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A multi locus sequence analysis (MLSA approach) was
studied on the Bacillus genus, or the Bacillus subtilis species
complex for specific, including 08 strains from four species (B.
subtilis, B. pumilus, B. licheniformis and B. amyloliquefaciens)
were provided by Biotechnology Center of Ho Chi Minh City. The

research was based on sequences of 16S rRNA genes, the
concatenation of five protein-coding housekeeping genes: glpF,
pta, purH, pycA, andrpoD. After PCR amplification and
sequencing the phylogenetic tree of 16S rRNA sequences,
concatenate sequences (as well as the phylogenetic tree of each
housekeeping gene) are constructed for comparison and discussion.
The aim of this study is reach for better resolution and
differentiation of strains and species within the B. subtilis species
and to determine whether MLSA scheme show advantages in 16S
rRNA gene-based studies.
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1. Introduction

The genus Bacillus was named in 1835 by Christian Gottfried Ehrenberg, to contain rod-
shaped (bacillus) bacteria (Ehrenberg, 1835). Bacillus was later amended by Ferdinand Cohn to
further describe them as spore-forming, Gram-positive, aerobic, or facultatively anaerobic
bacteria (Cohn, 1872). Since identified, Bacillus species have been studied worldwide for their
uses in many medical, pharmaceutical, agricultural, and industrial processes that take advantage
of their wide range of physiology characteristics and capacity to produce a variety of enzymes,
antibiotics, and other metabolites (Turnbull & Baron, 1966). At the time of writing, there are 318
species have been named in total, with Bacillus subtilis as the type species (Skerman, McGowan,
& Sneath, 1980). The Bacillus subtilis species complex is a group that presents phylogenetically
and phonetically homogenous species, consisting of the important species B. subtilis, B.
licheniformis, and B. pumilus (Fritze, 2004). Besides the three original species has been
mentioned above, which were described in 1973 (Gordon, Haynes, & Pang, 1973), many novel
species have been identified that belong to the B. subtilis species complex, which is: B.
atrophaeus (Nakamura, 1989), B. mojavensis (Roberts, Nakamura, & Cohan, 1994), B.
vallismortis (Roberts et al., 1994), B. sonorensis (Palmisano, Nakamura, Duncan, Istock, &
Cohan, 2001), B. velezensis (Ruiz-Garcia, Béjar, Martinez-Checa, Llamas, & Quesada, 2005), B.
tequilensis (Gatson et al.,, 2006), B. halotolerans (Bacon & Hinton, 2002) and B.
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amyloliquefacien (Priest, Goodfellow, Shute, & Berkeley, 1987). Also, in 1999 (Nakamura,
Roberts, & Cohan, 1999) B. subtilis was subdivided into two subspecies:
B. subtilis subsp. subtilis, B. subtilis subsp. spizizenii and in 2009 (Rooney, Price, Ehrhardt,
Swezey, & Bannan, 2009), B. subtilis subsp. inaquosorum has been classified as the third
subspecies of B. subtilis. For the B. subtilis species complex, it has been recognized that these
species are hard to distinguish on the basis of traditional phenotypic methods for many years.

For over 40 years, in perspective of phylogenetic analyses of bacteria, the 16S rRNA gene
is most popular genetic marker for identification of bacteria (Yarza et al., 2014). Liu’s study that
we use 16S rRNA gene sequence is unable to distingguish different strains (Liu et al., 2013).

The Multi Locus Sequence Analysis (MLSA) method has been increasingly used in
phylogeny and taxonomy (Gevers et al., 2005; Peeters et al., 2016). In general, MLSA
concatenates the sequence of gene fragments of the housekeeping genes and utilize this
concatenated sequence to determine phylogenetic relationships.

Many housekeeping genes are rpoD (RNA polymerase sigma factor), pycA (pyruvate
carboxylase), pta (phosphate acetyltransferase), glpF (glycerol uptake facilitator) and purH
(phosphoribosyl aminoimidazole carboxamide formyl transferase), because (Glaeser & Kampfer,
2015). The concatenated housekeeping genes could minimize the weight, combination and
position of closely strains (Glaeser & Ké&mpfer, 2015; Timilsina et al., 2015). This analysis
MLSA assigns a high similarity between sequences differing only a single nucleotide. As a
result, this analysis is more suitable for organisms with clonal evolution and can determine
phylogenic relationships between closely related species.

