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Bacillus pumilus is the causal agent of trunk bulges dis-
ease affecting rubber and rubberwood quality and yield
production. In this study, B. pumilus and other closely
related species were included in B. pumilus group, as
they shared over 99.5% similarity from 16S rRNA
analysis. Multilocus sequence analysis (MLSA) of five
housekeeping genes and repetitive elements-based poly-
merase chain reaction (rep-PCR) using REP, ERIC,
and BOX primers conducted to analyze the diversity
and systematic relationships of 20 isolates of B. pumilus
group from four rubber tree plantations in Peninsular
Malaysia (Serdang, Tanah Merah, Baling, and Rawa-
ng). Multi rep-PCR results revealed the genetic profil-
ing among the B. pumilus group isolates, while MLSA
results showed 98-100% similarity across the 20 isolates
of B. pumilus group species. These 20 isolates, formerly
established as B. pumilus, were found not to be grouped
with B. pumilus. However, being distributed within dis-
tinctive groups of the B. pumilus group comprising of
two clusters, A and B. Cluster A contained of 17 isolates
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close to B. altitudinis, whereas Cluster B consisted of
three isolates attributed to B. safensis. This is the first
MLSA and rep-PCR study on B. pumilus group, which
provides an in-depth understanding of the diversity of
these rubber-pathogenic isolates in Malaysia.
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Malaysia is the world’s fifth-largest rubber producer that
contributes more than 90% of global rubber production
(Fox and Castella, 2013; Malaysian Rubber Board, 2020).
The RRIM 3001 superclone rubber tree (Hevea brasil-
iensis) is the new high producing rubber clone introduced
by Malaysian Rubber Board (MRB) to fulfill the demand
for planting materials and produce a remarkable return of
natural rubber production (Mokhatar et al., 2011). This
clone generated a high yield of rubber production for three
years of tapping and documented the topmost girth incre-
ment after six years of planting with an average of 10.6 cin/
y (Nurmi-Rohayu et al., 2015). However, the RRIM 3001
superclone rubber production is under threat with a disease
known as trunk bulges. The first report of the trunk bulges
disease outbreak was reported in a rubber tree plantation
by Mazlan et al. (2019). Interestingly, the trunk bulges
problem only affects RRIM 3001 superclone rubber tree.
This disease gradually reduces the quality of latex and rub-
berwood production. The symptoms started with the abun-
dance of bulges of different sizes and resembled tumor-
bacteriosis on the whole trunk rubber tree. Additionally, the
bulges changed into cankers and produced bleeding lesions
when it became worst. Bacillus pumilus was identified as
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the causal agent of this disease based on pathogenicity and
biochemical tests and molecular characterization methods
(Mazlan et al., 2019).

B. pumilus belongs to the B. substilis group (Berkeley et
al., 2002; Branquinho et al., 2014c), where it contributed to
a broad range of pharmaceutical and biotechnology appli-
cation, including phytosanitary-based products (Espariz et
al., 2016; Ficarra et al., 2016; Handtke et al., 2014; Pérez-
Garcia et al., 2011; Shah Mahmud et al., 2015) and as
human and animal probiotics bacteria (Hong et al., 2005).
It is widely identified as a pathogen of various plants and
human diseases (Yuan and Gao, 2015). Earlier reports
revealed that B. pumilus is a pathogenic bacteria causing
diseases to various type of plants, including rubber (Ma-
zlan et al., 2019), muskmelon (Song et al., 2018), ginger
(Peng et al., 2013), scot pine (Kovaleva et al., 2015), ficus
lacor (Hakim et al., 2015) and mango (Galal et al., 20006).
Studies discovered that this bacterium shares over 99.5%
of 16S rRNA similarity with other closely related species
including B. altitudinis, B. stratosphericus, B. safensis, B.
xiamenensis, B. aerophilus, and B. invictae (Branquinho et
al., 2014a; Fritze, 2004; Lai et al., 2014; Liu et al., 2013).
Later, B. invictae was reclassified as a heterotypic syn-
onym of B. altitudinis (Liu et al., 2015a). B. pumilus group
species are Gram-positive bacteria, motile, rod-shaped with
ellipsoidal endospores (Mazlan et al., 2019; Satomi et al.,
2006; Vettath et al., 2017). These bacteria are difficult to
distinguish by phenotypic, biochemical characteristics and
16S rRNA gene sequence (Branquinho et al., 2014a; Fritze,
2004). Despite difficulty distinguishing all these species
and frequently misnamed by each other, according to the
PubMed data, all bacteria from marine communities are
customarily placed in the B. pumilus group (Fritze, 2004).
Several molecular characterization methods have been per-
formed for bacterial differentiation, taxonomic resolution,
and genetic diversity of B. pumilus group, such as single
housekeeping gene sequence analysis of gyrB and rpoB
regions (Branquinho et al., 2014a), multilocus sequence
analysis (MLSA) using several housekeeping genes (Liu
et al., 2013) and matrix-assisted laser desorption/ionization
time-of-flight (Branquinho et al., 2014b).

MLSA is considered a powerful applied tool for the sys-
tematics in molecular microbes (Gevers et al., 2005) due
to the drawback of 16S rRNA gene sequence as a phylo-
genetic marker, which is a short of resolution at the species
level (Fritze, 2004; Lima-Bittencourt et al., 2007; Pontes et
al., 2007). Besides, 16S rRNA application is insufficient to
differentiate certain nearly related strains and species that
contain high conservation, horizontal gene transfer (HGT),
and multiple copies of heterogeneity of bacteria (Kitahara

and Miyazaki, 2013; Liu et al., 2015b, 2017; Tian et al.,
2015). Hence, to overcome these limitations, the MLSA
method using protein-coding genes was suggested in paral-
lel with 16S rRNA, since concatenating the sequence of
several protein-encoding gene fragments can increase the
precision and reliability of a phylogenetic scheme and pro-
vide a more robust tree topology (Lopez-Hermoso et al.,
2017; Meintanis et al., 2008; Pascual et al., 2010; Sawabe
etal., 2013).

