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Peribacillus castrilensis sp. nov.: A
Plant-Growth-Promoting and
Biocontrol Species Isolated From a
River Otter in Castril, Granada,
Southern Spain

Miguel Rodriguez’, José Carlos Reina’, Inmaculada Sampedro’, Inmaculada Llamas "**
and Fernando Martinez-Checa "2

" Department of Microbiology, Faculty of Pharmacy, University of Granada, Granada, Spain, ? Biomedical Research Centre
(CIBM), Institute of Biotechnology, University of Granada, Granada, Spain

A strictly aerobic, chemoheterotrophic, endospore-forming, Gram-positive, rod-shaped
bacterial strain N3T was isolated from the feces of a river otter in Castril (Granada,
southern Spain). It is halotolerant, motile, and catalase-, oxidase-, ACC deaminase-,
and C4- and C8-lipase-positive. It promotes tomato plant growth and can reduce
virulence in Erwinia amylovora CECT 2227 and Dickeya solani LMG 25993 through
interference in their quorum-sensing systems, although other antagonistic mechanisms
could also occur. A phylogenetic analysis of the 16S rBNA gene sequence as well as the
phenotypic and phylogenomic analyses indicated that the strain N3T is a novel species
of the genus Peribacillus, with the highest 16S rRNA sequence similar to that of Bacillus
frigoritolerans DSM 88017 (99.93%) and Peribacillus simplex DSM 13217 (99.80%).
Genomic digital DNA-DNA hybridization (dDDH) between the strain N3" and Bacillus
frigoritolerans DSM 88017 and Peribacillus simplex was 12.8 and 69.1%, respectively,
and the average nucleotide identity (ANIb) of strain N3T and Bacillus frigoritolerans
DSM 8801T and Peribacillus simplex was 67.84 and 93.21%, respectively. The genomic
G + C content was 40.3 mol%. Its main cellular fatty acids were anteiso-C45.9 and
iso-C15:0. Using 16S rRNA phylogenetic and in silico phylogenomic analyses, together
with the chemotaxonomic and phenotypic data, we demonstrated that the type strain
N3T (=CECT 30509" = LMG 32505") is a novel species of the genus Peribacillus and
the name Peribacillus castrilensis sp. nov. is proposed.

Keywords: Peribacillus castrilensis, river otter, new species, plant-growth promoting species, phytopathogen,
quorum quenching

INTRODUCTION

Considerable economic losses in agriculture are caused every year in a wide range of crops
worldwide by the diseases caused by the plant bacterial pathogens (Kannan et al., 2015; Martins
et al., 2018). To combat these infections, chemical pesticides and antibiotics have been used for
many decades (Aktar et al, 2009; Manyi-Loh et al., 2018), causing serious problems such as
soil salinization, environmental pollution, and a reduction in productivity due to resistance to
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treatment. Antibiotic resistance constitutes a serious risk to
the progress made by the global health and international
organizations, such as WHO and FAO, which are focused on
the search for alternative bacterial control strategies to combat
plant diseases and to promote plant growth with more sustainable
eco-friendly approaches (FAO, 2017).

Currently, one of the most promising alternatives in the
agricultural industry is the use of formulations containing
plant-growth-promoting bacteria (PGPB) and other beneficial
microorganisms, that are used as biofertilizers, which can interact
with plant pathogens (Vessey, 2003; Borriss, 2011; Khatoon
et al., 2020). They inhibit the pathogen growth through the
synthesis of antibiotics, bacteriocins, and hydrolytic enzymes,
the competition for nutrients and parasitism, and the physical
displacement of these pathogens (Borriss, 2011; Kumari et al.,
2019).

Another promising strategy to control agricultural bacterial
diseases is the interference of quorum-sensing (QS) systems in
plant pathogens. QS is an intercellular communication system
in which the expression of some bacterial genes is mediated
by specific signal molecules known as autoinducers. They are
produced, diffused to the external medium, and recognized by
other bacteria in a cell-density-dependent manner. Among these,
N-acylhomoserine lactones (AHLs) are the most common and
are produced by many Pseudomonadota (Fuqua et al., 1994).
Different bacterial phenotypes are regulated by this system, many
of which have been shown to contribute to bacterial virulence
in a number of economically important agriculture pathogens
(Von Bodman et al., 2003). For this reason, the interruption
of QS is an interesting strategy against bacterial infections in
plants (Grandclément et al., 2015). In this sense, one of the
best described QS-interrupting strategies is known as quorum
quenching (QQ) based on the enzymatic degradation of the
AHL signal molecules (Uroz et al., 2009). These signal molecules
can be degraded or even modified by different enzymes,
including acylases, lactonases, and oxidoreductases (Fetzner,
2015). Through this strategy, it has been already demonstrated
that the reduction of the virulence of several plant bacterial
pathogens produces promising results (Uroz et al., 2003; Faure
and Dessaux, 2007; Helman and Chernin, 2015).

During the course of a study of feces of river otters
living in Castril, Granada, southern Spain, the strain N3T was
isolated in pure culture. On the basis of a polyphasic analysis,
we demonstrated that it is a new species within the genus
Peribacillus. 1t is known that river otters usually contain the
members of Phylum Firmicutes as the dominant group in their
intestinal microbiota (An et al., 2017).

The species of the genus Peribacillus were originally included
in the genus Bacillus. The genus Bacillus, first described in
1872 by Logan and De Vos (2009), comprises 102 species
and subspecies. It has been recently reclassified into new
genera, Neobacillus, Mesobacillus, Metabacillus, Cytobacillus,
Alkalihalobacillus, Peribacillus, and more; only the subtilis and
cereus clades are left in the genus Bacillus (Gupta et al., 2020;
Patel and Gupta, 2020).

At the time of writing, the genus Peribacillus comprises
17 species with validly published names (https://Ipsn.dsmz.de/

genus/peribacillus); most of them have been isolated from a
variety of ecological niches, including soil (Yumoto et al., 2004;
Lim et al., 2007; Kuisiene et al., 2008; Zhang et al., 2011; Li et al.,
2014; Feng et al.,, 2016; Liu et al., 2016; Ma et al., 2018), plant
tissues (Zhang et al., 2012; Kampfer et al., 2015), and cow feces
(Jiang et al., 2019). The species of this genus are Gram-positive,
the cells are motile, aerobic, or facultatively anaerobic, and the
growth occurs at the temperature range between 3 and 45°C. The
whole-genome sequences are available only for 11 species with
validly published names and range in sizes from 4.1 to 5.7 Mbp.
The genomic DNA G4-C contents range from 37.5 to 43.0 mol%.

Using a polyphasic taxonomic approach, and based on the
differences in the phenotypic, chemotaxonomic, and genetic
distinctiveness (ANI and dDDH), the strain N3T should be
recognized as a novel species of the genus Peribacillus, for
which we propose the name of Peribacillus castrilensis. We set
out, therefore, to analyze the potential of the Peribacillus sp.
strain N3T as a plant-growth-promoting and biocontrol agent
against phytopathogens.

MATERIALS AND METHODS

Bacterial Strains, Compounds, Media, and

Growth Conditions

The strain N3T was isolated from the feces of a river otter in
Castril, Granada, southern Spain (37"52/00”N 2045/58”W). One
gram of feces was suspended in 0.9% (w/v) saline solution to a
final volume of 10 mL. A volume of 0.1 mL of the sample was then
plated on a tryptone soy agar (TSA) medium and incubated at
28°C for 7 days. The different isolated colonies were subsequently
plated and purified on the same medium.

The strain N3 and the phytopathogenic strains Erwinia
amylovora CECT 222" and Dickeya solani LMG 25993" were
grown in a tryptic soy broth (TSB) medium. Agrobacterium
tumefaciens NTL4 (pZLR4) was grown in a Luria Bertani (LB)
medium supplemented with 2.5 mmol L™! CaCl, 2H,0,2.5
mmol L' MgSO4 7H,0 (LB/MC), and gentamicin (Gm) to a
final concentration of 50 g mL™. Chromobacterium violaceum
CV026 and C. violaceumn VIR07 were grown in an LB medium
supplemented with 50 jug mL~! kanamycin (Km). All the strains
were grown at 28°C at 100 rpm in a rotary shaker.

The synthetic AHLs (Sigma-Aldrich, Saint Louis, USA)
used were as follows: C4-HSL (N-butyryl-DL-homoserine
lactone), C6-HSL  (N-hexanoyl-DL-homoserine lactone),
3-O-C6-HSL  (N-3-oxo-hexanoyl-DL-homoserine lactone),
C8-HSL (N-octanoyl- DL -homoserine lactone), 3-O-C8-
HSL (N-3-oxo-octanoyl-DL-homoserine lactone), C10-HSL
(N-decanoyl-DL-homoserine lactone), 3-OH-C10-HSL
(N-3-hydroxydecanoyl-DL-homoserine  lactone), C12-HSL
(N-dodecanoyl-DL-homoserine lactone), and 3-O-C12-HSL
(N-3-oxo0-dodecanoyl-DL-homoserine lactone).