In this study, the new MLSA scheme was created based on five housekeeping genes with
glpF, pta, purH, pycA, rpoD and 16S rRNA, then construct the phylogenetic tree to compare
between 16S rRNA gene-based studies and MLSA scheme to show that whether MLSA
approach truly better resolution than 16S rRNA sequences.

2. Materials and methods
2.1. Strains and primers

Eight strains from the Bacillus subtilis species complex whose names have been validly
published belonging to the genus Bacillus were analyzed in this study (Table 1). All strains
belonged to the HCMBiotech Collection of Microorganisms (HBCM) in the Biotechnology
Center of Ho Chi Minh City, Vietnam.

These strains were grown aerobically on TSA agar. An addition of 35 Bacillus species
(34 species belong to the B. subtilis species complex, one used as an outgroup) was used to
reconstruct the phylogenetic tree. All 35 Bacillus species were retrieved from National Center
for Biotechnology Information (NCBI) accession number can be found in Supplementary Table
1. All oligonucleotide primers used in this study are listed in Table 2. Primers’s names include
all information on the region amplified for each gene.
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Table 1
The information of all strains used in this study include strains ID, Bacterium’s name
Strains number Strains ID Bacterium
1 HBCM-B0029 B. amyloliquefaciens
2 HBCM-B0037 B. pumilus
3 HBCM-B0027 B. subtilis
4 HBCM-B0028 B. subtilis
5 HBCM-B0039 B. tequilensis
6 HBCM-B0020 B. licheniformis
7 HBCM-B0116 B. subtilis
8 HBCM-B0112 B. amyloliquefaciens

Source: HBCM data bacteria of collecting species
Table 2
List of primers were used in this study

Primers Sequence (5°-3°)! Target genes Source
20F AGAGTTTGATCM TGG CTC AG
16S rRNA
1500R |[CGATCCTACTTG CGT AG
glpF-R  |GTA AAA TAC RCC GCC GA facilitator (glpF)
pyCA'F AAA TCA GAR GCG AAA GC pyruvate Carboxylase
pycA-R  |CCT GAG CGG TAA GCC AT (pycA)

Integrated
pta-R  |TAG CCG ATR TTY CCY GCT ylase (pta) Technologies
purH-F |[AYATTC ACGGMGGNCTBCT phosphoribosyl

aminoimidazole
purH-R [TGY TCK BTC GGY TCY CTT TT carboxamide formy!

transferase (purH)
rpoD-F  |GCY GAA GAA GAA TTT GAC CTB AA  |RNA polymerase
rpoD-R |CGT TTRCTT CTG CTHGGATGTCT  [sigma factor (rpoD)

!Degenerate base codes: R = A+G; Y = C+T; M= A+C; K= G+T; W = A+T; H= A+T+C; B = G+T+C;
N = A+C+G+T; V = A+C+G
Source: The researcher’s data analysis

2.2. DNA extraction and annealing temperature determining

Total DNA extraction were completed by using chemical and enzymatic lysis protocol to
extract DNA from bacterial biomass (Elkins, 2013). The quantity and purity of the total DNA
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were measured using a Nanodrop spectrophotometer at 260/280nm. The optimum annealing
temperature of each primer pair was determined by gradient PCR, using a range of eight
different temperatures with Tm - 5 degrees as the middle temperature. The PCR results were
analysis by 1% agarose gel electrophoresis with a DNA ladder from Thermo Fisher Scientific.
The annealing temperature displaying a good amplification was selected for later PCR reactions.
The base Tm of each primer was taken from the production, and was shown in Supplementary
Table 2. Five different temperatures for each primer are shown in Supplementary Table 3.

2.3. Amplification and sequencing

In each strain, five gene fragments glpF, pycA, pta, purH and rpoD were amplified and
sequenced. The 16S rRNA region was also amplified and sequenced for comparison. PCR
amplification was performed on total DNA extraction. The amplification recipe followed
Thermal Scientific DreamTaq DNA Polymerase according to the manufacturer’s
recommendation. All reactions were performed in an Eppendorf Mastercycler EP gradient
thermocycler. After amplification step, PCR products were visualized by 1% electrophoresis
agarose gel and stained with GelRed® Nucleic Acid Gel Stain (Biotium). Their concentration is
verified by a Nanodrop spectrophotometer at 260/280nm. Then, PCR products were purified
using the PCR purification kit (Axygen Scientific, Inc., USA) according to the manufacturer’s
instructions and collected DNA purified PCR products were. Next, purified PCR products were
sequenced using the Sanger sequencing method with BigDye™ Direct Cycle Sequencing Kit
(Thermo Fisher Scientific).

