tein synthesis initiation (Dharni et al., 2014). The ribosomal
protein S9 is a vital protein located on the mRNA entry tunnel
into the ribosome and performs an adequate function in the

decoding process. Lindstrom and Zhang revealed that protein
S9 is necessary for normal cell development and expansion, as
degradation of S9 has led to reduced protein synthesis related

with G1 cell cycle arrest (Lindström and Zhang, 2008). Recent
evidence has shown that ribosomal protein S9 is found in the
mRNA entry tunnel in the ribosomes and is engaged in mRNA

translation regulation, probably termination of the translation
(Pnueli and Arava, 2007). Further research on a particular
antifungal agent targeting translation phase inhibition which

has the effect of blocking protein synthesis and eventually its
role will be of substantial concern for the future.

In this study, we screened out a total of twenty Bacillus
strains and isolated the most prominent B. subtilis strain SI-

18 that explored potential antimicrobial activity against R.
solani and also demonstrated the mechanism of action of three
B. subtilis derived compounds (D1, D2 and D3) inhibiting 40S

ribosomal S9 protein of R. solani via docking strategies.

http://creativecommons.org/licenses/by/4.0/
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2. Material and methods

2.1. Collection of plant materials and culture of pathogens

The rhizosphere soil samples were collected from the wheat
fields of Huazhong Agricultural University, Wuhan, Hubei

Province, China. One gram of each soil samples were homog-
enized in 100 mL Erlenmeyer flasks containing 10 mL saline
solution (0.006 mM FeSO4 7H2O; 0.01 mM CaCO3 7H2O;

0.08 mM MgSO4 7H2O; pH 7.0) and shaken at 200 rpm for
2 h to release the Bacillus cells from the colloidal fraction of
the soil (Polanczyk, 2004). Then serially diluted (10�5 and
10�10, 100 lL) samples were taken and spread over the lyso-

genic broth (LB) agar plate (10 g of tryptone, 5 g of yeast
extract, 10 g of NaCl, 20 g of agar 20 g prepared in
1000 mL of distilled 1000 mL where the pH was maintained

at 7.3) and finally incubated the plates at 37 �C for overnight.
On LB agar medium, the different morphological characteris-
tics of the bacterial isolates were selected and purified (Verma

et al., 2015). The optical density (OD) of the overnight liquid
culture were measure of 1.7 at 600 nm. R. solani was cultivated
at 28 �C on PDA (Potato dextrose agar) media (200 g of
potato, 20 g of glucose, 20 g of agar, 1000 mL of distilled

water, pH neutral) for three days in the dark.

2.2. Antagonistic assay of endophytic bacteria against R. Solani
isolates

The isolated soil bacterial samples were re-streaked with simi-
lar media onto the new plates to ensure decontamination. By

using the dual culture method, bacterial isolates were screened
against R. solani (Zhang et al., 2017). To measure the bacterial
effective inhibitory concentration and their viability, we inocu-

late the same number of bacterial cells into the PDA plates. In
the meantime, the different strain cells (equal quantity) OD
can also be calculated at 600 nm and roughly we obtained
the similar number of cells. According to this findings, we

assumed that the same number of cells of different strains
should have the same viability. In our study, we placed 1 lL
overnight bacterial isolates culture in the 2.5 cm edge of the

PDA plates and incubated for 16 h at 25 �C. The next day
5 mm of R. solani fungal mycelium disks were placed in the
center of each dish, where only R. solani fungal inoculated

plate was considered as a ck (control). Each treatment was
Table 1 Primers used for polymerase chain reaction (PCR) amplifi

Target

gene

Primer

name

Primer sequence PCR condit

16S

rRNA

(1490 bp)

27-F

1492-R

50-
AGAGTTTGATCCTGGCTCAG-

30

50-GGTTACCTTGTTACGACTT-

30

95 �C for 5 m

72 �C for 10

gyrB

(1200 bp)

gyrB-F

gyrB-R

50-
GAAGGCGGNACNCAYGAAG-

30

50-
CTTCRTGNGTNCCGCCTTC-30

95 �C for 1 m

72 �C for 5
performed in triplicate and repeated the assay twice. The cul-
tures were placed in an incubator at 25 �C under dark condi-
tion before the pathogen completely covered the control

plates. The inhibitory ability was used to determine the antag-
onistic nature of bacterial isolates (Khedher et al., 2015). For
further experiments, Bacillus isolates which exhibited the

highest antimicrobial potential against R. solani were selected.
The inhibition rate was computed using the following
equation:

Rate of inhibition ð%Þ ¼ ½ðcontrol pathogen diameter�
treatment pathogen diameterÞ

=control pathogen diameter� � 100:
2.3. Molecular identification of SI-18 isolates

A universal primer pairs 27F/1492R was used to hybridize two

conserved regions in 16S rRNA genes to amplify the 16S
rRNA region, and multilocus sequence analysis (MLSA) was
conducted with one housekeeping gene fragments such as

DNA gyrase subunit B (gyrB) by using gyrB-F/gyrB-R primer
pairs to investigate the relation between B. subtilis and refer-
ence strains (Tan et al., 2019; Wang et al., 2007). The volume
of PCR reactions was as follows: DNA template 1 lL, PCR
buffer 5 lL (10x), dNTPs 4 lL (4 mmol/L), MgCl2 3 lL
(25 mmol/L), each primer 1 lL (1 mmol/L), Taq polymerase
0.5 lL (1.25 U) and double distilled water 34.5 lL. Each pri-

mer sequence and PCR conditions are listed in Table 1. In
order to achieve the emergence of a single product of the pre-
dicted size, 1% agarose gel was used to run the PCR products.

For PCR product purification, the QIA-quick PCR purifica-
tion kit was used and sequenced done by Wuhan Tianyi
Huiyuan Biological Technology Co., Ltd, Hubei, China.

Nucleotide sequence homology enquiries were conducted via
GenBank online search engine BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). The nucleotide sequences of 16S rRNA
and gyrB gene were deposited in the GenBank database, and

the accession numbers were received (MT598066 and
MW008865). For phylogenetic analysis, multiple sequence
alignments and comparisons with reference strain for each of

the genes were performed through the help of CLUSTALW
and MEGA7 tools. All the sequences were aligned using
MEGA7 (Kumar et al., 2016) multiple alignment output by

the UPGMA method (Mohkam et al., 2016). The pairwise
cation and PCR conditions.

ions

in; 94 �C for 30 s, 53 �C for 30 s and 72 �C for 30 s (30 cycles); and at

min in final extension

in; 94 �C for 30 s, 60 �C for 30 s and 72 �C for 30 s (30 cycles); and at

min in final extension

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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alignment parameters in MEGA7 software with following
parameter gap opening penalty 16, extension penalty 6.67,
delay cutoff 35%, and transition weight of DNA 35%; weight

matrix IUB with 1000 bootstrap replicates. Nucleotide missing
or fragmented data for every gene were erased (Kumar et al.,
2016). A bootstrap analysis was also done for the determina-

tion of the statistical value of internal nodes in the phyloge-
netic tree. The corresponding sequence accession numbers
are listed in Supplementary Table S1 for constructing phyloge-

netic tree analyses.

2.4. Effects of B. Subtilis SI-18 cultures on R. Solani mycelial
growth

The isolate was inoculated into 50 mL LB medium and
inserted in a 170 rpm rotary shaker at 30 �C to identify degra-
dation of the SI-18 culture filtrate against pathogenic R. solani

fungus. The bacterial suspension was collected after overnight
cultivation and centrifuged at 10,000 � g for 10 min at 4 �C.
The precipitate was filtered with a 0.22 mm on filter sheet.

Afterwards, the mycelium of R. solani was placed on PDA
and filled with medium sheet agar, and then with the help of
punch loops in the fungus-coated layer to obtain a 5 mm diam-

eter R. solani mycelia disk. R. solani mycelium around 5 mm in
diameter was diluted with SI-18 supernatant and incubated for
24 h at room temperature. As a control, the sterile water was
added with about the same length of mycelium. Each treat-

ment of the procedure was replicated 3 times. Finally,
the sample was examined under a light microscope to detect
changes in the mycelium (ZEISS, Germany).