Phylogenetic 16S rRNA Gene Analysis

The genomic DNA was isolated by using the X-DNA Purification
Kit (Xtrem Biotech S.L., Granada, Spain), and the 16S rRNA
gene was amplified by the universal bacterial primers 16F27
and 16R1488. The PCR product was purified and cloned into
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the pGEM®-T vector (Promega). Direct sequencing of the
PCR-amplified DNA was determined using an ABI PRISM
DyeTerminator Cycle Sequencing Ready Reaction Kit (Perkin-
Elmer) and an ABI PRISM 377 Sequencer (Perkin-Elmer)
according to the manufacturer’s instructions. The DNA sequence
obtained was compared to the reference 16S rRNA gene
sequences available in the GenBank and EMBL databases
obtained from the NCBI Genome Database using BLASTN
software (Altschul et al, 1990) and the EzBioCloud server
(Yoon et al, 2017). The phylogenetic analysis was carried
out using Molecular Evolutionary Genetics Analysis (MEGA)
software version X (Kumar et al., 2018) following multiple data
alignments by the CLUSTAL OMEGA (Sievers et al., 2011).
Distances and clustering were determined according to the
neighbor-joining and maximum-likelihood methods by applying
the cluster stability algorithm based on the bootstrap analysis
(1,000 replications).

Phenotypic and Chemotaxonomic

Characterization

To describe new taxa of aerobic and endospore-forming bacteria,
the recommended traits by Logan et al. (2009) were applied in
the study of the type species Peribacillus. The shape, size, and
pigmentation of the colonies were observed on a TSA medium
after 48 h of incubation at 28°C. The motility was observed using
a log phase culture according to the Hanging drop method. The
oxidase (Kovacs, 1956) and catalase activities were determined
as well.

The optimum growth and growth range were determined in
a TSB medium at different NaCl concentrations ranging from
0 to 25% (w/v) in 1.0 intervals adjusting the pH 7. The pH
growth range and optimum pH were also determined in the
TSB medium, testing from 4 to 11 in 1.0 pH unit intervals,
using the following buffer systems: 0.1 M citric acid/0.1 M sodium
citrate (pH 4.0-5.0,); 0.1M KH,;PO4/0.1M NaOH (pH 6.0-
8.0); 0.1 M NaHCO3/0.1 M Na;CO3; (pH 9.0-10.0); and 0.2 M
KH,P0O4/0.1 M NaOH (pH 11.0) (Xie et al., 2012). In both tests,
bacterial growth was monitored by optical density at 600 nm.
The temperature range for growth and the optimum temperature
were determined on the TSA plates at 4, 10, 15, 20, 28, 37, 40,
42, and 45°C. The anaerobic growth capacity was evaluated on
the TSA plates by incubation in hermetic jars using the Gas Pak
Anaerobic System (BBL) to generate an anaerobic atmosphere
over a one-week period. The hydrolyses of casein and starch were
also performed (Uttley and Collins, 1993). Other biochemical
characteristics were analyzed using the API 50CH and API 20E
according to the manufacturer’s instructions.

The cellular fatty acids were analyzed at the Spanish Type
Culture Collection (CECT) in Valencia, Spain, following the
instructions of the Microbial Identification System Operating
Manual (MIDI, 2008). For this, the cell mass of the N3T strain
was obtained after growing for 24 h in a TSB medium at 28°C.

Genome Sequencing and Assembly

The genomic N3T strain DNA was extracted following the
protocol described by Marmur (1961) for later sequencing
by the Illumina Hi-Seq platform at the STAB VIDA facility

(Caparica, Portugal) with 2 x 150-bp paired-end reads. The
reads that were processed by BBDuk (https://sourceforge.net/
projects/bbmap/) to remove the adapters and low-quality bases
were then assembled using SPAdes software v. 3.11.1 (Nurk et al,,
2013). Finally, the obtained contigs were blasted against the nr/nt
database to remove the contigs belonging to the contaminants.

In silico ANI, AAIl, and DDH

The average nucleotide identity based on BLAST (ANIb) and
MUMmer (ANIm) algorithms were determined with the aid
of JSpeciesWS software (Richter et al., 2015). OrthoANI was
similarly calculated using OrthoANI software (Lee et al., 2016).
The average amino acid identity (AAI) values were calculated
from protein sequences using an online AAI calculator at
the Kostas Laboratory website (http://enve-omics.ce.gatech.edu/
aai/). A two-way AAI was used.

In the case of digital DNA-DNA hybridization (dDDH), it was
calculated using the BLAST+ algorithm on the DSMZ Genome-
to-Genome Distance Calculator (GGDC 3.0) platform (Meier-
Kolthoff et al., 2013, 2021). The results presented in this study are
based on the recommended Formula 2 (identities/HSP length),
which, being independent of genome length, is robustly protected
against the use of incomplete draft genomes.

Analysis of the Core Orthologous Genes

A core genome analysis of the strain N3T and all species
of the genus Peribacillus, including a representative strain
of the related genera, for which their genome was available,
was also performed using Bacterial Pan Genome Analysis
(BPGA) software (Chaudhari et al, 2016) with the default
parameters. After obtaining the core of the 23 bacterial genomes,
all protein orthologs belonging to the core genome were
concatenated and aligned by MAFFT (Katoh and Standley, 2013).
A phylogenomic tree of the core genes of the species was then
constructed using MEGA X software according to the maximum-
likelihood method.

Determination of the Possible Mechanisms

of N3T Action

In vitro plant-growth-promoting (PGP) traits were analyzed
for the N3T strain through the screening of the production
of acid and alkaline phosphatases (Pikovskaya, 1948; Baird-
Parker, 1963), 1-aminocyclopropane-1-carboxylic acid (ACC)
deaminase (Poonguzhali et al., 2006), indoleacetic acid (IAA)
(Gang et al., 2019), and siderophores (Alexander and Zuberer,
1991) and the ability to fix nitrogen (Matthews and Suhaimi,
2010).

Moreover, rhizosphere competence traits were studied in this
strain by the production of enzymes related to the hydrolyses
of casein, cellulose, DNA, gelatin, starch, Tween 20, and Tween
80 (Jeftries et al., 1957; Uttley and Collins, 1993; Villalba et al.,
2004). In the case of casein, cellulose, DNA, starch, and acid
phosphatase, a clear halo surrounding the bacterial growth
indicated a positive result for these tests, while the precipitation
of calcium salts is detected in the case of Tween 20 and 80
hydrolyses. Alkaline phosphatase production is detected by a
pink coloration after adding 10 mL of 30% (v/v) of ammonia to
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the plate. In the case of nitrogen fixation and ACC deaminase
production, the growth of bacterial strain indicated a positive
result by fixing gaseous nitrogen or degrading ACC, as the
media do not contain any source of N except for ACC.
The Siderophore test was carried out by the chrome azurol
sulfonate (CAS) protocol, in which a change of color from
blue to green was recorded as a positive result. Meanwhile,
TAA production was detected spectrophotometrically in a TSB
medium supplemented with tryptophan (500 mg/L) after the
addition of the Salkowski reagent.

The N37T strain QQ activity was assessed by a well-diffusion
agar-plate assay using synthetic AHLs (Romero et al., 2011;
Torres et al., 2016). Briefly, 10 uM of each AHL was added to
an overnight culture of the N3T strain and then incubated at
28°C for 24 h. A sterile TSB medium supplemented with AHLs
was incubated as a negative control. The remaining AHLs were
detected in the supernatant of each sample that was deposited in
wells on the LB agar plates overlaid with C. violaceurn CV026 or
C. violaceum VIR07 or on AB agar plates supplemented with 80
g mL~! of 5-bromo-4-chloro-3-indolyl-8-D-galactopyranoside
(Xgal) overlaid with Agrobacterium tumefaciens NTL4 (pZLR4).
The plates were incubated at 28°C for 24h to check for the
development of a purple or blue color around each well. This
assay was repeated three times.

Determination of Plant-Growth-Promoting

and Biocontrol Activities

For plant growth promotion assay in tomato plants, 50 seeds were
surface sterilized (Molan et al., 2010) and sown in each 20 x 20
x 20 cm pot containing sterile vermiculite. When seedlings were
5cm, each pot was irrigated with 5mL of 10° CFU mL™! of the
strain N3T-washed cells every seven days. Irrigation with sterile
distilled water was used as a negative control. Pots were kept in
a greenhouse under a long-day photoperiod (16:8h, light:dark) at
21°C for 4 weeks. Then, root and shoot lengths and dry weight
were determined.

To test the ability of the strain N3T to interfere in the D.
solani LMG 259937 and E. amylovora CECT 2227 virulence,
experiments using cocultures between them were carried out in
potato slices and pears, respectively. Briefly, pathogen (107 CFU
mL™)-strain N3 (10° CFU mL™!) cocultures were conducted
in a 1:100 ratio in a TSB medium and incubated for 24h
at 28°C. A similar concentration of each pathogen or strain
N3T was added to the cell-free TSB as controls, respectively
(Torres et al., 2016). For the potato tubers (Solanum tuberosum)
and pears (Pyrus communis) assays, they were tap-washed and
surface-sterilized by spraying with 1% (w/v) sodium hypochlorite
solution, followed by 70% (v/v) ethanol and sterile distilled
water. Sliced potatoes and pears were inoculated with 5 pnL
of the N3T-phytopathogen cocultures and with controls (each
bacterium monocultures and the sterile distilled water) at three
or four equidistant spots, respectively. Nine replicates of each
treatment were performed, and the experiment was repeated
three times. After 48h of incubation at 28°C, the maceration
zones were visually detected and measured using Image] software
(Schneider et al., 2012). Plate counts in monocultures and

cocultures were performed to determine the concentration
of each phytopathogen and strain N3 in the TSA medium
supplemented with 5% (w/v) NaCl as a selective agent for
excluding the salt-sensitive phytopathogens.

