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Abstract

A Bacillus strain X2 that produced extracellular endo-xylanase (GH 11) (EC: 3.2.1.8) was isolated from the soil of the
Northeast India region. This aerobic culture was Gram positive and endospore forming. Chemotaxonomic characterization
showed variance with the fatty acid profile of related species in the Bacillus subtilis group. In Bacillus strain X2, distinct
occurrence of iso-C ., lipids is absent in other related species. The 16S rRNA gene sequence homology showed 99% simi-
larity with Bacillus subtilis subsp. inaquosorum. The phylogenetic analysis by the multilocus sequence analysis (MLSA) of
the nucleotide sequence of six concatenated genes (16S rRNA, groEL, gyrA, polC, purH and rpoB) resolved the taxonomic
position of the Bacillus strain X2 in the Bacillus subtilis subsp. group. The MLSA showed that it is a member of a clade that
includes Bacillus subtilis subsp. stercoris. In in silico DNA-DNA hybridization (DDH), the highest matching score was
obtained with Bacillus subtilis subsp. stercoris (87%). The in silico DDH of the genome (G + C 43.7 mol %) shared 48.5%,
with Bacillus subtilis subsp. inaquosorum. The MLSA phylogenetic tree and the highest degree of DNA hybridization,
indicating that it belongs to the Bacillus subtilis subspecies stercoris.

Keywords Xylanolytic bacteria - Polyphasic characterization - Bacillus subtilis - Northeast india - Xylanase -
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Abbreviations
MALDI-ToF Matrix-assisted laser desorption ionization-
time of flight

diverse ecological habitats due to their ability to metabolize
a wide range substrates and to form endospores in adverse
conditions (Zwick et al. 2012). Recently, many new Bacil-

XOS Xylooligosaccharides lus species which were classified as Bacillus subtilis have

MLSA Multilocus sequence analysis been reclassified as B. atrophaeus, B. velezensis, B. tequilen-

FAMEs Fatty acid methyl esters sis and more (Nakamura 1989; Roberts et al. 1994, 1996;
Palmisano et al. 2001; Gatson et al. 2006; Wang et al. 2007,
2008).

Introduction A xylanolytic Bacillus strain X2 was isolated from decay-

The Bacillus genus comprises a rod-shaped aerobic,
endospore-forming group of bacteria that have been clas-
sified under the phylum Firmicutes (Logan and De Vos
2009). They are ubiquitous in nature and are found in
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ing wood samples collected from the northeast state of
India, Assam. This aerobic culture was Gram positive and
endospore forming. The 16S rRNA gene sequence homology
showed 99% similarity with Bacillus subtilis subsp. inaquo-
sorum; however, the in silico DDH study revealed that the
homology shared was only 48.5%. Due to this anomaly in
these two taxonomic properties, exact identification was not
done and it was necessary to resolve the taxonomic posi-
tion of the isolate X2 for further characterization (Tindall
et al. 2010). It is known that due to the complexity in the
classification of Bacillus subtilis species, the phylogenetic
association between different subspecies under this group
cannot be determined only on the basis of phenotypic and
biochemical characteristics (polyphasic) or 16S rRNA gene
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systematics. Genomics based approach offers an opportu-
nity for the resolution of the taxonomic description of a new
strain putatively identified as Bacillus subtilis on the basis
of 16S rRNA gene homology. The taxonomic position of
many species in the genus Bacillus has been ascertained and
reclassified by using many parameters such as MLSA and
the whole genome sequence identity method (Stackebrandt
et al. 2002; Gevers et al. 2005). In 1995, two subgroups
of Bacillus subtilis were separated based on the multilocus
sequence alignment (MLSA) method (Roberts and Cohan
1995). These groups had 58-69% homology on the basis
of DNA—--DNA hybridization and sexual isolation on the
basis of DNA donor/recipient ability. On this basis, Naka-
mura et al. (Nakamura et al. 1999) proposed two groups,
i.e., B. subtilis subsp. subtilis and B. subtilis subsp. spiz-
izenii. Further resolution of the subspecies spizizenii was
done by Rooney et al. (Rooney et al. 2009) using MLSA
combined with MALDI-ToF analysis to determine the exist-
ence of two different taxonomic subspecies as B. subtilis
subsp. spizizenii and B. subtilis subsp. inaquosorum. The
uses of high-throughput data (Genome sequence) in taxon-
omy have enabled circumscribing the classification of the
Bacillus group. Based on molecular phylogeny and in silico
DDH, Dunlap and his coworkers rationalized the taxonomi-
cal classification among Bacillus amyloliquefaciens subsp.
plantarum, Bacillus velezensis, Bacillus axarquiensis, and
Bacillus malacitensis (Dunlap et al. 2016a, b).

In this study, we investigated the taxonomical position
of Bacillus strain X2 using the multilocus sequence phylo-
genetics as well as phylogenomics analysis for comparing
it with a novel taxa, Bacillus subtilis subspecies stercoris
(Adelskov and Patel 2017) within the Bacillus subtilis com-
plex, which has become a model microorganism for the
study of bacterial divergence (Cohan and Kane 2001; Cohan
2002, 2006; Perry et al. 2006).