2.5. Protein preparation and quality prediction

The crystal structure of the S9 (40S ribosomal) protein of R.

solani was not found in the database (https://www.rcsb.org/).
Hence we have employed a homology modelling method to

get the hypothetical protein structure from SWISS-MODEL
(Guex and Peitsch, 1997; Schwede et al., 2003). The amino acid
sequence of the protein was retrieved from the NCBI database

(http://ncbi.nlm.nih.gov/) (Geer et al., 2010) with an accession
number ABE68880. The crystal structure of eukaryotic ribo-
some (4 V88) with A chain (2–186 sequence) with 3Ǻ resolu-

tion was used as a template. Furthermore, the model protein
was subjected to energy minimization in the SWISS PDB
Viewer software package to remove clashes among the atoms

(Kaplan and Littlejohn, 2001). Finally, the quality of the
model protein was assessed through Ramachandran plot anal-
ysis (Sheik et al., 2002), Verify3D (Eisenberg et al., 1997), and

ERRAT (Colovos and Yeates, 1993) to check structural cor-
rectness. The active site of the predicted homology model pro-
tein was determined through COACH webserver (Yang et al.,

2013).

2.6. Ligand preparation

For docking analysis, about 134 compounds were studied

based on literature review, and all of the ligand molecules were
antimicrobial compounds from B. subtilis (Supplementary
Table S2) (Caulier et al., 2019). Among them, the compound

CID-12754692 (3-Pentanone), CID-75581
(1-Methylideneindene), CID-31404 (2,6-Ditert-butyl-4-
methylphenol) was denoted as D1, D2, and D3 were taken
for docking analysis based on their binding affinity. The struc-

ture was extracted from the PubChem database as sdf format
(Kim et al., 2016). The mmff94 force field exposed the ligand
molecules to energy minimization (Halgren, 1996).

2.7. Molecular docking

Molecular docking study was carried out using AutoDock

Vina (Forli et al., 2012; Goodsell et al., 1996; Trott and
Olson, 2010) and Pyrx, to identify the potential small molecule
inhibitors against S9 protein of R. solani. The energy mini-

mization process was achieved via the field of universal force
and the algorithm of the conjugating gradient. By default,
the total number of steps and the existing steps for the update
was set. The structure of proteins and ligands was translated to

PDBQT format. The center of the grid box was set as (X:
265.411, Y:49.93, Z: 271.258) Ǻ while the dimension was (X:
53.68, 47.774, Z:70.108) Ǻ. The non-bonded interactions were

explored via Discovery studio (Inc, 2012) and Pymol software
package (DeLano, 2002).

2.8. Molecular dynamics simulation

The molecular dynamics (MD) simulation study was incor-
porated via YASARA dynamics software (Krieger et al.,
2004). The docked complex was cleaned, and AMBER14

force field was applied (Dickson et al., 2014). A cubic sim-
ulation cell was created with a cell size of (92.80 � 92.80
� 92.80) Å. For short-range van der Waals and Coulomb

interactions, a cut-off radius of 8�Awas considered. For
long-range electrostatic interaction, the Particle Mesh Ewald
method was applied (Krieger et al., 2006). The Berendsen

thermostat was used for maintaining the temperature of
the simulation trajectory. The total physiological condition
of the simulation system was set as (temperature 310 K,
0.9% NaCl and pH 7.4). The simulation trajectory was

saved after 100 ps interval to analyze the simulation data.
Finally, the docked complex was simulated for 30 ns to ana-
lyze RMSD, RMSF, SASA and Rg (Islam et al., 2019;

Mahmud et al., 2020).

2.9. ADMET properties prediction

AdmetSAR online database was utilized to predict the absorp-
tion, metabolic characteristics, and toxicity of two selected
compounds (Cheng et al., 2012). Simplified molecular-input

system (SMILES) and structure data file (SDF) used as an
input format in the database to predict the properties of the
selected compounds.
2.10. Statistical analysis

The data were supplied using mean ± standard deviation (SD)
and calculated using SAS (version 8.1, 2017) via analysis of

variance (ANOVA). In addition, t-tests were done to find
out the mean between any two treatments at a significance
level of p < 0.05.

https://www.rcsb.org/
http://ncbi.nlm.nih.gov/


Table 2 Inhibitory effects of B. subtilis isolates against R.

solani.