In parallel, the remaining AHLs from each culture were
determined according to the well-diffusion agar-plate method
to assess the QQ activity of the strain N3T. For this, the co-
cultures were centrifuged at 12,000 rpm for 10 min, and the
cell-free supernatants containing the AHLs were subject to a
double extraction with an equal volume of dichloromethane.
The organic phase was dried and finally suspended in 20 pL
of 70% (v/v) methanol. Five microliters of each extract were
spotted in the sterile filter paper disks placed in AB-Xgal plates
(Chilton et al., 1974) using A. tumefaciens NTL4 (pZLR4) as
a biosensor. The monocultures of the strain N3T and each
pathogen were likewise extracted and tested as negative and
positive controls, respectively.

Statistical Analysis

The Shapiro-Wilk test was used to verify data normality, and the
data were statistically analyzed with the aid of the ANOVA (P <
0.05) and Tukey tests using the SPSS software.

RESULTS AND DISCUSSION

Phylogenetic Analysis Based on the 16S

rBRNA Gene Sequence

The cloned 16S rRNA gene of the strain N3T resulted in a
virtually complete 1558 bp-long sequence. The strain N3 T
showed the highest sequence identity to Bacillus frigoritolerans
DSM 88017 (99.93%), Peribacillus simplex DSM 13217 (99.80%),
P. muralis DSM 16288 (99.66%), P. butanolivorans DSM
1892671 (99.59%), and P. loiseleuriae (97.96%), while identities
below 97% were obtained with other species from Peribacillus
genus. Further phylogenetic analysis of its 16S rRNA gene
sequences and other related strains through a phylogenetic tree
reconstruction using the maximum-likelihood algorithm showed
that this strain is a member of the genus Peribacillus and forms
a cluster with the B. frigoritolerans species, which showed the
highest sequence similarity (Figure 1). A similar phylogenetic
distribution was achieved when neighbor-joining and maximum
parsimony algorithms were applied (Supplementary Figures 1,
2, respectively).

Phenotypic and Chemotaxonomic

Characterization

The strain N3T forms creamy and convex colonies of 4-5mm
diameter after 48 h of incubation in the TSA plates. The cells
were rod-shaped, sometimes chained and motile when single
cells, Gram-positive, catalase-positive, and oxidase-negative. The
strain N3T produced oval endospores in swollen sporangia. The
strain N3T was strictly aerobe, with growth temperatures ranging
from 10 to 42°C and with an optimum temperature at 28°C. It
grew in a pH range from 6 to 8, with pH 7 as optimum. This
strain proved to be halotolerant, as it grew from 0.5 to 7.5% (w/v)
of NaCl, with 1% (w/v) being the optimum concentration.
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Peribacillus sp. N3T (OL619301)
66 Bacillus frigoritolerans DSM 88017 (AM747813)
- Peribacillus muralis DSM 162887 (AJ316309)
Peribacillus simplex DSM 13217 (X60638)
Peribacillus butanolivorans DSM 18926" (EF20629)
Peribacillus loiseleuriae DSM 1017767 (KT362910)
95[| [ Peribacillus gossypii DSM 1000347 (KT240114)
Peribacillus psychrosaccharolyticus DSM 137787 (X60635)
Peribacillus huizhouensis KCTC 331727 (KJ464756)
Peribacillus asahii JCM 121127 (AB109209)

L Peribacillus massiliglaciei DSM 1028617 (LT223699)
Peribacillus glennii DSM 1051927 (KT720324)
Peribacillus saganii DSM 1051907 (KT720344)

Peribacillus cavernae DSM 1054847 (KT186244)
oo Peribacillus kribbensis DSM 178717 (DQ280367)
Peribacillus deserti DSM 1054827 (GQ465041)
Neobacillus bataviensis DSM 156017 (AJ542508)
72| Neobacillus soli DSM 15604 (AJ542513)
Neobacillus novalis DSM 15603T (AB681792)

Neobacillus niacini DSM 1923T (AB021194)

Neobacillus pocheonensis DSM 181357 (AB245377)
Mesobacillus foraminis DSM 196137 (AJ717382)

_|—— Mesobacillus persicus DSM 253867 (HQ433471)

] . Peribacillus endoradicis DSM 281317 (GU434676)

Bacillus massiliogorillae DSM 26159 T (JX650055)
86| Bacillus testis DSM 1011907 (LN851186)
Peribacillus faecalis KCTC 432217 (MW009695)

L Metabacillus crassostreae DSM 244847 (HQ419276)

Cytobacillus kochii DSM 236677 (FN995265)

” %ytobacillus horneckiae DSM 23495T (FR749913)

Cytobacillus purgationiresistens DSM 234947 (FR666703)

Peribacillus alkalitolerans DSM 291357 (KM077161)

LPeribacillus acanthi DSM 1042967 (KY038378)

Brevibacillus brevis DSM 30T (X60612)

94

e
0,10

FIGURE 1 | Phylogenetic position of the strain N3T the 16S rRNA gene sequence (bold) and its relationship with other related species by using the
maximum-likelihood algorithm based on the Kimura 2-parameter model. A discrete Gamma distribution was used to model evolutionary rate differences among sites
[five categories (+G, parameter = 0.2703)]. The GenBank/EMBL/DDBJ accession number of each sequence is shown in parenthesis. Bootstrap values are expressed
as percentages of 1,000 replications, and those >60% are shown at branch points. Bar shows sequence divergence. Bar—0.01 substitutions per nucleotide position.
B. brevis DSM 30" sequence was used as an outgroup.
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Its phenotypic characteristics are shown in Table 1 and in
the species description section. The differential characteristics
of the strain N3T with respect to the most closely related
species, B. frigoritolerans DSM 88017, P. muralis DSM 162887,
P. butanolivorans DSM 18926%, P. loiseleuriae DSM 1017767,
and the type strain of the genus P. simplex DSM 13217 are also
shown in Table 1. The strain N3T mainly differs in relation to
the following features: the inability of growing anaerobically and
at 4 or 45°C, hydrolyze casein, reducing nitrate to nitrite, and
resulting negative for oxidase, ONPG reaction, citrate utilization,
and urease production, and none of the features were able to
produce acids from any sugar tested in API 50CH except for
aesculin, in which a weak result was detected. By contrast, this
strain can grow in a wider range of NaCl and hydrolyze starch and
gelatin and is also positive for arginine dihydrolase, tryptophan
deaminase, and indole production.

The analysis of the strain N3T fatty acids indicated a
predominance of anteiso-Cjs. ¢ (68.07%) and iso-Cjs:¢ (8.71%)
(Table 2). This profile was similar to that of the most closely
related strains and the type strain of the genus; however, a
marked increase in the relative abundance of anteiso-Cys.o and
a decrease of iso-Cj5.¢ made a difference with respect to its
relative profiles.

Whole-Genome Sequencing and Assembly
The draft genome of strain N3 T was manually curated, and
it resulted in over 5.7 Mbp with 88 contigs. The quality of
the assembly was assessed using Quality Assessment Tool for
Genome Assemblies (QUAST) software. The whole-genome
sequence was of sufficient quality, with an N50 value of 263,554,
an L50 value of 9, and approximately 200X coverage. The
PGAP (Tatusova et al., 2016) annotation of the draft genome
showed a total of 5,319 protein-coding genes (PCGs), 4,825
of which were assigned at least to a single functional COG
category in the EggNOG 5.0 database (Huerta-Cepas et al,
2018; Cantalapiedra et al., 2021); categories K (transcription)
and E (amino acid metabolism and transport) were the most
abundant, with 455 and 585 proteins assigned to those categories,
respectively. This genome sequence, which was deposited in
the GenBank/EMBL/DDB]J database under accession number
JAJNAF000000000, was used for further analysis.

In silico G4+C Content, ANI, AAl, and DDDH
Calculations

The in silico analysis of G+C content in the draft genome of the
strain N3T produced a value of 40.28 mol%, whereas the range of
G+C content for the type species of the genus P. simplex DSM
13217 is 39.5-41.6 mol% (Heyrman et al., 2005).

The ANIs, based both on BLAST (ANIb) and MUMmer
(ANIm), and the average AAI for the strain N3T and the related
species are shown in Supplementary Table 1. The ANIb and
ANIm values between the strain N3T and the most closely related
P. simplex DSM 13217 were 93.21% and 93.94%, respectively. The
proposed cutoff for species delimitation is 95-96%, as proposed
by Richter and Rossell6-Mora (Richter and Rossello-Mora, 2009;
Kim et al., 2014). In all the cases, the ANI values for the strain N3T
and all the related species were below that cutoff. The AAI values

between strain N3 and phylogenetically related species ranged
from 67.54 to 95.67% (Supplementary Table 1). Konstantinidis
and Tiedje (2005) proposed an AAI threshold (about 95-96%) for
species demarcation of prokaryotes based on 175 genomes. The
low AAI values confirm that the strain N3T represents a novel
species within the genus Peribacillus.