Most of the species of genus Bacillus are non-pathogenic
and non-toxic, hence they have been given the generally rec-
ognized as safe (GRAS) status and are important candidates
for industrial applications. The metabolic capacity of Bacil-
lus has been harnessed by the industry for the production of
riboflavin, streptavidin, and beta-lactamase (Maughan and
Van der Auwera 2011; Oraei et al. 2018). Various Bacil-
lus subtilis strains are the major source of lignocellulose
degrading enzymes, particularly xylanase, which are used
for the production of prebiotics such as xylooligosaccharides
using the xylan from various plant sources (Rhee et al. 2014;
Reddy and Krishnan 2016a). Xylan is the major hemicel-
lulose of plant origin, which can be used as the substrate
for the production of xylooligosaccharides (XOS) (Vazquez
et al. 2001; Huang et al. 2017). This novel strain of Bacil-
lus has the ability to produce extracellular endo-xylanase
which can convert xylan of agricultural residue origin for
the production of prebiotics.
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Materials and methods
Chemicals

Oat spelt xylan was obtained from Sigma Chemicals (St.
Louis, MO, US), beechwood xylan from CDH, India, birch-
wood xylan was from Sigma Chemicals (St. Louis, MO,
USA), and corncob xylan was obtained from CDH, India.
Congo red was procured from Hi-Media, India. Reference
standard xylooligosaccharides xylobiose and xylotriose were
purchased from Megazyme (Bray, Ireland). All other chemi-
cals used were of analytical grade.

Microorganisms

Type strains of Bacillus subtilis subsp. subtilis MCC 2049
(ATCC 6051") and Bacillus subtilis subsp. spizizenii MCC
24807 (JCM 122337) were procured from microbial culture
collection NCCS Pune, Maharashtra, India.

Isolation and preservation of the Bacillus strain X2

Decaying wood from the guest house garden of CSIR-NEIST
Jorhat, Assam, India (26.74° N, 94.16° E) was serially ten-
fold diluted with sterile phosphate buffer saline. Aliquot of
100 pl of every dilution was spread over the nutrient agar
(NA) plate and incubated at 37 °C for 24 h. Based on the
morphology of the individual isolated colony, different iso-
lates were picked up and spot inoculated on two nutrient
agar plates containing 0.5% birchwood xylan and further
incubated for 24 h. After 24 h, one of the nutrient birchwood
agar plates was flooded with 5 ml 1% Congo red dye in dis-
tilled water. After 5 min in the dye solution, the excess dye
was discarded and the plate was serially rinsed with 1 M
NaCl three to four times. The colonies producing unstained
zone around them were selected as xylanases-producing
strain. The most promising strain producing a 15 mm zone
of discoloration was selected for further investigation. After
confirming the purity of the strain by streaking on the NA
plate as well as Gram staining, the strain was maintained in
the laboratory as Bacillus sp. strain X2. All cultures were
maintained on NA slant at 4°C in the refrigerator and long-
term storage was done in 15% glycerol in a deep freezer at
- 80 °C.

Phenotypic and physiological characterization

Cell morphology and cell surface structure of pure culture
bacterial cells were inspected under the scanning electron
microscope (EVO 40, ZEISS), Bacteria were grown in LB
broth for 24 h, followed by washing with phosphate-buffered



3 Biotech (2020) 10:328

Page3of 15 328

saline (PBS). The washed bacterial pellet was resuspended
in sterile PBS and a smear was made on a sterile clean glass
slide. The slide was kept in modified Karnovsky’s fixative
for 3 h following washing and dehydrated gradually. After
dehydration of cells adhering to the slide, the slide was
treated with tert-butyl alcohol for 45 min. The treated slide
was freeze dried. The specimen was metal coated by gold
palladium sputtering at 12—15 mA. The scanning electron
micrograph was obtained at 20.0 kV operating voltage and
magnification obtained was 10 kX. The image was recorded
by an in-built Nikon digital camera. Spore staining using
Malachite green was done for confirming the endospore for-
mation and was observed under the phase contrast micro-
scope after growing the strain X2 on the sporulating agar
medium for a week (Logan et al. 2009). Gram reaction of
the strains was carried out with KOH lysis (Moaledj 1986).

Different biochemical tests such as nitrate reduction,
aesculin hydrolysis, catalase, indole production, oxidase
activities, H,S production, urea, and gelatin hydrolysis of
species were carried out as described by Lanyi (1988) and
Smibert and Krieg (1994). Many extracellular enzymatic
activities such as protease, lipase, and amylase were tested
using the activity measurement described by Srinivas et al.
(2009). Antibiotic susceptibility, acid production, and car-
bon substrate utilization of the strains were executed using
the earlier described methods by Anil et al. (2012). Follow-
ing the manufacturer’s protocol, biochemical and enzyme
characterization was also performed using the Vitek 2 GP
system (bioM’erieux). Standard phenotypic tests were per-
formed to characterize the strain X2. Growth at different
NaCl concentrations at 2-12% (w/v) and different tempera-
tures range 5-70 °C were examined. To determine the pH
range for growth, TSA was buffered with citric acid/NaOH
(for pH 5.0 and 6.0), NaHPO,/Na,HPO, (for pH 7.0-8.0),
glycine/NaOH (for pH 9.0-10.0), Na,HPO,/NaOH (for pH
11) and KCI/NaOH (for pH 12) (Xu et al. 2005).