Isolates Inhibition rate (%) Isolates Inhibition rate (%)

SI-1 30.85 ± 0.33 h SI-11 32.25 ± 0.54 e

SI-2 33.28 ± 0.44 e SI-12 32.33 ± 0.61 e

SI-3 36.52 ± 0.37 b SI-13 36.45 ± 1.02 b

SI-4 31.11 ± 0.63 f SI-14 27.26 ± 0.37 j

SI-5 31.10 ± 0.59 f SI-15 31.50 ± 0.48 g

SI-6 29.25 ± 0.76 h SI-16 29.88 ± 0.36 h

SI-7 35.50 ± 0.83 c SI-17 33.08 ± 0.81 e

SI-8 34.25 ± 0.11 d SI-18 44.22 ± 1.03 a

SI-9 36.17 ± 0.42 b SI-19 34.73 ± 0.82 d

SI-10 32.76 ± 0.60 e SI-20 35.66 ± 0.27 c

(a-j) Small letters are for comparison of means in the same column.

Data are means of three replicates (n = 3).
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3. Results and discussion

3.1. Isolation, screening and morphological features of B. subtilis

SI-18 strains

A total of 20 rhizosphere soil Bacillus strains were isolated
from the wheat field that exhibited potential inhibitory effects
against R. solani (Table 2). To assess their antagonistic action
against R. solani fungal isolates, the dual-culture approach was

applied. Among those strains, the highest antimicrobial poten-
tial against R. solani was observed in SI-18. For further stud-
ies, strain SI-18 was selected. The strain SI-18 colony was

yielded motile, purple, rod-shaped, and small to medium size
clumps on the LB agar plates (Fig. 1a). The microscopic obser-
vation under 100X magnification showed that SI-18 strain was

rod-shaped and purple colour which confirmed isolated strain
was Gram-positive bacterium (Fig. 1b). Throughout this
experiment, strain SI-18 had a noticeable antimicrobial effect

on R. solani with an in vitro inhibition rate of 44.22%. Most
notably, strain SI-18 inhibition levels against pathogens were
far higher than others. These results indicated that strain SI-
18 is a broad-spectrum antagonistic agent with possible imple-

mentations for fungal disease control. From the above find-
ings, we speculated that rhizosphere-growing microorganisms
can play a crucial function in plant protection and are poten-

tial sources of antimicrobial agents (Fan et al., 2016). Through
Fig. 1 (a) B. subtilis SI-18 colony morphology on LB agar

plates. (b) Gram staining microscopic observation of SI-18 strain

(100x magnification), Bar = 50 lm.
the use of synthetic pesticide to mitigate the plant-fungal dis-
ease has been restricted due to drug resistance, contamination
of the atmosphere and prohibited for use in organic farming

(Wu et al., 2019). The several studies stated that B. subtilis
has active bio-control agents that substantially prevent the
growth of R. solani fungi (Huang et al., 2017; Islam et al.,

2012; Mnif et al., 2016).

3.2. Molecular identification of B. subtilis SI-18 strain

Using 16S rRNA gene sequencing and the MLSA method,
molecular identification of the SI-18 strain was carried out.
Sequencing reactions performed with two sets of primer pairs

(27F/1492R and gyrB-F/gyrB-R) and amplified �1490 bp
and �1200 bp fragments , respectively (Supplementary
Fig. S1). To find out the best sequence homology, and the evo-
lutionary relationship of the B. subtilis strains, the BlastN

search in the NCBI database was applied. It showed 99%
homology from the NCBI database with B. subtilis strain
BCRC 14,716 (EF423595.1). The phylogenetic trees of the 13

Bacillus strains built from the 16S rRNA and gyrB gene
sequences are shown in Fig. 2. Using the UPGMA method,
the gyrB gene sequence generated a data set and showed

100% sequence similarity with corresponding sequences of
reported B. subtilis strains (GenBank accession numbers:
MG025594.1, JX513923.1, KF224942.1, and MN662266.1).
All the B. subtilis strains formed a monophyle clade with

100% bootstrap support and 99.6–100% of the gyrB gene
sequence similarities were found among them. From the phylo-
genetic analysis based on these two gene cluster sequences,

more than 99% of the 16S rRNA gene sequence similarity
was speculated where the gyrB gene exhibits 100% sequence
similarity which indicates that the gyrB gene is a better genetic

marker for the analysis of phylogenetic and taxonomic corre-
lations at the species level in B. subtilis group.