2.4. Individual gene analyses

Some characteristics of the individual gene was analyzed such as parsimony informative
sites, GC content and sequence similarities for further discussion and comparison.

2.5. Multisequence alignment

PCR sequencing products were then imported into machine to get fully nucleotide
sequences. The nucleotide sequences were edited by using ATGC software (GENETYX
CORPORATION). After that, all gene sequences were analyzed using the software MEGA-X to
compare. Sequences from the 16S region and five other housekeeping genes glpF, pycA, pta,
purH and rpoD from different Bacillus isolates strains and one species from outside of the B.
subtilis species complex are obtained from NCBI. Multisequence alignment using ClustalW with
default settings to align the same region on different strains obtained. Phylogenic analysis from
individual genes was conducted, then gene fragments of each species were concatenated.
Phylogenic reconstructions were generated in each strain in this study using Neighbor-Joining
Analysis in MEGA-X.

3. Results
3.1. Primers optimal annealing temperature

The goal of this experiment was to determine the optimal annealing temperature of five
pairs of primers: glpF, pycA, pta, purH, rpoD. Gradient PCR was used to determine the optimal
annealing temperature for PCR reactions to amplify the five genes’ fragments. PCR products
were visualized under agarose gel electrophoresis. The result shows that in the glpF fragment the
optimal temperature is 48°C. Similarly, the optimal temperature for four genes fragments pycA;
pta purH, rpoD is 46°C, 49°C, 54°C, and 51°C, respectively.
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Figure 1. Gradient PCR results for determination of optimal annealing temperature (46°C, 49°C,

1000 bp

500 bp

1000 bp

500 bp

1000 bp

500 bp

54°C, 51°C) for primer pairs of the five genes fragments. (A) is glpF, (B) is pycA, (C) is pta,
(D) is purH, (E) is rpoD. The “L” is short for DNA ladder

3.2. PCR amplification and sequencing

The five gene fragments and 16S region were amplified and sequenced on eight strains.
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Figure 2. PCR amplification on eight strains. The “L” is short for DNA ladder.
(A) to (H) are strain 1 to strain 8, respectively
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Figure 3. PCR amplification on eight
strains for 16S region. Lanes 1 to 8:
strain 1 to strain 8, respectively

5 B. mojavensis UCMBS075
a B. halotolerans F41-3
«|
8. halotolerans 8201702
o |

L 8. subis subsp. spizizeni W23

|| 8 subtis subsp. spizizeni Tu-8-10
: L 8. subliis subsp. inaquosorum KCTC 13429
‘ B. subis subsp. spizizeni ATCC 6633
*1L B subtis SRCM102754

h— @ B subtiis HBCM-B0116
1“1 B. sublilis subsp. subtilis 168
B subtilis ATCC 11774

@ B subliss HBCM.80028

@ B tequilensis HBCM-B0039 Groupl
1| @ B subliis HBCM-80027
8. sublils TLO3
B. subilis ATCC 21228

B. velezensis JS25R

;l- B. velezensis SRCM103788

o ‘B subtiis SRCM103637
f° ' 8. subtits GOTO

_{B subilis MBI 600

118 tequilensis EA-CB0015

5| B. valismortis Bac111
8. valismortis DSM 11031

B. velezensis UCMB5044
@ B amyloliquefaciens HBCM-B0029
“
8. amyloliquefaciens Y14
= 3 [— B. amyloliquefaciens S409 Group Il |
z

B. amyloliquefaciens DH8030

#®

| [ B amyllquefaciens MBE1283

@ B amylolquefaciens HBCM-80112
*| | 6. amyobquetaciens m45

41| B. atrophaeus BAS9

B. atrophaeus SRCM101359

B. sonorensis SRCM101395
B ATCC 9789

00
~ @ B. licheniformis HBCM-B0020

Group lll
B.licheniformis DSM 13

| | B lichendormis SRCM100027

721 8_lichenormis SCDB 14

| @ B pumilus HBCM-B0O37

i Group VI
2018 pumilus UAMX

B. cereus ATCC 14579

00080

Figure 4. Phylogenetic tree of Bacillus subtilis species complex using 16S rRNA sequence
analyzed by Neighbor-Joining method. Bacillus cereus ATCC 14579 was used as an outgroup. All
phylogenetic trees were based on 1,000 replications (bootstraps). Scale bar = 0.0050 substitutions

per nucleotide position. Eight strains which used for analysis are labeled with black dot
Source: Gordon et al. (1973)
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Figure 5. Phylogenetic tree of Bacillus subtilis species complex using MLSA scheme analyzed
by Neighbor-Joining method. Bacillus cereus ATCC 14579 was used as an outgroup.