There are several factors to choose the housekeeping
genes as the phylogenetic marker; uniqueness in genomes,
wide distribution among bacteria, sequence divergence
among related species, and phylogenetically informative
size (Zeigler, 2003). Single gene sequence such as gyrB
only indicates the evolution, and it may not show the “true”
phylogenetic relationship. Furthermore, the concatenated
aligned sequence could reduce the HGT weight (Macheras
et al., 2011) and reflect the “true” relationship of bacterial
taxa and serve a precise taxonomic identification between
closely related strains (Glaeser and Kampfer, 2015) and
recombination of housekeeping genes (Timilsina et al.,
2015). Previous studies documented successful MLSA to
distinguish the closely related B. pumilus group species in
the marine environment using seven housekeeping genes
(gyrB, rpoB, pyrA, pyrE, aroE, mutL, and trpB) (Liu et al.,
2013). Also, the MLSA has widely used for investigation
of the taxonomic relationship and phylogenetic analysis
of plant disease (Abidin et al., 2020; Ansari et al., 2019;
Ntambo et al., 2019; Osdaghi et al., 2018; Otto et al., 2018;
Oueslati et al., 2019; Suarez-Moreno et al., 2019; Waleron
et al., 2019; Yahiaoui et al., 2017; Zarei et al., 2019; Zhang
etal., 2018).

Repetitive sequence-based polymerase chain reaction
(rep-PCR) fingerprinting, also known as PCR-based tech-
nique, is a useful tool to determine a wide range of bacteria
and to compare the bacterial genome diversity of species,
strains, serotypes, among others (Nurhayati et al., 2017;
Rampadarath et al., 2015). It is a typing method that uses
specific oligonucleotide primers corresponding to naturally
occurring DNA sequences based on highly conserved re-
petitive DNA sequences dispersed throughout the genome
of diverse bacterial species (da Silva and Valicente, 2013).
Numerous amplicons of distinctive electrophoresis patterns
establishing the DNA fingerprint-specific pattern for an
individual bacterial strain (Mohapatra et al., 2007; Rade-
maker and de Brujin, 1997).

Most rep-PCR DNA fingerprinting studies are based on
three repetitive elements, which are repetitive extragenic
palindromic (REP) elements (REP-PCR) with 35-40 bp
sequences, enterobacterial repetitive intergenic consen-
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sus (ERIC) elements (ERIC-PCR) and box A, B, and C
subunits (BOX) element (BOX-PCR) with 124-127 bp
sequences and 154 bp sequences, respectively (Louws et
al., 1994, 1999; Pasanen et al., 2014; Rademaker ¢t al.,
2004). The rep-PCR method has frequently distinguished
the closely related species within genus Bacillus such as B.
cereus, B. thuriengiensis, and B. anthracis (Cherif et al.,
2003, 2007; da Silva and Valicente, 2013). It is a simple,
reliable, reproducible and highly sensitive method for ana-
lyzing the distribution of repetitive DNA sequence in sev-
eral prokaryotic genomes (Amoupour et al., 2019; Louws
et al., 1999; Masanto et al., 2019; Rademaker and de Bru-
jin, 1997; Versalovic et al., 1991).

A collection of pathogenic isolates, previously known
as B. pumilus, infecting RRIM 3001 superclone rubber
tree was analyzed in this present work (1) to determine the
genetic relationship of B. pumilus group isolates associated
with trunk bulges disease of RRIM 3001 superclone rubber
tree from different geographical areas in Peninsular Malay-
sia by MLSA and (2) to elucidate the genetic diversity of B.
pumilus isolates associated with trunk bulges disease using
molecular profiling via the rep-PCR fingerprinting method.
These results represent the first MLSA and multi rep-PCR
studies on B. pumilus group species of rubber-pathogenic
isolates that may pave the way in the current taxonomic
classification of these pathogens. They are crucial for de-
veloping B. pumilus group species’ management strategies
in rubber plantations since rubber tree has been recognized
as an essential commodity crop with a high economic value
in Malaysia.

Materials and Methods

Isolates collection and identification. A total of 20 B.
pumilus isolates used for phylogeny study and rep-PCR
method; eight isolates from Serdang in Selangor, five iso-
lates from Baling in Kedah, five isolates from Rawang in
Selangor, and two isolates from Tanah Merah in Kelantan.
These isolates were collected from the different outbreak
trunk bulges rubber tree plantations in Peninsular Malaysia
and earlier confirmed as B. pumilus based on phenotypic
and molecular characterization (Mazlan et al., 2019). The
bacterial isolates were stored in glycerol at —20°C. Detailed
information of 20 isolates of B. pumilus group is listed in
Table 1.

DNA extraction. Bacillus pumilus group isolates were
grown in nutrient broth for 24 to 48 h at 28°C. Twenty bac-
terial isolates of B. pumilus group extracted using a com-
mercial genomic DNA isolation kit (Presto Mini gDNA

Table 1. Sources of isolation, collection area, and rubber tree
variety of all 20 isolates of Bacillus pumilus group used in this
study”

Isolate Sampling area State
SD1 Serdang Selangor
SD2 Serdang Selangor
SDI11.1 Serdang Selangor
SD12.4 Serdang Selangor
SD11.3 Serdang Selangor
SD12.1 Serdang Selangor
SD12.6 Serdang Selangor
SD12.9 Serdang Selangor
R23 Rawang Selangor
R2.5 Rawang Selangor
R7.2 Rawang Selangor
R7.1 Rawang Selangor
R3.1 Rawang Selangor
KD14.4 Baling Kedah
KDI15.5 Baling Kedah
KD15.2 Baling Kedah
KD3.1 Baling Kedah
KD14.1 Baling Kedah
KELI1.2 Tanah Merah Kelantan
KEL1.1 Tanah Merah Kelantan

*Host: H. brasiliensis; Source: Trunk; Variety: RRIM 3001; Col-
lected by Mazlan et al. (2019).