3.3. Suppression of R. solani mycelium growth using B. subtilis
SI-18 culture filtrates

The degradation of R. solani mycelium growth by the SI-18 fil-
trate was visualized using a light microscope. The findings

exhibited high vascularization, drainage on protoplasm, injury
to the cell wall and pathogen deformation as compared with
the controlled growth (Fig. 3a) treated with SI-18 filtrate after

16 h on pathogenic hyphae (Fig. 3b). A significant number of
abnormal expansion, misalignment, and rupture of R. solani
mycelium were likely to be attributed when treated for 24 h

(Fig. 3c). Various Bacillus spp. have been reported as possible
antimicrobials for plant disease (Ali et al., 2016; Gu et al.,
2017). They have antagonistic features because such microor-

ganisms generate bioactive components of broad-spectrum
level (Huang et al., 2014). Secondary metabolites from Bacillus
defend plants by either directly suppressing the pathogens or
by enhancing systemic resistance (ISR) in the host organism

(Asaka and Shoda, 1996). SI-18 demonstrated antagonistic
to R. solani in this analysis. This study revealed that the SI-
18 strain could secrete a large number of antimicrobial com-

pounds. In terms of understanding the mechanisms of biolog-
ical regulation via the PubChem database, we tried to predict
the antifungal substances obtained by B. subtilis and incorpo-

rate them into the docking studies.



Fig. 2 Phylogenetic tree showing the evolutionary relationship based on 16S rRNA (a) and gyrB (b) gene sequences among 13 Bacillus

and our isolated strains. The trees were constructed using the UPGMA method. The bootstrap values (n = 1000) higher than 50% are

visible at the internodes in the tree, and evolutionary distances were calculated using the p-distance method. As the outer group, Vibrio

rotiferianus was used.

Fig. 3 The suppression of mycelial growth of R. solani by SI-18 strain filtrates in different treatments. (a) control, (b) 16 h and (c) 24 h

time intervals.
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3.4. Homology modelling

The three-dimensional structure of 40S ribosomal protein S9
of R. solani was predicted from the SWISS-MODEL server.
The sequence identity was found as 77.14% between template

and model structure, and sequence coverage was 0.99. How-
ever, the protein structure derived from SWISS-MODEL
was not ready to use for docking study; hence the model struc-

ture was subjected to energy minimization. After that,
MolProbity Ramachandran plot analysis revealed the hypo-
thetical protein had 155 (90.1%) amino acid in the favoured
region, 12 (7%) in the allowed region and 5 (2.9%) in the out-
lier zone which once again verified the consistency of the pre-

dicted S9 protein model (Fig. 4). Furthermore, the protein
quality was found as 82.5806% in ERRAT, and maximum
amino acid residue of the model protein was below 99% error

and 95% warning threshold. These results suggest a high reso-
lution of the protein structure and better protein quality
(Fig. 5). Three-dimensional structure of protein complexes

was illustrated in Supplementary Fig. S2 (obtained from
SWISS-Model). The protein synthesis is primarily based on
the ribosome, where genetic codes are converted into proteins



Fig. 4 Ramachandran plot analysis of the predicted S9 protein of R. solani where 90.1% residues are found in the favoured region.
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while their roles vary in the process of translation of prokary-

otes and eukaryotes (Gkarmiri et al., 2015). The ribosomal
protein S9 has become well known for its diverse functions,
such as an indicator of nucleolar localization and its involve-
ment in many tumour forms, and can play a vital role in ribo-

some assembly by connecting and strengthening r-proteins and
encouraging their interaction with rRNA influences rDNA
transcription (Lindström and Zhang, 2008). This S9 protein
Fig. 5 ERRAT analysis of
is also known to correspondence with ribosomal subunits

(both small and large) (Yu et al., 2006). However, during the
phase of disease progression, 40S ribosomal protein S9 from
R. solani links to the fully mature rRNA where it attached
spontaneously to the 50 ends of the 16S rRNA resulting in

complications in plant growth (Gerstner et al., 2001). To
reduce this drawback, we carried out molecular docking of
134 compounds and based on binding affinities best three
the hypothetical protein.