Chemotaxonomy characterization

For cellular fatty acid analysis of strain X2, Bacillus subti-
lis subsp. subtilis MCC 2049" and Bacillus subtilis subsp.
spizizenii MCC 2480" were grown on TSA plates at 37 °C
for 20 h, and at the logarithmic phase, the growth was har-
vested. MIDI system (MIS operating manual version 6.1)
protocol was performed for cellular fatty acid methyl esters
(FAMEs) sample preparation by saponification and meth-
ylation, followed by extraction. FAMEs were analyzed by
gas chromatography (Agilent model 7890A). Samples were
heated by increasing the temperature at a rate of 1 °C min™!
till 300 °C. Fatty acid profiles were compared with those in
the MIS library of midi (TSBA 6.0 library).

MALDI-ToF MS was used to determine the lipopep-
tide biomarker profiles followed the method of Price et al.

(2007). Mass spectra were acquired on a Bruker-Daltoniks
Microflex instrument operating in reflectron mode. Ion
source 1 and 2 was set at 20.0 kV and 18.25 kV, respectively,
with lens voltage 9.9 kV and reflector voltages of 20.00 k'V.
2,5-Dihydrobenzoic acid matrix (10 mg/ml in acetonitrile)
with aqueous samples were applied on Bruker-Daltoniks
MSP 96 polished steel target. Bruker bacterial test standard
was used as the reference. The instrument was run by flex
control software and data were analyzed by flex analysis
software in conjunction with MALDI BIOTYPER real time
(3.0).

Genotyping of Bacillus strain X2 and MLSA

For genomic DNA isolation, Bacillus strain X2 was grown
overnight at 37 °C in the NA medium. The bacterial culture
was treated as the process described by Marmur (1961). 16S
rRNA gene sequencing was done as described earlier (Lane
1991). The 16S rRNA gene sequence of the strain Bacil-
lus strain X2 (1526 bp) was queried in the EzTaxon server
(Chun et al. 2007). Nucleotide BLAST sequence similarity
search (Altschul et al. 1990) was used to find the neigh-
boring taxa. All the 16S rRNA gene sequences of closely
related species of the genus Bacillus were extracted from
the NCBI database (www.ncbi.nlm.nih.gov). For MLSA,
partial sequence of the groEL, gyrA, polC, purH, and rpoB
genes from 36 Bacillus species strain’s genome were taken.
Sequences of each gene from all strains were aligned using
MUSCLE. Genes sequence lengths were: 16S rRNA—
1270 bp, groEL—1605 bp, gyrA—2077 bp, polC—2407 bp,
purH—1542 bp and rpoB—3444 bp. These sequences were
concatenated into a single sequence of 12,345 bp long in
a series of 16S-groEL-gyrA-polC-purH-rpoB. MEGA soft-
ware version 7.0 was used for phylogenetic analysis (Kumar
et al. 2016), Neighbor-joining method (Saitou and Nei
1987) and the Tamura—Nei model (Tamura and Nei 1993).
Tamura—Nei model is suitable for high G+ C content gene
sequences and the above resultant sequences had 47% GC
content. The resulting sequence was 12,058 bp after the
elimination of all positions containing gaps or missing in the
final construct. Bootstrap of 1000 replicates was performed
to evaluate the confidence of the phylogenetic tree topology.

Genome sequencing and annotation

The phenol—chloroform method was used for isolating the
total genomic DNA from Bacillus strain X2 (Sambrook and
Russell 2006). The quality and integrity of the genomic
DNA were confirmed by agarose gel electrophoresis. The
purity and concentration of the genomic DNA preparation
were determined by Nanodrop instrument (Thermo Sci-
entific, MA, USA). DNA was used for library preparation
with Illumina Nextseq 500 Kit protocol. DNA libraries were
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paired-end sequenced using Illumina Nextseq 500 adapt-
ers on an Illumina Nextseq 500 platform. Raw reads were
analyzed using the FastQC tool, CLC bio Genomics Work-
bench version 7.50 (CGWB). 16S rRNA gene sequences
from the genomes were extracted using RNAmmer 1.2
server (Lagesen et al. 2007) and the EzTaxon server was
used to characterize the sequences (Chun et al. 2007). tRNA
encoded in the genome was identified in the genome by
tRNAScan-SE (Lowe and Eddy 1996). The genome anno-
tation was performed using the NCBI Prokaryotic Genome
Annotation Pipeline (https://www.ncbi.nlm.nih.gov/genom
e/annotation_prok/) and Rapid Annotation System Tech-
nology (RAST) pipeline (Aziz et al. 2008). SignalP 4.1
database was used to screen the genes with signal peptides
(Petersen et al. 2011).

Construction of phylogenomic tree based
on housekeeping protein sequences

Based on 16S rRNA gene sequence similarity according to
EzTaxon, we retrieved the genomes of all the neighboring
Bacillus species from the GenBank. The names of Bacillus
species and their type species have been listed in Table 1S.
The genomes of all the listed Bacillus species were loaded
onto Amphoranet 2 server (Kerepesi et al. 2014) and amino
acid sequences of housekeeping proteins were extracted
from the respective genomes. The lists of 31 housekeeping
proteins selected for the estimation of amino acid sequence
similarity are given in Table 2S. The amino acid sequence
of 31 housekeeping proteins was manually concatenated as
a sequence from each strain and alignment of all concatem-
ers was done using MUSCLE and the phylogenetic tree was
constructed in MEGA 7 software (Kumar et al. 2016). The
evolutionary history was calculated through the neighbor-
joining method (Saitou and Nei 1987).