Bacteria Kit, Geneaid Biotech Ltd., New Taipei City, Tai-
wan) following the protocol provided.

PCR amplification and sequencing of 16S rRNA and
housekeeping genes. PCR was performed in 25 pl reac-
tion mixture, containing 3 pl of genomic DNA template,
12.5 pl of 2% DreamTaq Red PCR MasterMix (Thermo
Scientific Inc., Waltham, MA, USA), 0.5 ul of each prim-
er, and 8.5 pl of sterile distilled water. PCR amplification
was performed using an ‘iCycler’ Thermal Cycler (Bio-
Rad Laboratories Inc., Hercules, CA, USA) to amplify the
16S rRNA gene using universal pair primers 27F (5'-AGA
GTT TGA TCC TGG CTC AG-3') and 1492R (5'-ACG-
GCTACCTTGTTACGACT-3'), and five housekeeping
genes primer sets (gyrB, pyrE, aroE, rpoB, and trpB) of B.
pumilus group (Liu et al., 2013) (Table 2).

Each PCR product was separated by electrophoresis on
1% agarose gel at 80 V (Power supply model 1000/500,
Bio-Rad Laboratories Inc.) for 35 min using Mini Sub
DNA Cell (Bio-Rad Laboratories Inc.) and imaged by
Alpha Imager System (Alpha-Innotech, Siber-Hegner,
UK). All amplified PCR products were sent for sequencing
(MyTACG Bioscience Enterprise, Selangor, Malaysia).
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Table 2. List of primers used in the MLSA study
Primer Sequence Size Annealin,
Gene Produce name name (5(’]'(0 3" (bp) temperature %°C)
grB Gyrase B subunit gyrBF TTATCTACGACCTTAGACG 1,045 494
gyrBR TAAATTGAAGTCTTCTCCG
rpoB RNA polymerase rpoBF GTTGGCTTCATGACTTGGGA 1041 525
f subunit
rpoBR ACGTTCCATACCTAAACTTTG
aroE Shikimate aroEF CATAGATCAGTGATGTTT 818 48.2
5-dehydrogenase
aroER TCAATGTGTTCAAAGAAATT
pyrE Orotate pyrEF AGACCGTTTCTTCCATCCA 577 53.5
phosphoribosyltransferase
pyrER CACCTATTACAAATCAAAGC
trpB Tryptophan synthase trpBF ATGTACGCATATCCAAATGA 949 553
subunit beta
trpBR GTGGCACTCACATATTGAAC
Source: Liu et al. (2013).
MLSA, multilocus sequence analysis.
Table 3. GenBank accession numbers of all 20 isolates of Bacillus pumilus group used in this study
) GenBank accession no.
Isolates  Origin  Host/Region  Species Reference
16S rRNA B rpoB arok trpB pyrE
SD1  Malaysia H. brasiliensis B. altitudinis MT992027 MT767777 MN866311 MN849153 MT786503 MT767817 This study
SD2  Malaysia H. brasiliensis B. altitudinis MT992028 MT767778 MN866312 MN849154 MT786504 MT767818 This study
SD11.1 Malaysia H. brasiliensis B. altitudinis MT992029 MT767779 MN866313 MN849155 MT786505 MT767819 This study
SD12.4 Malaysia H. brasiliensis B. altitudinis MT992030 MT767780 MN866314 MN849156 MT786506 MT767820 This study
SD11.3 Malaysia H. brasiliensis B. safensis ~ MT992031 MT767781 MN866315 MN849157 MT786507 MT767821 This study
SDI12.1 Malaysia H. brasiliensis B. safensis ~ MT992032 MT767782 MN866316 MN849158 MT786508 MT767822 This study
SD12.6 Malaysia H. brasiliensis B. altitudinis MT992033 MT767783 MN866317 MN849159 MT786509 MT767823 This study
SD12.9 Malaysia H. brasiliensis B. safensis ~ MT992034 MT767784 MN866318 MN849160 MT786510 MT767824 This study
R23  Malaysia H. brasiliensis B. altitudinis MT992035 MT767785 MN866327 MN849161 MT786511 MT767825 This study
R2.5  Malaysia H. brasiliensis B. altitudinis MT992036 MT767786 MN866319 MN849162 MT786512 MT767826 This study
R7.1  Malaysia H. brasiliensis B.altitudinis MT992037 MT767788 MN866330 MN849164 MT786513 MT767827 This study
R72  Malaysia H. brasiliensis B. altitudinis MT992038 MT767787 MN866329 MN849163 MT786514 MT767828 This study
R2.1  Malaysia H. brasiliensis B. altitudinis MT992039 MT767789 MN866328 MN849165 MT786515 MT767829 This study
KD14.4 Malaysia H. brasiliensis B. altitudinis MT992040 MT767790 MN866320 MN849166 MT786516 MT767830 This study
KD15.5 Malaysia H. brasiliensis B. altitudinis MT992041 MT767791 MN866321 MN849167 MT786517 MT767831 This study
KDI15.2 Malaysia H. brasiliensis B. altitudinis MT992042 MT767792 MN866322 MN849168 MT786518 MT767832 This study
KDI14.1 Malaysia H. brasiliensis B. altitudinis MT992043 MT767793 MN866323 MN849170 MT786519 MT767833 This study
KD3.1 Malaysia H. brasiliensis B. altitudinis MT992044 MT767794 MN866324 MN849169 MT786520 MT767834 This study
KEL1.2 Malaysia H. brasiliensis B. altitudinis MT992045 MT767795 MN866325 MN849171 MT786521 MT767835 This study
KELI1.1 Malaysia H. brasiliensis B. altitudinis MT992046 MT767796 MN866326 MN849172 MT786522 MT767836 This study
54 Coral Dongshan B. altitudinis JX680118 JX680195 JX680040 KC346500 KC346816 KC346737 Liuetal.
Island (2013)
30 Sediment South China  B.safensis  JX680094 JX680171 JX680016 KC346476 KC346792 KC346713 Liuetal
Sea (2013)
10 Sediment Pacific Ocean B. pumilus ~ JX680074 JX680151 JX679996 KC346456 KC346772 KC346693 Liuetal.
(2013)
43 Surface  Pacific Ocean B. pumilus  JX680107 JX680184 JX680029 KC346489 KC346805 KC346726 Liuetal
water (2013)
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Sequences were deposited in the NCBI GenBank database
for accession numbers (Table 3).