Fig. 6 The top binding pose obtained by molecular docking simulation both in 2D binding pose and 3D docked pose of the D1, D2 and

D3 complex (a,b,c). Residues involved in interactions with van der Waals, alkyl, Pi-alkyl, and Pi-Pi T-shaped are illustrated in various

colors shown in the inset.

Identification and in silico molecular modelling study 8607



Table 3 Non-covalent interaction between ligand molecules and target protein where, A-Alkyl, H-Hydrogen, PA-Pi-alkyl, PPT-Pi-Pi-

T-Shaped bond.

Compound Binding energy(Kcal/mol) Amino acid residue Distance Bond type

D1 �8.2 Phe104

Ile83

Val147

Arg79

Leu80

Val48

5.14

4.23

4.70

4.26

4.29

5.36

PPT

A

A

A

A

A

D2 �8.4 Arg44

Leu42

Val48

Phe104

Ile45

Val48

Val147

Ile83

Arg107

Val85

1.88

2.2

1.86

2.98

4.61

4.30

4.81

5.12

4.86

4.77

H

H

H

H

A

A

PA

A

A

A

D3 �8.2 Val48

Ile45

Ile52

Ile83

Leu80

Val147

Phe104

1.80

2.69

2.24

2.76

2.14

3.87

4.62

H

H

H

H

H

A

PA
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ligand molecules, D1, D2, and D3 compounds from the bacte-
ria B. subtilis was screened.

3.5. Molecular docking

Molecular docking calculation was performed in AutoDock

Vina, where the best three ligand candidates were selected
based on binding affinity. The D1 compound had �8.2 Kcal/-
mol energy in docking study and showed notable non-bonded

interaction with 40S ribosomal protein S9 of R. solani. Besides,
one Pi-Pi-T-shaped interaction at Phe104 and five alkyl bonds
at Ile83, Val147, Arg79, Leu80, and Val48 was seen in D1 and
protein complex (Fig. 6a and Table 3). On the other hand, D2

ligand molecules had four hydrogen bonds at Arg44, Leu42,
Val48, and Phe104. Moreover, Ile45, Val48, Ile83, Arg107,
and Val85 created an alkyl bond for D2, whereas a single pi-

alkyl bond was formed in Val147 (Fig. 6b and Table 3). How-
ever, a similar binding pattern was observed for D3 complex
where five hydrogen bond was found at Val48, Ile45, Ile52

and Ile83 and Leu80. This D3 and 40S ribosomal protein S9
of R. solani also stabilized by one alkyl bond at Val147 and
one pi-alkyl bond at Phe104 (Fig. 6c and Table 3). Identifica-

tion of the hydrogen and hydrophobic interaction of the
biological complex widely applied due to fast and accurate pre-
diction and reduced lab cost (Bappy et al., 2020; Islam et al.,
2019; Mahmud et al., 2019). The COACH server predicts the

binding sites of the protein in Val48, Leu49, Ser50, Ile52,
Arg53, Arg54, Ala55, Ala56, Leu59. The literature suggests
that 1-hydroxyphenazine and 40S ribosomal protein S9 of R.

solani had non-covalent interaction in Leu76 and Arg69
(Dharni et al., 2014) residues whereas our study suggests more
non-bonded interactions against 40S ribosomal protein. More

importantly, previous studies had no interactions in the active
groove of the target protein, which is the key to possible inhi-
bition of the target protein (Dharni et al., 2014). In our study,

ligand molecules D1 and D2 had alkyl and hydrogen bond
with Val48, which belongs to the active pockets. Moreover,
two more non-bonded interactions (Val48 and Ile52) at the

active sites were found for D3 which suggests better binding
compared to the previous study. However, the non-bonded
interaction between ligand–protein complex gives insights

about possible binding interaction and helps to work on the
further molecular modelling process.