Sequence analysis of a Xyl_1 gene

Genomic DNA of B. subtilis X2 was used as a template
for polymerase chain reaction (PCR) amplification. Specific
primers Xyl_1F (5 GATGGATCCGCAACTACAATCACC
TCAAATCAA 3') and Xyl_1R (5' GATTCTAGATTATTG
ACTTTTCCCCCCAAC 3') were designed for amplification
of Xyl_1 gene. PCR conditions were as follows: step 1—hot
start at 94 °C for 5 min, step 2—35 cycles of 94 °C for
30 s, step 3—55 °C for 30 s, step 4—72 °C for 3 min, and
step 5—10 min of extension at 72 °C. The PCR product
was purified and verified by sequencing. Structure-based
sequence alignment was performed by using CLUSTAL W
and exported by ESPript (Robert and Gouet 2014). All pro-
tein sequences were retrieved from GenBank.
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Oligosaccharides production and quantification

Xylanase from the Bacillus strain X2 was isolated and puri-
fied by the conventional method of purification compris-
ing ultrafiltration and fractionation by chromatography
on Q-Sepharose and phenyl Sepharose (Manuscript under
preparation). Purified xylanase was assayed by following
Bailey’s method (Bailey et al. 1992). The definition of 1 IU
of xylanase activity is the amount of enzyme that releases
1 umol of reducing sugar as xylose per minute from birch-
wood xylan in 50 mM Tris—HCI, pH 8.0. Conversion of
birchwood xylan into XOS was done by incubating 500 pl
of 1% birchwood xylan in Tris—HCI buffer, pHS8, with 1 U
of xylanase at 50 °C for 1 h. After incubation, the reac-
tion products were filtered through a 0.2-um filter. For the
analysis of the reaction products, 20 pl content was injected
onto the sugar pack I column (300x 6.5 mm Waters, USA)
connected to the HPLC (La’Chrome, Merck, Hitachi,) fitted
with an RI detector (Waters 2414). The mobile phase was
distilled water containing 50 mg/L calcium EDTA. The flow
rate was 0.5 ml/min and the temperature of the column and
detector was 70 °C and 30 °C, respectively. HPLC-grade
xylose, glucose, xylobiose (Megazyme), and xylotriose
(Megazyme) were used as standard.

Results and discussion
Phenotypic and biochemical characterization

Bacillus strain X2 formed irregular colonies with lobate
margin, rough surface, and opaque in density (Fig. 1S).
Based on electron microscopy, the cell morphology was
confirmed as rod shaped (Fig. 1S). It was a terminal spore-
forming, Gram-positive bacteria. The strain was alkali tol-
erant as it can grow in a pH range of 4.0-10.0. It is also a
halophile, as it can tolerate and grow in 10% (w/v) NaCl
concentration. The rest of the biochemical characteristics
were similar to the reference type strains, viz. Bacillus sub-
tilis subsp. subtilis and Bacillus subtilis subsp. spizizenii.
The biochemical properties of strain X2 were almost similar
and indistinguishable from that of Bacillus subtilis. Since
the phenotypic characterization could not resolve any differ-
ences with respect to the reference strains, lipopeptide and
fatty acid content analysis of bacterial cells through MALDI-
ToF and FAME, respectively, were further conducted.
MALDI-ToF MS biomarker profiles over the m/z
300-1200 (Table 3S) and m/z 2000-20,000 (data not given)
mass unit range were obtained. In the m/z 2000-20,000
range, any significant differential peak was not found. The
abundance of lipopeptides ions was observed in the range
m/z 300-1200 and subdivided into three mass ranges:
850-950 m/z, which includes kurstakins, 1000-1100 m/z,
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which includes surfactins and iturins, and 1100-1200 m/z,
which includes polymyxins (Price et al. 2007). MALDI-ToF
mass spectrometry analysis showed that Bacillus subtilis
subsp. stercoris and strain X2 produce a novel Kurstak-
ins-like lipopeptide with mass m/z 894.8, which was not
observed in the Bacillus subtilis subsp. subtilis and Bacil-
lus subtilis subsp. spizizenii. The mass spectra also revealed
that the Bacillus strain X2 did not produce any polymyxins,
whereas subsp. subtilis, subsp. spizizenii and subsp. stercoris
produced it. Similarly, Rooney et.al. have also classified the
Bacillus subtilis subsp. inaquosorum based on the produc-
tion of a novel lipopeptides having m/z 1120.8 and 1106.8.
A small ion (m/z 1106.8) was also found in B. subtilis subsp.
spizizenii (Rooney et al. 2009). This small ion m/z 1106.5
was also found in subsp. stercoris and subsp. spizizenii in
this study. It has been reported that the production pattern
of different lipopeptides by different strains does not change
significantly by using different media (Calderaro et al. 2014).
Hence, the differential expression of lipopeptides in the
strains belonging to the same subspecies could be the effect
of environment pressure.