Phylogenetic analysis of 16S rRNA, single and concat-
enated housekeeping genes. The determined sequences
of the 16S rRNA gene and five housekeeping genes were
analyzed against sequences in the NCBI database using
BLASTn (Altschul et al., 1990). Both were aligned using
the ClustalW algorithm with manual adjustments imple-
mented in MEGA 7.0 software (Kumar et al., 2016). The
genetic distance and sequence similarity were calculated
using Kimura’s 2-parameter model (Kimura, 1980) with
MEGA 7.0 software. The polymorphic sites (S) were
calculated using DnaSP 5.0 software (Librado and Ro-
zas, 2009). Phylogenetic trees were constructed using
Maximum-likelihood analysis and the model of evolution
was determined with the MODELTEST tab in MEGA 7.0
software (Hall, 2013). The strength of the resulting trees"
internal branches was evaluated by bootstraps analysis with
1000 bootstrap replication. Four strains types, B. altitudinis
MCCC1A01287", B. safensis MCCC1A00456", B. pumi-
Ius MCCC1A00439" and MCCC1A06996" were included
in the phylogeny study. However, B. stratosphericus, B.
aerophilus, B. xiamenensis, and B. invictae were not avail-
able in the public collection (Liu et al., 2013). B. cereus
ATCC 14579" (GenBank accession no. AE016877) was
used as an outgroup.

REP-PCR, ERIC-PCR, BOX-PCR and rep-PCR
amplification. DNA of the 20 B. pumilus group isolates
was subjected to rep-PCR using three primer sets (De
Bruijn, 1992; Louws et al., 1994; Thwaites et al., 1999):
REP (REPIR-L, 5'-IIIICGYCGICATCMGGC-3'; REP2-
I, 5"-ICGICTTATCIGCCGGTAC-3'; ERIC (ERICIR,
5'-ATGTAAGCTCCTGGGATTCAC-3'; ERIC2,
5'-AAGTAAGTGACTGGGGTGAGC-3’) and BOX
(BOXAIR, 5-CTACGGCAAGGCGACGCTGACG-3").
The reaction mixture (25 pl) consisted of 5 pl of template
DNA, 12.5 ul of Taq DNA polymerase, 5.5 pl of steril-
ized distilled water, and 1 pl of each primer. PCR reactions
were carried out with cycling conditions as follows: 5 min
denaturation at 94°C followed by 30 cycles of 94°C for 1
min, annealing at 43.5°C, 47.5°C, or 52.4°C for 1 min for
REP, ERIC, and BOX primer sets, respectively, and 8 min
extension at 65°C, with a final extension of 15 min at 65°C.
PCR fragments were electrophoretically separated on 2%
agarose gel with FloroSafe DNA stain at 75 V (Power sup-
ply model 1000/500, Bio-Rad Laboratories Inc.) for 45 min
using Mini Sub DNA Cell (Bio-Rad Laboratories Inc.),
then imaged by Alpha Imager System (Alpha-Innotech).

Each primer set was repeated at least three times to
confirm amplification consistency, and only clear and re-
producible banding patterns were used for phylogenetic
analysis. The clear, unambiguous, and reproducible mono-
morphic and polymorphic bands were scored and evalu-
ated by recapitulating into 0-1 table (0, no band; 1, band
present) and putting the band arrangement in columns and
isolate number in rows using Excel (Microsoft, Redmond,
WA, USA). Diversity analyses were generated in numeri-
cal taxonomy and multivariate analysis system (NTSYSpc
version 2.21q) (numerical taxonomy system, Applied
Biostatistics, Port Jefferson, NY, USA). Similarity among
20 B. pumilus group species was established as matrices of
genetic similarity compiled using the SIMQUAL function
Jaccard‘s coefficients. Dendrograms representing the ge-
netic relationship among all B. pumilus group species were
generated from the similarity matrices by applying the
unweighted pair-group arithmetic mean method (UPGMA)
(cluster analysis) with the SAHN function system.

Results

Phylogenetic analysis of 16S rRNA and five single
housekeeping genes. PCR amplification of all 20 isolates
using 16S rRNA gene analysis, each produced ~900 bp
amplicon. 16S rRNA gene analysis was unable to distin-
guish B. safensis, B. altitudinis and B. pumilus isolates
from each other. All 20 isolates, formerly identified as B.
pumilus, being distributed within distinctive groups of the
B. pumilus group (Fig. 1). Seventeen isolates were close to
the type strain B. altitudinis with a bootstrap support value
of 91% and three isolates were close to the type strains B.
safensis and B. pumilus, with a bootstrap support value of
98%.