All phylogenetic trees were based on 1,000 replications (bootstraps). Scale bar = 0.050 substitutions
per nucleotide position. Eight strains dwhich used for analysis are labeled with black dot

Source: Gordon et al. (1973)

Table 3

Characteristics of the 16S rRNA gene, single housekeeping gene and the concatenated genes
from all strains

Length Parsimony informative site o
Locus ! GC content (%) | Similarities (%0)
(approximate) No. %
16S rRNA 1475 63 4.27 54.9 96.95 - 100
glpF 820 375 45.2 46.9 73.41-100
pta 960 329 33.8 46.4 78.42 - 100
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Length Parsimony informative site o
Locus (approximate) N y GC content (%) | Similarities (%0)
0. ()
purH 1200 484 38.7 47.9 77.91-99.92
pycA 720 309 42.7 46 75.29 - 99.91
rpoD 1100 351 31.1 46.3 81.02 - 100
MLSA 4800 1902 38.7 47.1 78.77 - 99.66

Source: Konstantinidis and Tiedje (2005)
4. Discussion

All 16S rRNA region of eight analyzed strains is visualized under gel electrophoresis.
The length was easy to determine as it goes from 1,500 base pairs to 1,600 base pairs, which
match with the common length of 16S rRNA region in Bacillus species. All sequences are
reverse complement (if needed) for the same plus strand. To maintain the right order for a further
experiment, we came to the decision that the order of gene fragments concatenate would follow
alphabet order. The final concatenate gene will be glpF-pta-purH-pycA-rpoD, and the length of
the concatenate gene will be approximately 4,700 base pairs.

We suggest that within the B. subtilis species complex four groups can be distinguished
based on the result of the 16S rRNA phylogenetic tree:

e Group (I) consisting of B. subtilis including its three subspecies: B. subtilis subsp
subtilis, B. subtilis subsp spizizenii, and B. subtilis subsp inaguosorum, B. tequilensis, B.
mojavensis, B. halotolerans

e Group (I consisting of B. amyloliquefaciens and B. vallismortis and B. atrophaeus
e Group (I11) consisting of B. licheniformis and B. sonorensis

e Group (IV) consisting of B. pumilus

B. velezensis was appeared in two group, Group (I) and Group (I1).

As we had mention above, 16S rRNA gene-based studies often provides low resolution in
differentiation between species that are very closely related. Many previous papers have shown
that some species share over 97% or even 100% of 16S rRNA gene sequences (Das, Dash,
Mangwani, Chakraborty, & Kumari, 2014). In this study, we found that there are two problems
in dealing with 16S rRNA gene-based studies. The first thing is that the strains in the same
species have almost 99.9% similarities between 16S rRNA gene sequences. For instance, in
Figure 4, in Group (1), there are 02 strains of B. subtilis retrieved from NCBI (SCRM 103637
and GOT9) sharing 100% sequence similarities. This also occurred in three other groups. The
second thing is 16S rRNA region between species to species also shown no significant
difference. Look at Group (I) when B. subtilis MBI 600 shares more similarities with B.
tequilensis EA-CB0015 than other B. subtilis species. Also, the sequence identity means between
B. subtilis and B. amyloliquefaciens is higher than 99% (approximate 99.35%). This is a really
high identity considering these two species are very hard to distinguish. Furthermore, the
bootstrap value is low in many branches, the tree is not considered reliable. Combine all the
observation, we can say that although 16S rRNA gene-based studies has been widely recognized
for microorganisms’ phylogenetic relationships identification for a very long time, it still has a
downside and not good for further research to examine the accurate taxonomic position or to
obtain higher resolution for phylogenetic relationships, for example, the strains of the B. subtilis
species complex in this study.
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In order to provide better resolution for relationship phylogenetic resolution, the MLSA
approach has given a new path for further research and has been extensively used (Martens et al.,
2008). Some species used the MLSA method based on housekeeping genes such as
Pseudomonas, Glycyrrhiza, Mesorhizobium (Ampomah, Mousavi, Lindstrom, & Huss-Danell,
2017; Mulet, Lalucat, & Garcia-Valdes, 2010).