The FAME analysis

The total cellular fatty acid profile of the Bacillus strain
X2 and other type strains were obtained by FAME analysis
(Table 1). The FAME data indicated that three fatty acids
is0-C; 5., anteiso-Cs,, and anteiso-C,;,, dominated the total
fatty acid contents in the Bacillus strain X2. The abundance
of is0-Cs., in Bacillus strain X2 was 28.86%, nearly equal
to that in the Bacillus subtilis subsp. subtilis (MCC 2049T),
but nearly double that in Bacillus subtilis subsp. spizize-
nii (MCC 2480"). The occurrence of iso-C17:1 @10c and
is0-C18:1 H could be used as a differentiating feature, as
both were detected only in Bacillus subtilis subsp. spizize-
nii (MCC 24807). Summed feature 4 and summed feature 5
were absent in Bacillus subtilis subsp. subtilis (MCC 20497);
however, they were detected in Bacillus strain X2 in rela-
tively double quantity concerning Bacillus subtilis subsp.
spizizenii (MCC 24807). The occurrence of Iso-C ., was
uniquely associated with the Bacillus strain X2, being absent
in both reference strains. Thus, fatty acid profiling of Bacil-
lus strain X2 and its comparison with two type subsp. pro-
vided some data useful for differentiating among the three
subsp.

Genotyping and MLSA

16S rRNA gene sequence 1526 bp was sequenced from
the strain X2. Similarity search for the 16S rRNA gene
sequence of the strain X2 was performed in the EzBio-
Cloud server (Chun et al. 2007). Similarity search indi-
cated that, amongst 11 very similar Bacillus species,

Table 1 Cellular fatty acid contents of Bacillus strain X2 (MTCC
25,129), B. subtilis subsp. spizizenii (MCC 2480") and B. subtilis
subsp. subtilis (MCC 2049T)

Fatty acid X2 MCC 20497 MCC 24807
Ciso 1.43 2.28 2.29
is0-C 4.0 2.66 ND ND
is0-Cs.o 28.86 26.77 15.37
anteiso-Cs, 43.78 37.02 40.65
Ciso 5.39 10.92 10.86
is0-Cy40 4.94 4.94 3.21
is0-Cy7. 5.80 9.02 8.27
anteiso-C, 7. 7.14 9.05 14.10
iso-C;7.; ®10c ND ND 1.49
is0-C,q,, H ND ND 3.75
Summed feature 4° 2.45 ND 1.84
Summed feature 5° 2.29 ND 1.95

Results are expressed as a % of the total fatty acids. Fatty acids con-
tents having equivalence and exceeding 5% are in bold. Fatty acid
contents having value less than < 1% for all strains are not shown. For
cellular fatty acid analysis, Bacillus strain X2, Bacillus subtilis subsp.
subtilis MCC 2049" and Bacillus subtilis subsp. spizizenii MCC
2480T were grown on TSA plates at 37 °C for 16 h

ND not detected

#Summed features are a mix of two or three fatty acids that was una-
ble to separate by GC with the MIDI system. Summed feature 4 com-
prised iso-C,;.; I and/or anteiso-C,;.; B. Summed feature 5 comprises
C3., 06, 9¢ and/or anteiso-C g,

Bacillus subtilis subsp. inaquosorum shared the highest
similarity with the Bacillus strain X2 (99.86%). 16S rRNA
sequence-based phylogenetic analysis (Fig. 2S) showed
that the Bacillus strain X2 was closely linked with differ-
ent subspecies of Bacillus subtilis that contained Bacillus
subtilis subsp. natto, Bacillus subtilis subsp. inaquoso-
rum, Bacillus subtilis subsp. subtilis and Bacillus subtilis
subsp. stercoris. All share >99.5% similarity confirming
that the Bacillus strain X2 was a member of B. subtilis
complex and therefore further mention this strain as Bacil-
lus subtilis X2. However, due to the sharing of more than
99.5% similarity with multiple Bacillus species, the exact
taxonomic identification of the Bacillus subtilis X2 was
not possible (Saitou and Nei 1987; Chun and Bae 2000;
Palmisano et al. 2001; Ruiz-Garcia et al. 2005; Gatson
et al. 2006). Since the Bacillus subtilis species complex
comprises a closely associated group of related species,
and could not be differentiated taxonomically based on
16S rRNA gene alone, the MLSA tool was used (Rooney
et al. 2009). Apart from the 16S rRNA gene, groEL, gyrA,
polC, purH, and rpoB genes were selected for MLSA, as
they had been analyzed for assigning the taxonomical posi-
tion to a Natto fermenting Bacillus strain in the Bacillus
subtilis subgroup (Kubo et al. 2011). MLSA phyloge-
netic analysis provided some resolution of the taxonomic
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position of the Bacillus subtilis X2 in the Bacillus subtilis
complex. The nucleotide sequence percent similarity of
concatenated 16S rRNA, groEL, gyrA, polC, purH, and
rpoB genes of the Bacillus subtilis X2 was found 99%
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subtilis subsp. subtilis 168 and 96% with Bacillus sub-
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Fig.1 MLSA (16S rRNA, groEL, gyrA, polC, purH and rpoB)-based
neighbor-joining phylogenetic tree. Tamura—Nei method was used
to calculate the evolutionary distances (Tamura and Nei 1993). The
bootstrap percentage after 1000 replication is shown (>50%) (Felsen-
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ATCC 145797 is an outgroup taxon. The final dataset was 12,058 bp

after the removal of all gaps and missing data



3 Biotech (2020) 10:328

Page70of 15 328

MLSA result Fig. 1 indicated that the Bacillus subtilis X2
belongs to Bacillus subtilis subsp. stercoris. Using MLSA,
we could ascertain the taxonomic position of the Bacillus
subtilis X2.