Phylogenetic affiliation based on five housekeeping
genes (gyrB, pyrE, aroE, rpoB, and trpB) successfully
distinguished the isolates and obtained a precise overview
of the phylogenetic position of the bacterial isolates. All
20 B. pumilus group isolates delineated into two distinct
phylogenetic clusters, B. altitudinis and B. safensis. None
of the collected 20 isolates was grouped into B. pumilus
MCCC1A00439" and MCCC1A06996" strains. Specifi-
cally, these 20 isolates of B. pumilus group were divided
into two clusters, A and B. Cluster A contained 17 isolates
(SD1, SD2, SD11.1, SD12.4, SD12.1, R2.3, R2.5, R7.2,
R7.1, R3.1, KD14.4, KD15.5, KD15.2, KD3.1, KD14.1,
KEL1.2, and KEL1.1) close to type strain B. altitudinis,
while Cluster B consisted of 3 isolates (SD11.3, SD12.6,
and SD12.9) attributed to the type strain B. safensis. All
individual phylogenetic trees showed almost similar topol-



248 Husni et al.

KEL1.2
KEL1.1
KD3.1
KD14.1
KD15.2
KD15.5
KD14.4
R2.1
R7.1
R7.2
R2.5
R2.3
SD12.6
SD12.4
SoD11.1
SD2
SD1

SD11.3
SD12.1
SD12.9

JX680118.1 Bacillus altitudinis (MCCC 1A01287")

98 | JX680094.1 Bacillus safensis (MCCC 1A04526")
JX680074.1 Bacillus pumilus (MCCC 1A00439")
JX680107.1 Bacillus pumilus (MCCC 1A069967)

Fig. 1. Phylogenetic tree based
on the 16S rRNA gene sequence
comparison, showing the re-
lationship of Bacillus pumilus
group species; B. altitudinis, B.
safensis, and B. pumilus using
a maximum-likelihood method
with MEGA 7.0. Bacillus cereus
ATCC 14579 was used as an
outgroup. All isolates used in
this study was signified using a

A
0.0050

ogy structure and revealed 89-100% similarities among the
20 B. pumilus group bacterial isolates.

As shown in previous studies, gyrB gene analyses exhibit
a high-resolution power because this gene produced a fast-
er evolution rate inferred from 16S rRNA gene sequences.
Similarly, in this study, the phylogenetic tree of the gyrB
gene (Fig. 2) divided 20 isolates of B. pumilus group into
two clusters, Cluster A and B. Cluster A composed of 17
bacterial isolates (SD1, SD2, SD11.1, SD12.4, SD12.1,
R2.3, R2.5,R7.2, R7.1, R3.1, KD14 .4, KD15.5, KD15.2,
KD3.1, KD14.1, KEL1.2, and KEL1.1) attributed to B. al-
titudinis with 91% bootstrap value and 3 isolates (SD11.3,
SD12.6, and SD12.9) clustered together with B. safensis
with 98% bootstrap value in Cluster B.

There were slight differences observed in some to-
pologies of the five phylogenetic trees. In gyrB and trpB
phylogenetic trees, B. pumilus is closer to B. altitudinis,

NR 074540.1 Bacillus cereus (ATCC 145797)

purple colored rectangle. Scale
bar = 0.005 substitutions per
nucleotide position.

in rpoB and pyrE phylogenetic trees, B. altitudinis closer
to B. safensis. Unlike other trees, aroE phylogenetic tree
showed that B. altitudinis closer to B. safensis. Other minor
differences were also observed in the trees, as shown in the
Supplementary Figs. 1-5.

Characteristics of 16S rRNA and five housekeeping
genes. All 20 isolates of B. pumilus group were analyzed
to discriminate the closely related species. Characteristics
of each housekeeping gene, including the gene length,
polymorphic sites, the mean G + C content and the genetic
distance are listed in Table 4.

The genetic distance of all housekeeping genes exhibited
high-resolution power compared to the 16S rRNA gene.
Among all the housekeeping genes used, aroE showed the
highest resolution power with 17.69% polymorphic sites
and the most extensive genetic distance range of 0.000-
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MT767792 Bacitlus aktitudinis (KD15.2)
MT767735 Bacillus aititudinis (KEL1.2)
MT767791 Bacillus altitudinis (KD15.5)
MT767779 Bacillus altitudinis (SD11.1)
MT767790 Baciflus altitudinis (KD14.4)
3§J MT767793 Bacillus atitudinis (KD14.1)
MT767789 Baciflus altitudinis (R2.1)
~{ MT767794 Bacillus aititudinis (KD3.1)
MT767783 Baciflus attitudinis (SD12.6)
MT767796 Bacillus altitudinis (KEL1.1)
h MT767785 Baciflus altitudinis (R2.3)
MT767786 Bacillus aititudinis (R2.5)
MT767777 Bacillus attitudinis (SD1)
MT767778 Bacillus attitudinis (SD2)
MT767780 Bacillus altitudinis (SD12.4)
JX680195.1 Bacillus altitudinis (MCCC1A012877)
70| | MT767787 Bacillus aftitudinis (R7.2)
851 MT767788 Bacillus altitudinis (R7.1)
JX680151.1 Bacillus pumilus (MCCC1A00439")
931JX680184.1 Bacillus pumilus (MCCC1A069967)
MT767781 Bacillus safensis (SD11.3)
MT767782 Bacillus safensis (S012.1)
98| MT767764 Bacillus safensis (S012.9)
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Fig. 2. Phylogenetic tree based
on the gyrB gene sequence
comparison of all 20 isolates of
Bacillus pumilus group using a
maximum-likelihood method
with MEGA 7.0. All isolates
was classified into Cluster A
and Cluster B. Bacillus cereus
ATCC 14579 was used as an
outgroup. Scale bar = 0.10 sub-
stitutions per nucleotide posi-
tion.