The OrthoANI calculation between the N3T strain and P.
simplex DSM 13217 was 93.66%, which is in line with the results
obtained for ANIb and ANIm and below the proposed cutoff
(Supplementary Table 2).

The dDDH of the whole-genome sequences of the N3" strain
and the closely related species was carried out, and in all the
cases, the results fell below the proposed cutoff delimitation for
the species (70%) (Goris et al., 2007) (Supplementary Table 2).

The data obtained with Bacillus frigoritolerans (Liu et al.,
2020) also indicated that this taxon must be reclassified as
Peribacillus frigoritolerans.

Phylogenetic Analysis of Core Orthologous

Proteins

The concatenated alignment of the 803 core orthologous proteins
of the strain N3 and the species of the genus Peribacillus,
including a representative strain of the related genera, was used to
reconstruct a maximum-likelihood phylogenetic tree, confirming
our previous results, as shown in Figure 2.

Biochemical Characterization of Plant
Growth Promotion Activity and Quorum

Quenching Traits

The strain N3T resulted positive for DNA, gelatin, starch,
and Tween 20 and Tween 80 hydrolyses. It also produced
siderophores and IAA and was able to fix nitrogen and
degrade ACC, while the acid phosphatase activity was variable
(Supplementary Table 3). Some of the hydrolyses are associated
with plant nutrient acquisition, pathogen competition, and
phytohormone balance interference in the plant with the increase
of plant growth and development hormones and the decrease
of stress hormones (Gupta and Pandey, 2019; Miljakovi¢ et al.,
2020).

Concerning the QQ activity of this strain, it was able to
degrade the majority of the synthetic AHLs tested with different
intensities depending on the AHL. The highest degradation was
achieved against 3-O-C6-HSL and 3-O-C12-HSL, in which a total
degradation was observed. By contrast, a lower degradation was
detected for C6-HSL, C10-HSL, and C12-HSL (Figure 3).

Growth Promotion in Tomato Plants and
Biocontrol of Phytopathogens

Experiments to test the PGP activity were performed with tomato
because it is one of the most important vegetable plants in
the world. Knowledge obtained from the studies conducted on
tomatoes can be easily applied to these plants, which makes
tomatoes an important research material (Kimura and Sinha,
2008). In vivo experiments to determine the growth promotion
of the strain N3 in tomato plants showed an increase in the
length and dry weight of the plants compared with the control.
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TABLE 1 | Differential characteristics between the N3 strain with respect to its closest relative species.

Characteristic 1 2 3 4 5 6
Anaerobic growth - - \Y w - -
Growth at 4°C - + - - + -
Growth at 45°C - - - - + -
NaCl range (%) (w/v) 0.5-7.5 0.5-7.5 <5 <7 0.5-5 0-3
NaCl optimum (%) (w/v) 1 0 0 0 1 0
pH range 6-8 5-10 6-9 6-9 6-9 6-9
pH optimum 7 7 8 7 7 7
Oxidase - - - + + -
Hydrolysis of:
Starch + + + - +
Casein - + v v - -
Nitrate reduction - \ + + + +
ONPG - - - + - -
Arginine dihydrolase + - - - - -
Citrate utilization - - - - - +
Urease - - - - - +
Tryptophan deaminase + - - - - -
Indole production + - - - - +
Gelatine hydrolysis -+ - Y - - -
Acids from carbohydrates:
Aesculin w - A% + W% +
Arbutin - - - + - +
Cellobiose - + - + - +
Erytritol = - - = - +
Fructose - + w + - +
Galactose - - - + - -
Glucose - + w + - +
Glycerol - - - + - -
Inositol - + - - - +
Inulin - - w - w -
Lactose - - - + - +
L-arabinose - + - + - -
Maltose - - - + - +
Mannitol = - - + - +
Mannose - + - + - -
Melibiose - - - + - +
N-acetylglucosamine - - w + w -
Raffinose - + - + - +
Ribose - - - + - +
Salicin - - w/v + W%
Sucrose - + w v - +
Trehalose - - w + w +
DNA G + C content (mol%) 40.3 40.6 39.9 41.2 37.4 37.5

Strains: 1, Peribacillus sp. N3"; 2, B. frigoritolerans DSM 88017 (data from Liu et al., 2020); 3, P simplex DSM 13217 (data from Heyrman et al., 2005); 4, P. muralis DSM 16288 (data
from Heyrman et al., 2005); 5, P. butanolivorans DSM 189267 (data from Kuisiene et al., 2008); 6, P. loiseleuriae DSM 101776 (data from Liu et al., 2016). +, positive; -, negative; v,
variable; w, weak; w/v, weak and variable.

All the strains were negative for lysine decarboxylase, ornithine decarboxylase, and HoS production and were not able to produce acids from D-xylose, L-xylose, adonitol, B-methyl-D-
xyloside, sorbose, rhamnose, dulcitol, sorbitol, 1-methyl-D-mannoside, amygdaline, melezitose, starch, glycogen, gentiobiose, D-turanose, D-lyxose, D-tagatose, D-fucose, L-fucose,
D-arabitol, L-arabitol, gluconate, 2-keto-gluconate, and 5-keto-gluconate.
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TABLE 2 | Cellular fatty acid content of N3 and related species of the Peribacillus genus.

Cellular fatty acids 1 2 3 4 5 6
Saturated fatty acids:
Cis:0 1.22 1.5 1.56 4.35 1.76 6.10
Cis:0 ND ND ND 1.21 1.33 ND
Cis:0 3.47 3.8 2.36 2.27 2.97 6.80
Branched-chain fatty acids:
i80-C14:0 3.04 8.3 5.94 8.67 8.77 8.60
iS0-C15: 0 8.71 23.6 15.55 22.51 16.78 17.90
anteiso-C1s: 0 68.07 48.8 59.03 42.69 45.80 53.20
iSO-C16:0 2.68 2.0 2.26 1.61 4.48 ND
iS0-C17:0 1.12 ND ND ND 1.27 ND
anteiso-C17:¢ 3.40 1.2 1.82 ND 2.72 ND
Unsaturated fatty acids:
C16:1 w7c alcohol 2.32 3.6 2.97 411 5.79 ND
Cip:1 w11C 412 2.7 4.8 10.33 6.14 2.20
i50-C17:1 1.85 ND 112 ND ND ND
Summed feature:
Cq7.1 iso l/anteiso B 1.85 ND 1.12 ND ND ND

Strains: 1, Peribacillus sp. N3"; 2, B. frigoritolerans DSM 88017 (data from Liu et al., 2020); 3, P simplex DSM 13217 (data from Heyrman et al., 2005); 4, P. muralis DSM 16288 (data
from Heyrman et al., 2005); 5, P. butanolivorans DSM 189267 (data from Kuisiene et al., 2008); and 6, P. loiseleuriae DSM 1017767 (data from Liu et al., 2016). ND, not detected or

lower than 1% of the total composition.

Significant increases with respect to the control plants were
observed in terms of aerial and total lengths, 16.1 and 14.3%,
respectively, and of aerial, radicular, and total dry weight, 110.7,
55.3, and 106.8%, respectively (Figure 4).

The enzymatic degradation of AHLs in phytopathogens seems
to be a promising alternative strategy to fight bacterial infections
(Helman and Chernin, 2015). Previous studies reported the
top 10 plant pathogenic bacteria in molecular plant pathology
(Mansfield et al., 2012). The phytopathogens tested in this study,
D. solani LMG 25993" and E. amylovora CECT 2227 (members
of the top 10), produce damages in potatoes and pears and cause
huge losses in the agriculture production.

To evaluate the ability of the strain N3T to interfere in the
virulence of D. solani LMG 25993" and E. amylovora CECT 2227,
first, the QQ activity against AHL extracts from each pathogen
strain was analyzed. A well-diffusion plate test showed a total
degradation of the AHLs produced by E. amylovora, but a partial
degradation was found on the D. solani AHLs extract when the
N37 strain was cocultured with them (Figure 5B).

Second, the cocultures of the strain N3T and D. solani LMG
25993 and E. amylovora CECT 2227 were carried out and tested
for their virulence in potato and pear assay, respectively. Potato
slices treated with D. solani LMG 25993" in monoculture showed
a tissue maceration of 26.3% (Supplementary Figure 3A), while
those treated with the coculture of this pathogen and the
strain N3T showed a complete inhibition of this maceration
(Figure 5A). In the case of the experiments carried out with E.
amylovora CECT 2227 in pears, monoculture with E. amylovora
CECT 2227 produced a 93.8% of tissue maceration in pears, and
the percentage was reduced to 18.1% when pears were treated

with the coculture of the strain N3T (Supplementary Figure 3B).
On the other hand, the N3 strain did not cause any damage to
the potato and pear tissues (Figure 5A). To discard the growth
inhibition of the phytopathogens by the strain N3T, a plate-
counting method was carried out using different concentrations
of NaCl. The results indicated that no differences in the growth
of D. solani and E. amylovora were observed in the monocultures
with respect to the cocultures (107 CFU mL™1).