Table2 General statistics of B. subtilis subsp. stercoris strain X2
genome

Features Value % of total
Genome size (bp) 4,125,163 100
DNA G+C (bp) 1,802,624 43.7
DNA coding (bp) 3,609,618 87.5
Total genes 4252 100
Protein coding genes 4041 95.04
Pseudo genes 120 2.82
RNA genes 91 2.14
Genes with signal peptides 247 5.81
Genes assigned to COGs 3400 79.96

16s rRNA 235 IRNA 5 rrA

'B. subtilis subsp. stercoris X2
4125163 bp

40

Fig.2 Genomic representation of the Bacillus subtilis subsp. sterco-
ris X2 genome. Ring from inside: 1—GC content, ring 2—GC skew,
ring 3—tRNA, ring 4—rRNA, ring 5-7—genomic sequence identity

5s rRNA

Genome sequencing and annotation

The whole genome was de novo assembled into 38 con-
tigs with a predictable size of 4,125,163 bp and GC content
of 43.7%. The final N50 and N75 values were 245,478 and
163,885 bp, respectively, of the genome, with a genome cov-
erage of 150 X. Genome statistics are presented in Table 2
and the genome was compared with Bacillus subtilis subsp.
subtilis and Bacillus subtilis subsp. spizizenii is shown in
Fig. 2 indicating the presence of additional sequences. The
overall genomic features of strain X2 were similar to the
genome of B. subtilis (Yi et al. 2014). The strain X2 draft
genome was composed of 4041 coding sequences, and 82
tRNAs, 4 rRNAs, and 5 ncRNA were identified. BActeriocin
GEnome mining tooL. 3 (BAGEL3) was used to identify one
putative bacteriocin (sactipeptides) (van Heel et al. 2013),
and PHAge Search Tool Enhanced Release (PHASTER)
Web server was unable to find any prophage (Arndt et al.
2016). PlasmidFinder did not give any information about
any type of plasmid (Carattoli et al. 2014). Additionally,
genes for potential resistance to tetracycline resistance and

. GC Content
GC Skew
. GC Skew(-)

. GC Skew(+)
B (RNA

B RNA
B. subtilis subsp. subtilis
. 100% identity
. 90% identity
80% identity
B. subtilis subsp. spizizenii
|i 100% identity
90% identity
80% identity
B. subtilis subsp. inaquosorum
100% identity
90% identity

80% identity

at minimum 80% similarity with the genome of reference type strains
of B. subtilis, B. spizizenii, B. inaquosorum. The figure was prepared
using BRIG software (Alikhan et al. 2011)
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aminoglycoside resistance were identified when the genome
was matched against the ResFinder database (Zankari et al.
2012).

Genes of strains used in the study were assigned to COG
(Cluster of Orthologous Group) functional categories. Bacil-
lus subtilis X2 genome in COG comparison with B. subtilis
subsp. subtilis, B. subtilis subsp. spizizenii and B. subtilis
subsp. inaquosorum has shown differences in the second-
ary metabolite production and defense mechanism sector,
indicating the presence of strong defense strategies. Those
results are presented in Table 3.

Genome homology

Biochemical and phenotypic characterization and 16S rRNA
sequence homology grossly indicated that Bacillus strain
X2 belongs to the Bacillus subtilis complex. MLSA gave us
the real clue about Bacillus strain X2 being the nearest to
Bacillus subtilis subsp. stercoris. The gold standard for the
species delineation is the DDH. However, it is rigorous and
yet sometimes may not produce consistent results (Colston
et al. 2014). Richer and Rossell6-Mora (2009) suggested
that information obtained from the genome sequence such

as ANIb could be used for delineation of species in place
of genomic DNA-DNA hybridization. ANIb similarity
threshold of 95-96% could replace the 70% DDH criterion
in the current prokaryotic systematics for circumscribing a
species. Due to the advent of new generation sequencing
(NSGQG), it has become easy to obtain ANIb data that can
be processed to conclude the taxonomical identity of the
species. The genome sequence data of Bacillus subtilis X2
was subjected to different bioinformatics tools available to
ascertain the identity of the Bacillus subtilis X2.

The ANIb values or the tetranucleotide signature fre-
quency correlation coefficient (TETRA) was calculated
using JspeciesWS (Richter et al. 2015). The DSMZ GGDC
platform was used for the digital DDH analysis (Meier-
Kolthoff et al. 2013). Among the four Bacillus subtilis
subspecies type strain including the strain X2, the highest
DDH and ANIb values obtained were 87.3% and 98.33%
for the subspecies stercoris; the other three type subspecies,
i.e., Bacillus subtilis subsp. subtilis, Bacillus subtilis subsp.
spizizenii and Bacillus subtilis subsp. inaquosorum are dis-
tant relative with ANIb and DDH values 95.23%, 92.33%,
92.36% and 62.9, 48.5, 48.9, respectively (Table 4). This is
in contrast with the highest similarity in the 16S rRNA gene

Table 3 Assessment of genes allied with the general COGs (clusters of orthologous groups) functional categories for genomes of B. subtilis
subsp. stercoris strain X2, B. subtilis subsp. subtilis, B. subtilis subsp. spizizenii and B. subtilis subsp. inaquosorum