Cluster B

Table 4. Characteristics of 16S rRNA gene and five housekeeping genes from all 20 isolates of Bacillus pumilus group used in this study

Loci Length Polymorphic K2P distance Mean G + C content
(bp) site, n (%) Range Mean (mol%)
16S rRNA 909 4(0.44) 0.000-0.004 0.001 55.5
grB 717 75 (10.46) 0.000-0.106 0.033 42.6
rpoB 888 41 (4.617) 0.000-0.035 0.020 45.7
aroE 648 114 (17.693) 0.000-0.181 0.059 434
prE 546 92 (16.84) 0.000-0.180 0.053 46.1
trpB 914 153 (16.74) 0.000-0.159 0.051 453

K2P, Kimura-2-parameter.

0.181 (mean, 0.059), while 7poB showed the lowest reso-
lution power with 4.617% polymorphic site and a genetic
distance range of 0.000-0.035 (mean, 0.020).

Phylogenetic analysis based on the concatenated house-
keeping genes. All five housekeeping genes were concat-
enated in the order of gyrB-pyrE-aroE-rpoB-trpB to re-
examine the phylogeny of the 20 B. pumilus group isolates.

This new phylogenetic tree showed a similar topology as
the tree described above based on the five single genes but
was more elaborated and stable (Fig. 3). Specifically, Clus-
ter A consisted of 17 isolates (SD1, SD2, SD11.1, SD12.4,
SD12.1, R2.3, R2.5, R7.2, R7.1, R3.1, KD14.4, KD15.5,
KD15.2, KD3.1, KD14.1, KEL1.2, and KEL1.1) belong-
ing to B. altitudinis with 98% bootstrap value. Cluster B
consisted of three isolates (SD11.3, SD12.6, and SD12.9)
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belonging to B. safensis with 100% bootstrap value.

REP, ERIC, BOX-PCR, and rep-PCR amplification.
All three primer sets generated specific and clear finger-
printing patterns to amplify genomic DNA for B. altitudi-
nis and B. safensis isolates (Fig. 4). REP, ERIC, and BOX
primers generated 202, 200, and 49 bands, respectively.
In rep-PCR analyses, a 1,400 bp amplified fragment was
relatively specific to B. altitudinis isolates, while B. safen-
sis isolates had a relatively uniform rep-PCR fingerprint-
ing pattern with significant bands at about 100 bp, 500 bp,
and 1,500 bp sizes. ERIC-PCR analyses revealed that 250
bp and 500 bp fragments were amplified, which relatively
specific to B. altitudinis, while B. safensis isolates had a
relatively uniform rep-PCR fingerprinting pattern with
major bands of about 350 bp and 550 bp sizes. BOX-PCR
analyses later disclosed no fingerprinting pattern on the B.
altitudinis isolates but produced a 1000 bp amplicon spe-
cific for all B. safensis isolates.

Dendrogram of combined data of REP-, ERIC-, and
BOX-PCR amplification of multi rep-PCR data revealed
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NR 074540.1 Bacillus cereus (ATCC 14579")

Cluster A

Fig. 3. Phylogenetic tree based
on five housekeeping genes
(gyrB-pyrE-aroE-rpoB-trpB) se-
quence comparison of all 20 iso-
lates of Bacillus pumilus group
using a maximum-likelihood
method. All isolates was classi-
fied into Cluster A consisted of
17 isolates belonging to B. alti-
_ tudinis and Cluster B consisted
of three isolates belonging to B.
safensis. Bacillus cereus ATCC
14579 was used as an outgroup.
Scale bar = 0.10 substitutions
per nucleotide position.

Cluster B

that all 20 isolates were grouped into two groups. Clus-
ter A consisted of 17 total isolates from Baling, Tanah
Merah, Rawang and five isolates from Serdang (SD1, SD2,
SD11.1, SD12.4, and SD12.6). Cluster B comprised only
three isolates (SD11.3, SD12.1, and SD12.9) from Ser-
dang. The percentage of similarity coefficient for Cluster A
was ~34%, and ~90% for Cluster B (Fig. 5).

Discussion

This research represents the first report on the genetic di-
versity of B. pumilus group isolates associated with trunk
bulges disease of RRIM 3001 superclone rubber tree (H.
brasiliensis) in Malaysia, using both MLSA and rep-PCR
fingerprinting methods. B. pumilus group consisted of
seven species that share over 99.5% of 16S rRNA gene
identity and are frequently misnamed. Hence, develop-
ing a reliable, rapid and affordable alternative technique is
crucial for accurate taxonomic B. pumilus group species
(Branquinho et al., 2014a).

Based on these findings, all individual phylogenetic
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Fig. 4. Multi rep-PCR fingerprinting analyses of all 20 isolates of Bacillus pumilus group isolates using REP-PCR (A), ERIC-PCR (B),
and BOX-PCR (C). rep-PCR, repetitive elements-based polymerase chain reaction; REP, repetitive extragenic palindromic; ERIC, en-
terobacterial repetitive intergenic consensus; BOX, box A, B, and C subunits.

trees (gyrB, pyrE, aroE, rpoB, and trpB) and concatenated
sequence genes tree confirmed the allocation of all 20
isolates to the B. pumilus group species. All single and
concatenated phylogenetic trees exhibited almost identical
topology, although some variations were found among the
different genes analyzed. Phylogenetic tree analysis from
each gene revealed that these 20 isolates that belonged to
the B. pumilus group were clustered into two groups with
around 89-100% similarity and differentiated into 3 group
species; B. pumilus, B. altitudinis, and B. safensis. These

results corroborated with previous findings on protein-
encoding genes® capability to clarify the discrimination
between closely related species and generate robust tree to-
pology compared to ribosomal gene analysis, which shows
low-resolution power (Azevedo et al., 2015; Brady et al.,
2008; Sawabe et al., 2013). Ng (2020) documented that ri-
bosomal proteins that hold partial phylogenetic significance
constitute the second group. The ribosomal proteins could
reproduce significant branches of the 16S rRNA phyloge-
netic tree but had difficulty differentiating B. licheniformis
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Fig. 5. Dendrogram showing diversity of all 20 isolates of Bacil-
lus pumilus group based on multi rep-PCR (REP-PCR, ERIC-
PCR, and BOX-PCR) analyses using the UPGMA clustering
method. All isolates was classified into Cluster A and Cluster B.
rep-PCR, repetitive elements-based polymerase chain reaction;
REP, repetitive extragenic palindromic; ERIC, enterobacterial
repetitive intergenic consensus; BOX, box A, B, and C subunits;
UPGMA, unweighted pair-group arithmetic mean method.

and B. pumilus at the sequence level.