These results indicated that the strain N3T attenuated the
virulence of the pathogens tested through a QQ approach. Our
results are in line with other studies that also demonstrated
the attenuation of phytopathogens virulence by using the QQ
strains, such as Lysinibacillus sp. Gs50 (Garge and Nerurkar,
2016), Stenotrophomonas maltophilia M9-54 (Reina et al., 2019),
Pseudomonas segetis P6 (Rodriguez et al., 2020), Ochrobactrum
intermedium D-2 (Fan et al, 2020), and Acinetobacter sp.
XN-10 (Zhang et al.,, 2020). In fact, heterologous expressions
of QQ bacterial enzymes, such as the lactonases AiiA from
Bacillus sp. or the metagenome derived HqiA (Torres et al,
2017) in Pectobacterium carotovorum subsp. Carotovorum,
have demonstrated an effect on the production of pathogen
virulence factors.

In many cases, the results shown in the laboratory conditions
are not the same as the ones obtained under in vivo assays.
Thus, in order to use the strain N3T as an effective biocontrol
agent in biotechnology, new experiments need to be done
under greenhouse conditions. The preliminary results under
in vivo assays suggest that the biocontrol mechanism of
Pseudomonas syringae pv. tomato might be QQ Peribacillus sp.
N3 (personal communication).
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FIGURE 2 | Tree constructed according to the maximum-likelihood method based on 803 core orthologous proteins of the strain N3 (bold) and the available
genomes of Peribacillus species and representative strains of the related genera. Bootstrap values are expressed as percentages of 1,000 replications, and those over
60% are shown at branch points. Bar—0.05 substitutions per nucleotide position.
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FIGURE 3 | Determination of N3™ quorum quenching activity on synthetic AHLs. C. violaceum CV026, C. violaceum VIR07, and A. tumefaciens NTL4 (pZLR4) were
used as biosensors in LB and AB-Xgal media, respectively.
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Strain N3T effects on tomato plants growth
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FIGURE 4 | Plant growth-promoting activity of the strain N3T in tomato plants with respect to control plants treated with water. *statistically significant difference (p <
0.01).
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FIGURE 5 | N3 strain interference in D. solani and E. amylovora virulence on potato slices and pears (A). Determination of N3™ quorum quenching activity on AHLs
of D. solani and E. amylovora in AB-Xgal medium using A. tumefaciens NTL4 as biosensor (B).
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Other antivirulence mechanisms apart from QQ cannot be
discarded in the strain N3:r since the Bacillus species are
well-known to produce numerous inhibitor compounds and
some of them do not affect the viability of the pathogen (Leathers
et al., 2020). An analysis in silico using the antiSMASH tool (Blin
et al,, 2021) indicated that the strain N3T produced lipopeptides
of the family NRPS and lassopeptides that also implicated its
antivirulence mechanism.

Although the Bacillus strains with growth promotion activity
(Torres etal., 2019) or AHL-degrading enzymes from the Bacillus
strains that can reduce the QS-regulated virulence factors in
pathogens have been described (Dong et al., 2000; Zhao et al,,
2008; Zhou et al., 2008), only a few studies have reported a
bacterium that combines both properties (Vega et al., 2019;
Rodriguez et al., 2020). Indeed, to our knowledge, this is the first
study to describe a Peribacillus strain with both the PGP and
QQ activities.

CONCLUSION

The polyphasic taxonomic study as well as chemotaxonomic and
genomic analyses showed that the strain N37 isolated from river
otter (Lutra lutra) feces constitutes a novel species (proposed
name: Peribacillus castrilensis sp. nov.) within the genus
Peribacillus, with the type strain N37 (=CECT 305097 =LMG
325057). Considering its plant growth promotion traits, the
strain N3T could constitute an alternative to increase the plant
yield and thus reduce the inputs of chemical fertilizers in
agriculture. Moreover, its ability to reduce the virulence factors’
expression of D. solani and E. amylovora through QQ makes it
able to be used as a biocontrol agent for fighting these pathogens,
which is an alternative for antibiotic treatments currently used
in the fields to fight them. Taken together, these results show
the potential of this strain as a safe and eco-friendly alternative
for agriculture to increase the field production and to reduce the
economic losses.

DESCRIPTION OF Peribacillus castrilensis
Sp. nov.

Peribacillus castrilensis (cas'tri’len’sis. N.L. castrilensis for being
isolated from Castril Natural Park, Granada, Spain).

Peribacillus castrilensis sp. nov. is motile, straight, Gram-
positive, rod-shaped, which forms oval endospores in swollen
sporangia. The colonies of Peribacillus castrilensis sp. nov. on
TSA medium are cream colored after growing for 48h at
28°C. This strain is halotolerant and can grow in the presence
of 0.5-7.5% (w/v) NaCl concentrations, with 1% (w/v) as
optimum. The cells grow in a temperature range of 10-42°C,
with optimum growth at 28°C, and a pH range from 6 to 8,
with pH 7 as optimum. Peribacillus castrilensis sp. nov. is a
chemoorganotrophic and strictly aerobic microorganism. Under
aerobic conditions, nitrate is not reduced, catalase is positive,
and oxidase is negative. This strain is positive for arginine

dihydrolase, tryptophan deaminase, and indole production but is
negative for ONPG, lysine and ornithine decarboxylases, urease,
citrate utilization, and acetoin and H,S production. Acids are not
produced from any sugar tested except for aesculin, in which a
weak reaction was detected.

The principal fatty acids of Peribacillus castrilensis sp. nov. are
anteiso-Cis.¢ (68.07%) and iso-Cis:¢ (8.71%), and DNA G+C
content was 40.3 mol% according to the in silico determination.

Type strain N3T (= CECT 305097 =LMG 32505%) was
isolated from the feces of a river otter in Castril Natural Park in
Granada (Spain). The GenBank/EMBL/DDB] accession number
for the 16S rRNA sequence of Peribacillus castrilensis N3 is
OL619301, and the complete genome is deposited under the
accession number JAJNAF000000000.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

MR isolated the strain and performed the experiments. MR,
JR, IL, IS, and FM-C conceived and supervised the study. IL,
IS, and FM-C designed the experiments. JR performed the
genomic analyses. MR, JR, and FM-C analyzed the data, prepared
the figures, and wrote the manuscript. All authors have edited
the manuscript and have agreed to the published version of
the manuscript.

FUNDING

This study was supported by a grant from the Spanish Ministerio
de Educacion y Ciencia (AGL-2015-68806-R), by a Grant from
the Spanish Ministry of the Economy and Competitiveness
(PID2019-106704RB-100/AEI/10.13039/501100011033), and
from the Plan Andaluz de Investigacién (Research Group BIO
188). MR was supported by a University of Granada Programme
(Empleo Garantia Juvenil). JR was supported by an FPU
fellowship from the Spanish Ministerio de Educacion, Cultura y
Deporte (FPU15/01717).

ACKNOWLEDGMENTS

The authors wish to thank Francisco Rodriguez Vicario for
providing samples from Castril.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.
896728/full#supplementary-material

Frontiers in Plant Science | www.frontiersin.org

11

June 2022 | Volume 13 | Article 896728


https://www.frontiersin.org/articles/10.3389/fpls.2022.896728/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Rodriguez et al.

Peribacillus castrilensis sp. nov., a PGP and Biocontrol Species

REFERENCES

Aktar, W., Sengupta, D., and Chowdhury, A. (2009). Impact of pesticides
use in agriculture: their benefits and hazards. Interdiscip. Toxicol. 2, 1-12.
doi: 10.2478/v10102-009-0001-7

Alexander, D. B., and Zuberer, D. A. (1991). Use of chrome azurol S reagents to
evaluate siderophore production by rhizosphere bacteria. Biol. Fertil. Soils 12,
39-45. doi: 10.1007/BF00369386

Altschul, S. F.,, Gish, W., Miller, W., Myers, E. W., and Lipman, D. J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.
doi: 10.1016/S0022-2836(05)80360-2

An, C., Okamoto, Y., Xu, S., Eo, K. Y., Kimura, J., and Yamamoto, N. (2017).
Comparison of fecal microbiota of three captive carnivore species inhabiting
Korea. J. Vet. Med. Sci. 79, 542-546. doi: 10.1292/jvms.16-0472

Baird-Parker, A. C. (1963). A classification of micrococci and staphylococci
based on physiological and biochemical tests. J. Gen. Microbiol. 30, 409-427.
doi: 10.1099/00221287-30-3-409

Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., van Weezel, G. P.,
Medema, M. H., et al. (2021). antiSMASH 6.0: improving cluster detection and
comparison capabilities. Nucleic Acids Res. 49, 29-35. doi: 10.1093/nar/gkab335

Borriss, R. (2011). “Use of plant-associated Bacillus strains as biofertilizers
and biocontrol agents in agriculture in Bacteria in Agrobiology: Plant
Growth Responses, ed. D. K. Maheshwari. (Berlin, Heidelberg: Springer Berlin
Heidelberg), 41-76.