Code  Description B. subtilis B. subtilis B. subtilis B. subtilis

subsp. stercoris  subsp. subtilis  subsp. spizizenii subsp. inaquo-

X2 sorum

Value %age Value %age Value %age Value %age
B Chromatin structure and dynamics 1 0.03 1 0.03 1 0.03 1 0.03
E Amino acid transport and metabolism 300 8.82 303 8.81 304 8.73 317 9.00
C Energy production and conversion 177 521 179 520 182 523 188 5.34
D Cell cycle control, cell division, chromosome partitioning 36 1.06 36 1.05 37 1.06 36 1.02
H Coenzyme transport and metabolism 109 321 110 320 110 3.16 108 3.07
T Signal transduction mechanisms 140 412 141 4.10 148 425 144 4.09
L Replication, recombination and repair 139 4.09 149 433 147 422 150 4.26
K Transcription 281 826 292 8.49 304 8.73 318 9.03
I Lipid transport and metabolism 98 2.88 98 2.85 98 2.81 103 2.93
N Cell motility 45 1.32 45 1.31 45 1.29 46 1.31
F Nucleotide transport and metabolism 80 2.35 89 2.59 81 2.33 82 2.33
G Carbohydrate transport and metabolism 259 7.62 264 7.67 273 7.84 281 7.98
J Translation, ribosomal structure and biogenesis 161 4.74 160 4.65 165 474 160 4.54
M Cell wall/membrane/envelope biogenesis 210 6.18 213 6.19 212 6.09 211 5.99
(0] Posttranslational modification, protein turnover, chaperones 109 321 110 320 108 3.10 105 2.98
P Inorganic ion transport and metabolism 196 5.76 194 5.64 203 5.83 200 5.68
Q Secondary metabolites biosynthesis, transport and catabolism 70 2.06 57 1.66 53 1.52 81 2.30
U Intracellular trafficking, secretion, and vesicular transport 32 0.94 29 0.84 25 0.72 30 0.85
v Defense mechanisms 73 2.15 64 1.86 66 1.90 66 1.87
S Function unknown 884 26.00 906 26.34 920 2642 894 25.39

Association of genes to COG categories for each genome was done using eggNOG software (Huerta-Cepas et al. 2017). Significant differences

were highlighted in bold
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Table4 Genome sequence similarity between B. subtilis strain X2
against B. subtilis subsp. subtilis, B. subtilis subsp. spizizenii and B.
subtilis subsp. inaquosorum

Strains ANIb (%) dDDH (%) Tetra z-score

B. subtilis subsp. stercoris 98.33 87.3 0.99962

B. subtilis subsp. subtilis 95.23 62.9 0.99879

B. subtilis subsp. inaquoso- ~ 92.33 48.5 0.99816
rum

B. subtilis subsp. spizizenii 92.36 48.9 0.99837

The highest value among the selected genome is shown in bold

sequence of Bacillus inaquosorum. Differences in both the
ANIb and dDDH values for the three type strains Bacillus
subtilis subsp. subtilis, Bacillus subtilis subsp. spizizenii and
Bacillus subtilis subsp. inaquosorum placed them below the
identity threshold mark and the strain X2 as the as one more
distinct strain in the Bacillus subtilis subsp. stercoris. Simi-
lar results for the identification of strains from three subsp.
of B. subtilis, i.e., subspecies subtilis, spizizenii, and inaquo-
sorum have been reported by Yi et al. (2014), Adelskov and
Patel (2017) and helped us to draw this conclusion.

Construction of phylogenomic trees based
on housekeeping protein sequences

The amino acid sequence of 31 homologous housekeeping
proteins encoded by highly conserved and single copy genes
in genomes from various Bacillus species was extracted
using Amphoranet 2 (Kerepesi et al. 2014) server (Table 2S).

Phylogenomics of the concatenated protein (Fig. 3) analy-
sis supported the differentiation of four subspecies in the
groups of Bacillus subtilis. Different subspecies created
distinct phylogenomic lines within the coverage of B. subti-
lis, suggesting that subspecies inaquosorum, spizizenii, and
stercoris are least distinguished from subtilis. These results
are in accordance with those obtained from ANIb, dDDH
and MLSA phylogenetic tree analysis.

Sequence analysis of a Xyl_1 gene
and xylooligosaccharides production

A xylanase gene (Xyl_1) from B. subtilis strain X2 was
amplified. The gene encoding 205 amino acids protein
with a predicted molecular mass of 22.7 kDa and a theo-
retical pI of 9.0. The gene sequence has been submitted to
the NCBI database under accession number MT505314.
Xyl_1 gene encoding the product displayed relatively high
identities with the reported GH family 11 xylanase, shar-
ing the highest identity of 95.5% with the GH 11 xylanase
from Bacillus subtillis B230, in which 3—-196 amino acid
sequence is GH 11 domain (11GO) (Oakley et al. 2003),

followed by the GH 11 xylanase from Bacillus sp. strain
41M-1 (6KKA, 75.8%) (Takita et al. 2019), Bacillus aga-
radhaerens (1H4G, 71.1%) (Sabini et al. 1999), Strep-
tomyces lividans (5EJ3, 53.2%) (Gagné et al. 2016) and
Thermopolyspora flexuosas (1M4W, 57.5%) (Hakulinen
et al. 2003) (Fig. 4). The triad Pro132—Ser133-1Ile134 is
highly conserved (>90%) in the GH11 domain; Ile134 is
sometimes substituted by Val or Leu, which have roughly
the same spatial occupancy and hydrophobicity. Finally,
Pro106 in the middle of the cord is present in 80% of the
sequences (Pag&s et al. 2012). The xylan hydrolysis profile
of birchwood xylan by Xyl_1 indicated that xylotriose,
xylotetraose and xylopentaose were major product com-
ponents. This pattern of product formation is the unique
characteristic of the GH11 xylanase (Yagi et al. 2019).
The high homology similarity of amino acid sequence and
product profile suggest that Xyl_1 should be a member of
the GH family 11 xylanase.