3.6. Binding stability and rigidity of the docking complex

The root mean square deviation of the docked complex ana-
lyzed to understand the stability and rigidity of the complex.
The RMSD descriptors of D1 and D2 complex were initially

followed the upper trend from 0 to 8 ns and stabilized subse-
quently. Although D3 complex had lower RMSD at the initial
phase, it also followed the same direction from 0 to 10 ns.

However, D3 complex had slightly higher RMSD value than
D1 and D2, but they did not over exceed and below than
2.5 Å. On the other hand, the root mean square fluctuations

(RMSF) was determined to understand the flexibility over
amino acid residue. Overall, maximum amino acid residue
exhibit lower RMSF peak except, Pro2, Arg3, Al4, Pro5,
Lys65, Lys120, Lys138, Gly166, Val172, Lys169, Arg175,

Ala174 residues. From Fig. 7 it was illustrated that the all three
docked complex D1, D2 and D3 complexes follow the same
aptitude. Moreover, the radius of gyration from the simulation

trajectory was evaluated to determine the degree of protein
compactness. The higher rg value tells the folding probabilities
of the protein whereas the lower radius of gyration value exhi-

bit compactness of the protein. The D1 and D2 complex has



Table 4 Pharmacological and toxicity prediction of the

screened compound.

Properties D1 D2 D3

Human Intestinal

Absorption

0.9944(+) 0.9746(+) 0.9928(+)

Blood Brain Barrier 0.9973(+) 0.9919(+) 0.9946(+)

Carcinogenicity 0.7451(NC) 0.6380(NC) 0.6286(C)

Hepatotoxcity 0.7500(NC) 0.6250(NC) 0.6790(NC)

Molecular Weight 220.31 g/mol 128.17 g/mol 220.36 g/mol

Number of H bond

Acceptor

2 0 1

Number of H bond

donor

1 0 1

‘+’ sign indicates the positive results; ‘–’ signs indicates the nega-

tive results; ‘NC’ indicates no-carcinogen whereas ‘C’ indicates

carcinogen.

Fig. 7 The molecular dynamics simulation of the docked complex. Here (a) root mean square fluctuations of the c-alpha atom of the

complex, (b) radius of gyration to understand the mobile nature of the complex, (c) solvent accessible surface area of the complexes, (d)

root mean square fluctuation to demonstrate the flexibility in the amino acid residue.
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more Rg value which indicates the more mobile nature of the

protein. However, the D3 complex had lower Rg than D1 and
D2 which indicates the tight packaging of the system. On the
other hand, the solvent-accessible surface area was determined

to understand the change in the surface area. The D1, D2 and
D3 complexes had initial fluctuation from the beginning which
indicates the increase of the docked complex surface area.

However, D1, D2 complex followed the same trend from 10
to 25 ns and thereafter increase the surface area. The D3 com-
plex has shrunken the surface area which illustrated in Fig. 7.

Overall, the stable nature of the protein–ligand complex was
observed in the MD trajectory which describes the complex
stability.

3.7. Pharmacological properties study

The potential ligand molecules need to pass several pharmaco-
logical and pharmacodynamics properties to ensure safety and
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efficacy. Herein, in silico ADMET prediction can act as a valid
alternative by offering fast and low cost. The docked ligand
was assessed through ADMETSAR tools to calculate absorp-

tion, toxicity, donor and acceptor of the hydrogen bond, and
molecular weight. All the ligand molecules showed a positive
response towards the blood–brain barrier and human intesti-

nal absorption probability. Similarly, D1, D2, and D3 mole-
cules have no toxic profile on the hepatotoxicity scale,
although the D3 compound had a positive response on the

carcinogenicity scale (Table 4). However, many drugs have
been considered till now despite having carcinogenicity profile
or any violation in pharmacological properties assessment.

4. Conclusions

In conclusion, soil-borne pathogenic fungi R. solani strains

are responsible for the severe loss to economic crops
across the globe. Bacillus species play a significant role
in minimizing these drawbacks, as it has many bioactive
components. In this study, we identified SI-18 strain from

twenty different soil samples and predicted the Bacillus
D1, D2, and D3 compounds as potential inhibitors for
S9 protein of R. solani. Finally, a comprehensive molecular

docking approach used to recognize key residues responsi-
ble for the possible dynamics of R. solani S9 protein inhi-
bition and interaction.
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