In this study, MLSA has presented some advantages over 16S rRNA gene-based studies.
Although the phylogenetic tree based on MLSA shown a similar topology to the 16S rRNA
genes sequences tree, the MLSA approach demonstrated more clear resolution, the branches are
also longer and supported by much higher bootstrap values. Instead of the disorders species in
16S rRNA phylogenetic tree, Bacillus species in the MLSA approach are separated. We can
easily see that 13 different species belong to the Bacillus subtilis species complex without any
mixing. Along with that, the MLSA approach has given a new look at phylogeny relationship in
the Bacillus subtilis species complex. Because the resolution is much clearer now, some species
seem to have a different relationship, such as B. atrophaeus are closer to B. subtilis than B.
amyloliquefaciens or B. velezensis now belong to other branches with B. amyloliquefaciens.

There are some materials that support the MLSA approach to making phylogenetic trees.
The similarities between sequences in the MLSA scheme shown significantly different than
sequences in 16S rRNA. In 16S rRNA, some sequences share 100% similarities, which is make
researchers harder to distinguish new strains or even new species if not conduct further research.
Parsimony informative sites also state that 16S rRNA gene-based studies are inadequate to
discriminate closely related strains and species with only 4.27%. MLSA approach with 38.7%
parsimony informative site is much more supported for better resolution in phylogeny. A
phylogenetic tree of each housekeeping gene was also conducted to see if one housekeeping
gene can also show better resolution than 16S rRNA. All five trees (Supplementary Figure 1 to
Supplementary Figure 5) demonstrated a similar topology tree to the MLSA tree, but bootstrap
values are lower, with some species still showning high similarities in sequences. The order of
phylogenetic species is also not homologous with the MLSA tree, for instance, the phylogenetic
tree of pta genes (Supplementary Figure 2) and purH genes (Supplementary Figure 5). Despite
many reasons to support the MLSA approach, there still cannot completely reject 16S rRNA
gene-base studies. GC content of 16S rRNA is higher than MLSA approach, which means 16S
rRNA sequences are more likely conserved than MLSA sequences, also higher GC content
contains more information about phylogenetics although in this study GC content of 16S rRNA
and MLSA are considered low (< 60%). Besides that, there is something in the MLSA tree that
strongly consider. B. subtilis since 2009 (Nakamura et al., 1999) as been B. subtilis has been
subdivided into three subspecies: B. subtilis subsp. subtilis, B. subtilis subsp. spizizenii and B.
subtilis subsp. inaquosorum. This study shown something otherwise. B. subtilis subsp. subtilis
and B. subtilis subsp. inaquosorum are still in the same branch with B. subtilis, but MLSA
approach has separated B. subtilis subsp. spizizenii into new branches, suggesting the species is
not subspecies of B. subtilis anymore. Unfortunately, our study cannot provide enough materials
to strongly prove that hypothesis, so it is still the hypothesis for considering the MLSA can give
new look for phylogeny analysis.

MLSA is a practical, easy-to-do, and reliable technique for replacing 16S rRNA gene-
based studies for better phylogenetic relationship resolution of bacteria species (Glaeser &
Kéampfer, 2015) it still has some disadvantages. The MLSA approach does not based on one
particular canonical scheme. Many housekeeping genes from different strains were used and
with analytical methodologies make it difficult to unify one scheme that can access to all bacteria
genera. In the formation about a public database combination are limited (Liu, Lai, & Shao,
2017), the study about genome sequencing of Dddh AND and will contribute to compensate for
the shortcomings in the MLSA method (Hahnke et al., 2016).
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5. Conclusion

In this study, we successfully described the better resolution and differentiation of species
within the B. subtilis species complex, including 08 strains from four species (B. subtilis, B.
amyloliquefaciens, B. licheniformis, and B. pumilus) were provided by Biotechnology Center of
Ho Chi Minh City. A multi locus sequence analysis (MLSA approach with the concatenation of
five protein-coding housekeeping genes: glpF, purH, pycA and rpoD) was established and
performed on the Bacillus genus, MLSA scheme shown more advantages upon 16S rRNA gene-
based studies.
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