As Bacillus subtilis subsp. stercoris X2 was found to pro-
duce endo-xylanase GH11 (EC: 3.2.1.8) that could convert
birchwood xylan into xylooligosaccharides. HPLC analysis
of reaction products of xylanase with birchwood xylan did
not produce xylose as a reaction product. Dimer, trimer,
tetramer, and pentamers of xylose were detected by HPLC
(Fig. 5). This indicates that the xylanase produced by B.
subtilis subsp. stercoris strain X2 is an endo-xylanase. One
unit of xylanase produced 0.8 mg/ml xylotriose and 0.13 mg/
ml xylobiose in 1 h.

Many Bacillus subtilis species are known for the pro-
duction of xylanolytic enzymes, but due to the co-produc-
tion of B-xylosidase conversion of valuable XOS to xylose
takes place which is subsequently metabolized by microbes
(Bhalla et al. 2014; Reddy and Krishnan 2016b). Hence,
screening such microbes that can produce p-xylosidase-
free xylanase is a prerequisite for the production of low cost
XOS. Bacillus subtilis subsp. stercoris X2 was found to
synthesize pB-xylosidase-free endo-xylanase. Bacillus sub-
tilis KCX006 has also been reported to produce xylanase in
solid state fermentation without p-xylosidase (Reddy and
Krishnan 2016a). Xylanase from different species of Bacil-
lus such as Bacillus mojavensis A21 (Haddar et al. 2012)
and Bacillus aerophilus KGJ2 (Gowdhaman and Ponnusami
2015) have been described for the production of xylooligo-
saccharides by hydrolysis of xylan. Endo-xylanase is more
suitable for the production of XOS as a prebiotic, as they
produce longer xylooligosaccharides. XOS has wide applica-
tions in the food and feed industry. It is used as a prebiotic
that helps to maintain the gut microflora of the gastrointesti-
nal tract in humans and animals and augments the probiotic
efficacy. (Gullén et al. 2010; Teng et al. 2010). XOS has
been reported to have antimicrobial activity against Gram-
positive and Gram-negative bacteria (Christakopoulos et al.
2003). Xylobiose is used as a low calorie sweetener.
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Fig.3 Protein marker-based neighbor-joining phylogenomics. The strap percentage after 1000 replication is shown (>50%) (Felsenstein
Tamura—Nei method was used to calculate evolutionary distances 1985). B. cereus ATCC 145797 is an outgroup taxon. The final data-
(Tamura and Nei 1993). The number at branch points indicate boot- set after the deletion of all gaps and missing data was 7026 bp
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Fig.4 Multiple sequence align-
ment of Xyl _1 with its closely
characterized homologs GH11
xylanase (a-helices are dis-
played as squiggles, p-strands
are rendered as arrows and
strict B-turns are represented
by the letters TT). Identical
residues are shown in white on
a red background. Some of the
identical residues are conserved
domains of the GH 11 family
(Pags et al. 2012). Catalytic
residues (Glu94, Glul83) are
marked by red dots. Abbre-
viations of the GH family 11
enzymes in the alignment are
as follows: B. subtilis strain

X2 (Xyl_1), Bacillus subtil-

lis B230 (11GO), Bacillus sp.
strain 41M-1 (6KKA), Bacil-
lus agaradhaerens (1H4G),
Streptomyces lividans (SEJ3)
and Thermopolyspora flexuosas
(1M4W)
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Fig.5 HPLC chromatogram of XOS. a Xylotriose (RT=7.5 min),
b xylobiose (RT=8.7 min), ¢ glucose (RT=9.8 min), and d xylose
(RT=10.7 min), e Hydrolysis profile of birchwood xylan sub-
strate control (no enzyme). f Hydrolysis products formed after

Conclusion

We have isolated potent xylanase (GH 11) (EC:3.2.1.8) pro-
ducer which can convert xylan into XOS which are impor-
tant in the food and feed industry. We identified the iso-
late X2 as Bacillus subtilis subsp. stercoris. Phylogenetic
investigation using MLSA in conjunction with the chemo-
taxonomic characterization and genome-based analysis of
ANIDb as well as digital DDH was applied to ascertain the
taxonomic position of the Bacillus strain X2. Based on the
phylogenetic, phenotypic, and genomic analysis, we pro-
pose a new member in subsp. stercoris. The novel strain
X2 has shown distinctive features such as being unable to
produce polymyxin in contrast to our study, in which we
found that the type strain of subsp. stercoris produced
three different types of polymyxins, even though, the gene
responsible for polymyxin production was available in both
strains. This contrasting behavior might be necessary for
the survival of bacteria in adverse habitats. This is the first
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60 min incubation contains xylopentaose (RT=6.24 min), xylo-
tetraose (RT=6.74 min), xylotriose (RT=7.5 min) and xylobiose
(RT=8.7 min)

report of endo-xylanase production and its application in the
production of XOS from this Bacillus subtilis subspecies
stercoris. Bacillus strain X2 is the first strain of the Bacil-
lus subtilis subsp. stercoris group that has been studied by
both approaches, polyphasic as well as genomic analysis for
assigning its taxonomical position namely, Bacillus subtilis
subsp. stercoris.
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