Among the five housekeeping genes, aroE possessed a
relatively high differentiation power based on the most ex-
tensive genetic distance range at 0.000-0.181 (mean, 0.059)
and the highest polymorphic sites of 17.69%, followed by
pyrE gene with 16.84% polymorphic site and 0.000-0.180
genetic distance range (mean, 0.053). Both aroE and pyrE
genes possessed the highest resolution power compared
to gyrB, rpoB and trpB genes. However, gyrB gene has
widely been applied for taxonomic resolution of closely
related species and is commonly recommended for Bacil-
lus species classification due to the invigorating popularity
of gyrB gene in the GenBank database (Adékambi et al.,
2008; Fritze, 2004; Konstantinidis et al., 2006). Based on
the promising results, we suggest that the aroE, pyrE and
gyrB can potentially be utilized as standard markers to dis-
tinguish the closely related species of B. pumilus group.

Concatenations of multiple loci in phylogenetic tree de-

feat many single-gene analyse’ limitations and define solid
and robust relationships for bacterial species classification
(Hanage et al., 2005; Papke et al., 2011). In this study,
the concatenated phylogenetic revealed that all isolates
grouped into B. altitudinis and B. safensis species clusters
with 98% and 100% bootstrap values (Fig. 3). Cluster
A consisted of 17 isolates including SD1, SD2, SD11.1,
SD12.4, SD12.1, R2.3, R2.5, R7.2, R7.1, R3.1, KD14 4,
KD15.5, KD15.2, KD3.1, KD14.1, KEL1.2, and KEL1.1
were grouped with B. altitudinis reference strain, while
three isolates, SD11.3, SD12.6, and SD12.9) were clustered
into B. safensis reference strain in Cluster B. Unexpectedly,
all 20 isolates used to be formerly identified as B. pumilus,
actually belonged to the species of B. altitudinis and B.
safensis. These isolates collected from four collection ar-
eas not clustered together, showing high variation among
isolates from similar geographical locations. However,
isolates from different geographical locations exhibited less
genetic variations. The results provide evidence that phy-
logenetic analyses using MEGA 7.0 successfully formed
a robust and distinct cluster between all 20 isolates with B.
pumilus MCCC1A00439" and MCCC1A06996" reference
strains, B. safensis MCCC1A04526" reference strain and
B. altitudinis MCCC1A01287" reference strain. Similar
results obtained from previous MLSA studies conducted
on distribution of B. pumilus group members in marine
environments using phylogenetic trees based on multiple
housekeeping genes (gyrB, rpoB, aroE, pyrE, mutL, pyrA,
and #7pB), which successfully distinguish between closely
related species of B. pumilus group (Liu et al., 2013).
Many reports disclosed that some B. pumilus group spe-
cies are pathogenic bacteria, especially B. pumilus and B.
altitudinis. B. pumilus is a pathogenic bacteria-causing
disease to various crops, including fruit rot of muskmelon
(Song et al., 2018), rhizome rot of ginger (Peng et al.,
2013), soft rot of scot pine seedling (Kovaleva et al., 2015),
fruit rot of ficus lacor (Hakim et al., 2015) and leaf blight
of mango tree (Galal et al., 2006). Bacillus altitudinis was
reported as the new causal agent of soft rot pathogen for
both apple and pear fruits, in which most of its virulent
strains causing high soft rot severity on apple and pear
cultivars based on the disease severity index, phenotypic
test and molecular characterization (Elbanna et al., 2014).
On the contrary, B. safensis is continuously used as a plant
growth-promoting rhizobacteria (Khan et al., 2017; Wu
et al., 2019). Multiple genome comparisons signified that
some B. safensis isolates have mistakenly been identified
as B. pumilus, especially when extensive molecular analy-
ses were not considered (Tirumalai et al., 2018). Agboba-
tinkpo et al. (2013) reported that B. safensis shared 90.2%
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gyrA sequence similarity with B. pumilus, which is nearly
the same as a result (91.2% gyrB sequence similarity) ob-
tained by Satomi et al. (2006). A recent phylogenetic study
on B. pumilus and B. safensis strains FO-36b and MERTA
revealed that both strains were clustered together in a dis-
tinct group of B. safensis (Espariz et al., 2016). Branquinho
et al. (2014b) suggested that ribosomal and spore proteins
constituted most B. pumilus and B. safensis biomarkers,
whose fingerprinting by matrix assisted laser desorption
ionization-time of flight mass spectrometry and other MS-
based techniques can be used for rapid and accurate identi-
fication of B. safensis.

Glaeser and Kédmpfer (2015) documented that MLSA
analysis should be carried out on more than four house-
keeping genes for a more stable, precise, and accurate
topology tree. Our study discovered that MLSA was in-
sufficient to clear up these issues and need fingerprinting
tools to completely differentiate closely related species of
B. pumilus group as the housekeeping genes only occupy
0.1-0.2% of the genome (Liu et al., 2013). Hence, the rep-
PCR method using REP, ERIC, and BOX primers proved
to generate more accurate information due to the higher
variability of its genetic region than other genomic regions
for analyzing genetic diversity and the relationship between
closely related isolates obtained in this study. The rep-PCR
method has been considered an excellent discriminatory
tool and more reproducible than other fingerprinting meth-
ods for analyzing the genetic diversity among the isolates
of Bacillus sp. (Cherif et al., 2003, 2007; da Silva and Vali-
cente, 2013). The presence of similar banding patterns as
observed from at least three PCR replications demonstrate
the reproducibility of this technique and its suitability for
use in B. pumilus group genetic studies.