Cantalapiedra, C. P., Hernandez-Plaza, A., Letunic, I, Bork, P., and Huerta-Cepas,
J. (2021). eggNOG-mapper v2: functional annotation, orthology assignments,
and domain prediction at the metagenomic scale. Mol. Biol. Evol. 38,
5825-5829. doi: 10.1093/molbev/msab293

Chaudhari, N. M., Gupta, V. K., and Dutta, C. (2016). BPGA- an ultra-fast
pan-genome analysis pipeline. Sci. Rep. 6, 24373. doi: 10.1038/srep24373

Chilton, M. D., Currier, T. C., Farrand, S. K., Bendich, A. J., Gordon, M. P., and
Nester, E. W. (1974). Agrobacterium tumefaciens DNA and PS8 bacteriophage
DNA not detected in crown gall tumors. Proc. Natl. Acad. Sci. 71, 3672-3676.
doi: 10.1073/pnas.71.9.3672

Dong, Y. H., Xu, J. L., Li, X. Z., and Zhang, L. H. (2000). AiiA, an enzyme that
inactivates the acylhomoserine lactone quorum-sensing signal and attenuates
the virulence of Erwinia carotovora. Proc. Natl. Acad. Sci. 97, 3526-3531.
doi: 10.1073/pnas.97.7.3526

Fan, X,, Ye, T., Li, Q., Bhatt, P., Zhang, L., and Chen, S. (2020). Potential of a
quorum quenching bacteria isolated Ochrobactrum intermedium D-2 against
soft rot pathogen Pectobacterium carotovorum subsp. carotovorum. Front.
Microbiol. 11, 898. doi: 10.3389/fmicb.2020.00898

FAO (2017). The Future of Food and Agricultura-Trends and Challenges. Rome.

Faure, D., and Dessaux, Y. (2007). Quorum sensing as a target for developing
control strategies for the plant pathogen Pectobacterium. Eur. J. Plant Pathol.
119, 353-365. doi: 10.1007/s10658-007-9149-1

Feng, L., Liu, D., Sun, X, Wang, G., and Li, M. (2016). Bacillus cavernae
sp. nov. isolated from cave soil. Int. J. Syst. Evol. Microbiol. 66, 801-806.
doi: 10.1099/ijsem.0.000794

Fetzner, S. (2015). Quorum quenching enzymes. J. Biotechnol. 201, 2-14.
doi: 10.1016/j.jbiotec.2014.09.001

Fuqua, W. C., Winans, S. C., and Greenberg, E. P. (1994). Quorum sensing
in bacteria: the LuxR-LuxI family of cell density-responsive transcriptional
regulators. J. Bacteriol. 176, 269-275. doi: 10.1128/jb.176.2.269-275.1994

Gang, S., Sharma, S., Saraf, M., Buck, M., and Schumacher, J. (2019). Analysis
of indole-3-acetic acid (IAA) production in Klebsiella by LC-MS/MS and the
Salkowski Method. Bio. Protoc. 9, €3230. doi: 10.21769/BioProtoc.3230

Garge, S. S., and Nerurkar, A. S. (2016). Attenuation of quorum sensing regulated
virulence of Pectobacterium carotovorum subsp. carotovorum through an
AHL lactonase produced by Lysinibacillus sp. Gs50. PLoS ONE, 11, 1-23
doi: 10.1371/journal.pone.0167344

Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., Vandamme, P.,
and Tiedje, J. M. (2007). DNA-DNA hybridization values and their relationship
to whole-genome sequence similarities. Int. J. Syst. Evol. Microbiol. 57, 81-91.
doi: 10.1099/ijs.0.64483-0

Grandclément, C., Tanniéres, M., Moréra, S., Dessaux, Y., and Faure, D. (2015).
Quorum quenching: role in nature and applied developments. FEMS Microbiol.
Rev. 40, 86-116. doi: 10.1093/femsre/fuv038

Gupta, R. S., Patel, S., Saini, N., and Chen, S. (2020). Robust demarcation
of 17 distinct Bacillus species clades, proposed as novel Bacillaceae
genera, by phylogenomics and comparative genomic analyses: description of
Robertmurraya kyonggiensis sp. nov. and proposal for an emended genus
Bacillus limiting it only to the members of the Subtilis and Cereus clades of
species. Int. ]. Syst. Evol. Microbiol. 70, 5753-5798. doi: 10.1099/ijsem.0.004475

Gupta, S., and Pandey, S. (2019). ACC Deaminase producing bacteria
with multifarious plant growth promoting traits alleviates salinity stress
in French bean (Phaseolus vulgaris) plants. Front. Microbiol. 10, 1506.
doi: 10.3389/fmicb.2019.01506

Helman, Y., and Chernin, L. (2015). Silencing the mob: disrupting quorum
sensing as a means to fight plant disease. Mol. Plant Pathol. 16, 316-329.
doi: 10.1111/mpp.12180

Heyrman, J., Logan, N. A., Rodriguez-Diaz, M., Scheldeman, P., Lebbe, L., Swings,
J., et al. (2005). Study of mural painting isolates, leading to the transfer of
’Bacillus maroccanus’ and ’Bacillus carotarum’ to Bacillus simplex, emended
description of Bacillus simplex, re-examination of the strains previously
attributed to *Bacillus macroides’ and description of Bacillus muralis sp. nov.
Int. ]. Syst. Evol. Microbiol. 55, 119-131. doi: 10.1099/ijs.0.63221-0

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernandez-Plaza, A., Forslund, S.
K., Cook, H., et al. (2018). eggNOG 5.0: a hierarchical, functionally and
phylogenetically annotated orthology resource based on 5090 organisms and
2502 viruses. Nucleic Acids Res. 47, 309-314. doi: 10.1093/nar/gky1085

Jeffries, C. D., Holtman, D. F., and Guse, D. G. (1957). Rapid method for
determining the activity of microorganisms on nucleic acids. J. Bacteriol. 73,
590-591. doi: 10.1128/jb.73.4.590-591.1957

Jiang, L., Jung, W. Y., Li, Z, Lee, M. K,, Park, S. H., Kang, S. W, et al. (2019).
Peribacillus faecalis sp. nov., a moderately halophilic bacterium isolated from
the faeces of a cow. Int. J. Syst. Evol. Microbiol. 71. doi: 10.1099/ijsem.0.004721

Kéampfer, P., Busse, H.-]., McInroy, J. A., and Glaeser, S. P. (2015). Bacillus gossypii
sp. nov., isolated from the stem of Gossypium hirsutum. Int. ]. Syst. Evol.
Microbiol. 65, 4163-4168. doi: 10.1099/ijsem.0.000555

Kannan, V., Bastas, K., and Devi, R. (2015). “Scientific and economic impact
of plant pathogenic bacteria,” in Sustainable Approaches to Controlling Plant
Pathogenic Bacteria, eds R. V. Kannan, and K. K. Bastas (Boca Raton, FL: CRC
Press), 369-392. doi: 10.1201/b18892-21

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol. Biol. Evol.
30, 772-780. doi: 10.1093/molbev/mst010

Khatoon, Z., Huang, S., Rafique, M., Fakhar, A., Kamran, M. A, and Santoyo, G.
(2020). Unlocking the potential of plant growth-promoting rhizobacteria on
soil health and the sustainability of agricultural systems. J. Environ.Manage.
273,111-118. doi: 10.1016/j.jenvman.2020.111118

Kim, M., Oh, H.-S., Park, S.-C., and Chun, J. (2014). Towards a taxonomic
coherence between average nucleotide identity and 16S rRNA gene sequence
similarity for species demarcation of prokaryotes. Int. J. Syst. Evol. Microbiol.
64, 346-351. doi: 10.1099/ijs.0.059774-0

Kimura, S., and Sinha, N. (2008). Tomato (Solanum lycopersicum): a model
fruit-bearing crop. CSH Protoc. doi: 10.1101/pdb.emo105

Konstantinidis, K. T., and Tiedje, J. M. (2005). Towards a genome-
based taxonomy for prokaryotes. J. Bacteriol. 187, 6258-6264.
doi: 10.1128/JB.187.18.6258-6264.2005

Kovacs, N. (1956). Identification of Pseudomonas pyocyanea by the oxidase
reaction. Nature 178, 703. doi: 10.1038/178703a0

Kuisiene, N., Raugalas, J., Spréer, C., Kroppenstedt, R. M., and Chitavichius, D.
(2008). Bacillus butanolivorans sp. nov., a species with industrial application
for the remediation of n-butanol. Int. J. Syst. Evol. Microbiol. 58, 505-509.
doi: 10.1099/ijs.0.65332-0

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms. Mol. Biol.
Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Kumari, B., Mallick, M. A., Solanki, M. K., Solanki, A. C., Hora, A., and
Guo, W. (2019). “Plant Growth Promoting Rhizobacteria (PGPR): Modern
Prospects for Sustainable Agriculture,” in Plant Health Under Biotic Stress:
Vol. 2 Microbial Interactions, eds. R. A. Ansari and I. Mahmood. (Singapore:
Springer Singapore), 109-127.