In rep-PCR analyses, all three primer sets generated spe-
cific and clear fingerprinting patterns for B. altitudinis and
B. safensis isolates (Fig. 4). Both of them exhibited their
fingerprinting pattern. Interestingly, distinct fingerprinting
patterns were shown among the two species of B. pumilus
group isolates collected from different geographical loca-
tions in Peninsular Malaysia. Based on the primers results,
REP-PCR is the most suitable method for species cluster-
ing and separation since REP primers displayed the most
apparent fingerprinting pattern, pursued by ERIC primers
and BOX primers.

The dendrograms generated by REP-, ERIC-, BOX-
PCRs showed that both species separated well. Subse-
quently, all data from the three primers (REP, ERIC, and
BOX) were combined in a single similarity matrix for
groupings’ validity, collectively known as multi rep-PCR
analysis. The multi rep-PCR analysis is sensitive enough

to characterize the relationships and assess intraspecific
diversity. Compared to independent rep-PCR experiments,
multi rep-PCR generates a higher level of discrimination,
whereas isolates of the two species remain separate in the
corresponding dendrogram. Based on our findings, the two
species of B. pumilus group appeared well-separated. Our
findings discovered the similarity of genetic profiles within
clusters of the B. pumilus group isolates, thus recommend-
ing a different status of these two species since all B. alti-
tudinis isolates were clustered into Cluster A, while all B.
safensis isolates were clustered into Cluster B. For REP-,
ERIC-, BOX- and multi rep-PCRs topology analysis, Clus-
ter A represented all B. altitudinis isolates from Kedah,
Kelantan, Rawang, Selangor, and five isolates from Ser-
dang, Selangor, while Cluster B represented three B. safen-
sis isolates from Serdang, Selangor. Three isolates of B. al-
titudinis (SD1, SD2, and SD12.4) from Serdang, Selangor
and three isolates of B. altitudinis (KD14.4, KD15.5, and
KD14.1) from Baling, Kedah exhibited similar genotype
pattern for all three primer sets. Meanwhile, two isolates
of B. altitudinis (R7.2 and R7.1) from Rawang, Selangor
exhibited similar genotype patterns for all three primer
sets. This distribution is in agreement with previous works
based on MLSA results obtained from this study.

The next appealing issue raised from the multi-rep-PCR
analysis is the intraspecific diversity and isolate distribu-
tion within the species. We have disclosed the similarity
of genetic profiles within clusters of the B. pumilus group
isolates based on the dendrogram of the combined data
from multi rep-PCR. The similarity was observed among
isolates in Cluster A (all B. altitudinis isolates from Kedah,
Kelantan, Rawang, Selangor and five isolates of Serdang,
Selangor isolates; ~35%) and Cluster B (three B. safensis
isolates from Serdang, Selangor; ~95%) (Fig. 5) from dif-
ferent geographical locations. The results signified that
the isolates conceivably were possibly lineages of a single
virulent isolate and that transmission with planting stock
or infected seeds was a likely means of spread across Pen-
insular Malaysia. All 20 bacterial isolates were clustered
together, indicating that the isolates were genetically simi-
lar and shared close phylogenetic relatedness. All 20 iso-
lates were probably commenced and derived from a single
emergence a long time ago (Moretti et al., 2017). Almost
all 17 B. altitudinis isolates had similar band patterns and
were grouped in a separate dendrogram branch. All B. alti-
tudinis isolates were grouped in Cluster A together, reveal-
ing that these isolates derived from the same geographical
regions relatively homogeneous. The overall distribution
of B. safensis type isolates and their apparent separation in
Cluster B of the dendrograms validated the species’ high
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phylogenetic homogeneity. The rep-PCR fingerprinting has
proven as an excellent tool to characterize and discriminate
the B. pumilus group isolates at the genomic level. Kumar
et al. (2014) supported this study and Patil et al. (2010) that
these polyphasic genotypic fingerprinting techniques are
excellent and reliable tools discriminating Bacillus isolates
as a separate group.

The rep-PCR method provided more discriminatory
power than the MLSA method, based on the fingerprinting
profile, to differentiate between all 20 B. pumilus isolates.
Although both of the methods, MLSA and rep-PCR, pro-
vided greater insight than one method alone, there are dis-
tinct advantages in using MLSA to determine the genetic
relationships. MLSA generates a discrete data set based on
the nucleotide sequences of known genes and allows for
accurate calculate of genetic distances compared to rep-
PCR. The results are portable and additional sequences can
be added to the database as they become available.

These findings may add new knowledge on the distribu-
tion and the genetic diversity of B. pumilus group isolates
associated with trunk bulges disease of RRIM 3001 super-
clone rubber tree in Peninsular Malaysia. This study clearly
showed that the isolates of B. pumilus group from different
geographical regions and locations in Peninsular Malaysia
were distinct among isolates from a similar geographical
location. However, between isolates from different geo-
graphical locations, the variations were much less. The
MLSA and multi rep-PCR methods were successful in dis-
tinguishing the B. pumilus group species from each other.
Generating distribution and diversity maps would provide
valuable information to design disease control strategies
to limit B. pumilus group species introduction into new
regions or host plants. Moreover, we have provided cru-
cial information to plant breeders seeking to incorporate
durable tolerance or resistance into commercial cultivar
by profiling the taxonomic diversity among the B. pumilus
group isolates.
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