Leathers, T. D., Saunders, L. P.,, Bowman, M. J., Price, N. P. J., Bischoff,
K. M., Rich, J. O, et al. (2020). Inhibition of Erwinia amylovora by

Frontiers in Plant Science | www.frontiersin.org

12

June 2022 | Volume 13 | Article 896728


https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.1007/BF00369386
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1292/jvms.16-0472
https://doi.org/10.1099/00221287-30-3-409
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1038/srep24373
https://doi.org/10.1073/pnas.71.9.3672
https://doi.org/10.1073/pnas.97.7.3526
https://doi.org/10.3389/fmicb.2020.00898
https://doi.org/10.1007/s10658-007-9149-1
https://doi.org/10.1099/ijsem.0.000794
https://doi.org/10.1016/j.jbiotec.2014.09.001
https://doi.org/10.1128/jb.176.2.269-275.1994
https://doi.org/10.21769/BioProtoc.3230
https://doi.org/10.1371/journal.pone.0167344
https://doi.org/10.1099/ijs.0.64483-0
https://doi.org/10.1093/femsre/fuv038
https://doi.org/10.1099/ijsem.0.004475
https://doi.org/10.3389/fmicb.2019.01506
https://doi.org/10.1111/mpp.12180
https://doi.org/10.1099/ijs.0.63221-0
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1128/jb.73.4.590-591.1957
https://doi.org/10.1099/ijsem.0.004721
https://doi.org/10.1099/ijsem.0.000555
https://doi.org/10.1201/b18892-21
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.jenvman.2020.111118
https://doi.org/10.1099/ijs.0.059774-0
https://doi.org/10.1101/pdb.emo105
https://doi.org/10.1128/JB.187.18.6258-6264.2005
https://doi.org/10.1038/178703a0
https://doi.org/10.1099/ijs.0.65332-0
https://doi.org/10.1093/molbev/msy096
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Rodriguez et al.

Peribacillus castrilensis sp. nov., a PGP and Biocontrol Species

Bacillus nakamurai. Curr. Microbiol. 77, 875-881. doi: 10.1007/s00284-019-
01845-y

Lee, I, Kim, Y. O., Park, S.-C., and Chun, J. (2016). OrthoANI: an improved
algorithm and software for calculating average nucleotide identity. Int. J. Syst.
Evol. Microbiol. 66, 1100-1103. doi: 10.1099/ijsem.0.000760

Li, J., Yang, G., Wu, M., Zhao, Y., and Zhou, S. (2014). Bacillus huizhouensis sp.
nov., isolated from a paddy field soil. Antonie Van Leeuwenhoek 106, 357-363.
doi: 10.1007/s10482-014-0208-2

Lim, J. M., Jeon, C. O., Lee, J. R, Park, D. J., and Kim, C. J. (2007). Bacillus
kribbensis sp. nov., isolated from a soil sample in Jeju, Korea. Int. J. Syst. Evol.
Microbiol. 57, 2912-2916. doi: 10.1099/ijs.0.65227-0

Liu, B., Liu, G.-H., Zhu, Y.-J., Wang, J.-P., Che, J.-M., Chen, Q.-Q,, et al. (2016).
Bacillus loiseleuriae sp. nov., isolated from rhizosphere soil from a loiseleuria
plant. Int. J. Syst. Evol. Microbiol. 66, 2678-2683. doi: 10.1099/ijsem.0.001107

Liu, G.-H,, Liu, B., Wang, J.-P., Che, J.-M., and Li, P.-F. (2020). Reclassification
of Brevibacterium frigoritolerans DSM 8801T as Bacillus frigoritolerans
comb. nov. based on genome analysis. Curr. Microbiol. 77, 1916-1923.
doi: 10.1007/s00284-020-01964-x

Logan, N. A., Berge, O., Bishop, A. H., Busse, H.-]., De Vos, P., Fritze, D.,
et al. (2009). Proposed minimal standards for describing new taxa of aerobic,
endospore-forming bacteria. Int. J. Syst. Evol. Microbiol. 59, 2114-2121.
doi: 10.1099/ijs.0.013649-0

Logan, N. A,, and De Vos, P. (2009). “Genus Bacillus Cohn 1872, in Bergey’s
Manual of Systematic Bacteriology, eds P. De Vos, M. Garrity, D. Jones, R. Krieg
and W. Ludwig W (New York: Springer), 21-128.

Ma, K., Yin, Q., Chen, L., Lai, Q., and Xu, Y. (2018). Bacillus acanthi sp. nov.,
isolated from the rhizosphere soil of a mangrove plant Acanthus ilicifolius. Int.
J. Syst. Evol. Microbiol. 68, 3047-3051. doi: 10.1099/ijsem.0.002950

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., et al.
(2012). Top 10 plant pathogenic bacteria in molecular plant pathology. Mol.
Plant Pathol. 13, 614-629. doi: 10.1111/j.1364-3703.2012.00804.x

Manyi-Loh, C., Mamphweli, S., Meyer, E., and Okoh, A. (2018). Antibiotic use in
agriculture and its consequential resistance in environmental sources: potential
public health implications. Molecules 23, 795. doi: 10.3390/molecules23040795

Marmur, J. (1961). A procedure for the isolation of deoxyribonucleic
acid  from  micro-organisms. ] Mol. Biol. 3,  208-IN201.
doi: 10.1016/50022-2836(61)80047-8

Martins, P. M. M., Merfa, M. V., Takita, M. A., and De Souza, A. A. (2018).
Persistence in phytopathogenic bacteria: do we know enough? Front. Microbiol.
9, 1099. doi: 10.3389/fmicb.2018.01099

Matthews, S., and Suhaimi, M. (2010). Selection of suitable growth medium
for free-living diazotrophs isolated from compost. J. Trop. Agric. Food Sci.
38,211-219.

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H.-P., and Goker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and improved
distance functions. BMC Bioinform. 14, 60. doi: 10.1186/1471-2105-14-60

Meier-Kolthoff, J. P., Carbasse, J. S., Peinado-Olarte, R. L., and Goker, M.
(2021). TYGS and LPSN: a database tandem for fast and reliable genome-
based classification and nomenclature of prokaryotes. Nucleic Acids Research.
doi: 10.1093/nar/gkab902

MIDI. (2008). Sherlock Microbial Identification System Operating Manual, version
6.1. Newark, DE: MIDI Inc.

Miljakovi¢, D., Marinkovi,¢, J., and Balesevi¢-Tubi,¢, S. (2020). The significance
of Bacillus spp. in disease suppression and growth promotion of field and
vegetable crops. Microorganisms 8, 1037. doi: 10.3390/microorganisms80
71037

Molan, Y., Ibrahim, Y., and Al-Masrahi, A. A. (2010). Identification in Saudi
Arabia of Pseudomonas corrugata, the tomato pith necrosis pathogen,
and assessment of cultivar resistance and seed treatment. J. Plant Pathol.
92,213-218.

Nurk, S., Bankevich, A., Antipov, D., Gurevich, A. A., Korobeynikov, A,
Lapidus, A., et al. (2013). Assembling single-cell genomes and mini-
metagenomes from chimeric MDA products. J. Comput. Biol. 20, 714-737.
doi: 10.1089/cmb.2013.0084

Patel, S., and Gupta, R. S. (2020). A phylogenomic and comparative genomic
framework for resolving the polyphyly of the genus Bacillus: Proposal for
six new genera of Bacillus species, Peribacillus gen. nov., Cytobacillus gen.
nov., Mesobacillus gen. nov., Neobacillus gen. nov., Metabacillus gen. nov.

and Alkalihalobacillus gen. nov. Int. J. Syst. Evol. Microbiol. 70, 406-438.
doi: 10.1099/ijsem.0.003775

Pikovskaya, R. (1948). Mobilization of phosphorus in soil in connection with the
vital activity of some microbial species. Mikrobiologiya 17, 362-370.

Poonguzhali, S., Madhaiyan, M., and Sa, T. (2006). Cultivation-dependent

of from field grown
Chinese cabbage Brassica campestris ssp pekinensis and screening of
traits for potential plant growth promotion. Plant Soil 286, 167-180.
doi: 10.1007/s11104-006-9035-1

Reina, J. C., Torres, M., and Llamas, I. (2019). Stenotrophomonas maltophilia
AHL-degrading strains isolated from marine invertebrate microbiota attenuate
the virulence of Pectobacterium carotovorum and Vibrio coralliilyticus. Mar.
Biotechnol. 21, 276-290. doi: 10.1007/s10126-019-09879-w

Richter, M., and Rossello-Mora, R. (2009). Shifting the genomic gold standard
for the prokaryotic species definition. Proc. Natl. Acad. Sci. 106, 19126-19131.
doi: 10.1073/pnas.0906412106

Richter, M., Rossello-Mora, R., Oliver Glockner, F., and Peplies, J. (2015).
JSpeciesWS: a web server for prokaryotic species circumscription
based on pairwise genome comparison. Bioinformatics 32, 929-931.
doi: 10.1093/bioinformatics/btv681

Rodriguez, M., Torres, M., Blanco, L., Béjar, V., Sampedro, I, and Llamas, I. (2020).
Plant growth-promoting activity and quorum quenching-mediated biocontrol
of bacterial phytopathogens by Pseudomonas segetis strain P6. Sci. Rep. 10,
4121doi: 10.1038/541598-020-61084-1

Romero, M., Martin-Cuadrado, A.-B., Roca-Rivada, A., Cabello, A. M., and
Otero, A. (2011). Quorum quenching in cultivable bacteria from dense
marine coastal microbial communities. FEMS Microbiol. Ecol. 75, 205-217.
doi: 10.1111/.1574-6941.2010.01011.x

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH image to imagej:
25 years of image analysis. Nat. Methods 9, 671-675. doi: 10.1038/nmeth.2089

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011).
Fast, scalable generation of high-quality protein multiple sequence alignments
using Clustal Omega. Mol. Syst. Biol. 7, 539. doi: 10.1038/msb.2011.75

Tatusova, T., DiCuccio, M., Badretdin, A., Chetvernin, V., Nawrocki, E. P,
Zaslavsky, L., et al. (2016). NCBI prokaryotic genome annotation pipeline.
Nucleic Acids Res. 44, 6614-6624. doi: 10.1093/nar/gkw569

Torres, M., Llamas, L, Torres, B., Toral, L., Sampedro, L, and Béjar, V. (2019).
Growth promotion on horticultural crops and antifungal activity of Bacillus
velezensis XT1. Appl. Soil Ecol. 150, 103453. doi: 10.1016/j.aps0il.2019.103453

Torres, M., Rubio-Portillo, E., Anton, J., Ramos-Espla, A. A., Quesada, E.,
and Llamas, 1. (2016). Selection of the N-Acylhomoserine lactone-degrading
bacterium Alteromonas stellipolaris PQQ-42 and of its potential for biocontrol
in aquaculture. Front. Microbiol 7, 646. doi: 10.3389/fmicb.2016.00646

Torres, M., Uroz, S., Salto, R., Fauchery, L., Quesada, E., and Llamas, 1. (2017).
HgqiA, a novel quorum-quenching enzyme which expands the AHL lactonase
family. Sci. Rep. 7, 943. doi: 10.1038/s41598-017-01176-7

Uroz, S., apos, Angelo-Picard, C., Carlier, A., Elasri, M., Sicot, C., et al.
(2003). Novel bacteria degrading N-acylhomoserine lactones and their use
as quenchers of quorum-sensing-regulated functions of plant-pathogenic
bacteria. Microbiology 149, 1981-1989. doi: 10.1099/mic.0.26375-0

Uroz, S., Dessaux, Y., and Oger, P. (2009). Quorum sensing and quorum
quenching: the yin and yang of bacterial communication. Chembiochem 10,
205-216. doi: 10.1002/cbic.200800521

Uttley, A., and Collins, C. (1993). Cowan and Steel’s Manual for the Identification of
Medical Bacteria. 3rd Edn, eds G. I. Barrow and R. K. A. Feltham (Cambridge:
Cambridge University Press), 331.

Vega, C., Rodriguez, M., Llamas, I, Béjar, V., and Sampedro, I. (2019).
Silencing of phytopathogen communication by the halotolerant
PGPR  Staphyloccocus equorum strain EN21. Microorganisms 8, 42.
doi: 10.3390/microorganisms8010042

Vessey, J. K. (2003). Plant growth promoting rhizobacteria as biofertilizers. Plant
Soil 255, 571-586. doi: 10.1023/A:1026037216893

Villalba, L. S., Mikdn, J. F., and Sanchez, J. (2004). Actividades hidroliticas
y caracterizacion isoenzimdtica de poblaciones microbianas aisladas del
patrimonio documental del Archivo General de Colombia. Nova 2, 50-58.
doi: 10.22490/24629448.7

Von Bodman, S. B, Bauer, W. D, and Coplin,
Quorum  sensing in  plant-pathogenic

characterization rhizobacterial communities

D. L.
Annu.

(2003).

bacteria. Rev.

Frontiers in Plant Science | www.frontiersin.org

13

June 2022 | Volume 13 | Article 896728


https://doi.org/10.1007/s00284-019-01845-y
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.1007/s10482-014-0208-2
https://doi.org/10.1099/ijs.0.65227-0
https://doi.org/10.1099/ijsem.0.001107
https://doi.org/10.1007/s00284-020-01964-x
https://doi.org/10.1099/ijs.0.013649-0
https://doi.org/10.1099/ijsem.0.002950
https://doi.org/10.1111/j.1364-3703.2012.00804.x
https://doi.org/10.3390/molecules23040795
https://doi.org/10.1016/S0022-2836(61)80047-8
https://doi.org/10.3389/fmicb.2018.01099
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1093/nar/gkab902
https://doi.org/10.3390/microorganisms8071037
https://doi.org/10.1089/cmb.2013.0084
https://doi.org/10.1099/ijsem.0.003775
https://doi.org/10.1007/s11104-006-9035-1
https://doi.org/10.1007/s10126-019-09879-w
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1038/s41598-020-61084-1
https://doi.org/10.1111/j.1574-6941.2010.01011.x
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.1016/j.apsoil.2019.103453
https://doi.org/10.3389/fmicb.2016.00646
https://doi.org/10.1038/s41598-017-01176-7
https://doi.org/10.1099/mic.0.26375-0
https://doi.org/10.1002/cbic.200800521
https://doi.org/10.3390/microorganisms8010042
https://doi.org/10.1023/A:1026037216893
https://doi.org/10.22490/24629448.7
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Rodriguez et al.

Peribacillus castrilensis sp. nov., a PGP and Biocontrol Species

Phytopathol. 455-482.  doi:
095652

Xie, Q. Y., Lin, H. P, Li, L., Brown, R., Goodfellow, M., Deng, Z., et al. (2012).
Verrucosispora wenchangensis sp. nov., isolated from mangrove soil. Antonie
Van Leeuwenhoek 102, 1-7. doi: 10.1007/s10482-012-9707-1

Yoon, S. H., Ha, S. M., Kwon, S., Lim, J., Kim, Y., Seo, H., et al. (2017). Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences
and whole-genome assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613-1617.
doi: 10.1099/ijsem.0.001755

Yumoto, I, Hirota, K., Yamaga, S., Nodasaka, Y., Kawasaki, T., Matsuyama,
H., et al. (2004). Bacillus asahii sp nov., a novel bacterium isolated from
soil with the ability to deodorize the bad smell generated from short-chain
fatty acids. Int. J. Syst. Evol. Microbiol. 54, 1997-2001. doi: 10.1099/ijs.0.
03014-0

Zhang, L., Wu, G. L., Wang, Y., Dai, ., and Fang, C. X. (2011). Bacillus deserti sp.
nov., a novel bacterium isolated from the desert of Xinjiang, China. Antonie
Van Leeuwenhoek 99, 221-229. doi: 10.1007/s10482-010-9479-4

Zhang, W., Luo, Q., Zhang, Y., Fan, X, Ye, T., Mishra, S., et al. (2020).
Quorum quenching in a novel Acinetobacter sp. XN-10 bacterial strain against
Pectobacterium carotovorum subsp. carotovorum. Microorganisms 8, 1100.
doi: 10.3390/microorganisms8081100

Zhang, Y. Z., Chen, W. F,, Li, M,, Sui, X. H, Liu, H. C,, Zhang, X. X,, et al.
(2012). Bacillus endoradicis sp. nov., an endophytic bacterium isolated from
soybean root. Int. J. Syst. Evol. Microbiol. 62, 359-363. doi: 10.1099/ijs.0.
028936-0

41, 10.1146/annurev.phyto.41.052002.

Zhao, C., Zeng, H., Yu, Z., and Sun, M. (2008). N-Acyl homoserine lactonase
promotes prevention of Erwinia virulence with zwittermicin A-producing
strain Bacillus cereus. Biotechnol. Bioeng. 100, 599-603. doi: 10.1002/bit.21794

Zhou, Y., Choi, Y. L., Sun, M., and Yu, Z. (2008). Novel roles of Bacillus
thuringiensis to control plant diseases. Appl. Microbiol. Biotechnol. 80, 563-572.
doi: 10.1007/s00253-008-1610-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Rodriguez, Reina, Sampedro, Llamas and Martinez-Checa. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

14

June 2022 | Volume 13 | Article 896728


https://doi.org/10.1146/annurev.phyto.41.052002.095652
https://doi.org/10.1007/s10482-012-9707-1
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijs.0.03014-0
https://doi.org/10.1007/s10482-010-9479-4
https://doi.org/10.3390/microorganisms8081100
https://doi.org/10.1099/ijs.0.028936-0
https://doi.org/10.1002/bit.21794
https://doi.org/10.1007/s00253-008-1610-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Peribacillus castrilensis sp. nov.: A Plant-Growth-Promoting and Biocontrol Species Isolated From a River Otter in Castril, Granada, Southern Spain
	Introduction
	Materials and Methods
	Bacterial Strains, Compounds, Media, and Growth Conditions
	Phylogenetic 16S rRNA Gene Analysis
	Phenotypic and Chemotaxonomic Characterization
	Genome Sequencing and Assembly
	In silico ANI, AAI, and DDH
	Analysis of the Core Orthologous Genes
	Determination of the Possible Mechanisms of N3T Action
	Determination of Plant-Growth-Promoting and Biocontrol Activities
	Statistical Analysis

	Results and Discussion
	Phylogenetic Analysis Based on the 16S rRNA Gene Sequence
	Phenotypic and Chemotaxonomic Characterization
	Whole-Genome Sequencing and Assembly
	In silico G+C Content, ANI, AAI, and DDDH Calculations
	Phylogenetic Analysis of Core Orthologous Proteins
	Biochemical Characterization of Plant Growth Promotion Activity and Quorum Quenching Traits
	Growth Promotion in Tomato Plants and Biocontrol of Phytopathogens

	Conclusion
	Description Of Peribacillus castrilensis sp. nov.
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


