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MALDI-TOF MS for the differentiation of mineral
forming Virgibacillus and Bacillus species isolated
from sabkhas
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Occurrence of mineral forming and other bacteria in mats is well demonstrated. However, their high

diversity shown by ribotyping has not been explained, although it could explain the diversity of formed

minerals. Common biomarkers as well as phylogenic relationships are useful tools for clustering the

isolates and the prediction of their potential role in the natural niche. In this study, a combination of

MALDI-TOF MS with PCA was shown to be a powerful tool to categorize 35 mineral forming bacterial

isolates isolated from Dohat Faishakh sabkha, northwest of Qatar (23 from decaying mats and 12 from

living ones). The 23 strains from decaying mats belong to the Virgibacillus genus as identified by

ribotyping and are shown to be highly involved in the formation of protodolomite and a diversity of

minerals. They were used as internal references for the categorization of sabkha bacteria. Combination

of the isolation of bacteria on selective mineral forming media, their MALDI TOF MS protein profiling and

PCA analysis established their relationship in a phylloproteomic dendrogram based on protein

biomarkers including m/z 4905, 3265, 5240, 6430, 7765, and 9815. PCA analysis clustered the studied

isolates into 3 major clusters, showing strong correspondence to the 3 phylloproteomic groups that

were established by the dendrogram. Both clustering analysis means have evidently demonstrated

a relationship between known Virgibacillus strains and other related bacteria based on profiling of their

synthesized proteins. Thus, larger populations of bacteria in mats can be easily screened for their

potential to exhibit certain activities, which is of ecological, environmental and biotechnological

significance.
1 Introduction

Gulf countries, including Qatar, belong to the most arid coastal
ecosystems of the world. The western coast of the Qatari
peninsula known as sabkha is enriched with carbonate
minerals formed during the Holocene, 4000–6000 years ago.1

The Inland sabkhas and the coastal sabkhas in the Qatari
peninsula are characterized by highly saline water.2 Dohat
Faishakh sabkha is a at supratidal expanse. It passes laterally
through algal mats near the intertidal region within the shallow
marine area in the west of Qatar.3 Since 1965, this sabkha is
being recognized as one of the few places on Earth where
dolomite forms at ambient temperature.4 Dolomite is
a common ancient carbonate rock. However, the rare occur-
rence of dolomite in recent environments and failure to
synthesize it in laboratory at low temperature and pressure lead
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to an enigma frequently highlighted in literature as “dolomite
problem”.5–8 Numerous recent studies have evidenced the role
of microorganisms in the biomineralization process.9–12 More-
over, it was shown that many microorganisms such as sulfur
reducers, methanogens, phototrophs and heterotrophic
aerobes have the ability to mediate dolomite formation.13

In Dohat Faishakh sabkha, it was shown that bacteria, espe-
cially those belonging to the Virgibacillus genus were able to
mediate mineralization process.14 Indeed, in the reported works,
the identication of these isolates was routinely performed by
ribotyping; the 16s rRNA gene sequencing technique.15 These
identied Virgibacillus strains demonstrated variable capabilities
to mediate carbonate minerals with various magnesium content,
including high magnesium calcites that are considered as
potential precursors for dolomite formation.14 Moreover, one of
the most proposed hypotheses of biomineralization is attributed
to exo-polymeric substances (EPS) which are synthesized by
bacteria as a response to high temperature, high salinity and
other stressors.16–18 Virgibacillus strains from Dohat Faishakh
were shown to respond differently to such stressors.19 The
This journal is © The Royal Society of Chemistry 2020
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compared amplied 16s rRNA sequences was insufficient to
explain the diversity of Virgibacillus in biomineralization poten-
tial. However, the relationship between the possible diversity of
function and diverse capacities to form minerals in terms of
magnesium incorporation into the carbonateminerals is not well
elucidated. This correlation between the diversity in Virgibacillus
strains and their EPS might be established through clustering
these isolates based on their respective protein proles, if
appropriate cultural conditions are used for examining the bio-
mineralization potentials. Indeed, a correlation between mineral
formation, magnesium incorporation and composition of exo-
polymeric substances was recently reported.19 It is now important
to establish the relationship between the diversity of bacterial
isolates, even at the level of species, their response to different
stressors via EPS andminerals' diversity. Since the separate study
of each of them in the huge bacterial population in the envi-
ronment cannot be contemplated, a fast and easy prediction of
such relationship through bacterial clustering is proposed in the
current work. The matrix assisted laser desorption ionization-
time of ight mass spectrometry (MALDI-TOF-MS) technique is
suitable for the purpose. It is utilized for the identication and
differentiation of microorganisms.20–23 It mainly relies on protein
proles to identify the isolates of specic genera, species and
subspecies.24 Expressed genes at a cultural condition could also
be proled, leading to categorization of the corresponding
strains.13

MALDI-TOF-MS technique is rapid and reliable.25 However,
the identication of microorganisms is restricted to available
protein proles in databases, which is not always the case.26 If
protein biomarkers among a bacterial genus or species are
known, they can pave the way for the identication of bacterial
isolates by proteins matching.

In the current study, a list of 23 Virgibacillus isolates, all
previously identied by the 16s rRNA gene sequencing tech-
nique, were used in MALDI TOF MS, for the identication of
new bacterial isolates from Qatari sabkhas using common
biomarkers.14 Bacteria which can be isolated from the same site
may be identied by MALDI TOF MS, differentiated and cate-
gorized based on their protein proles. An isolate belonging to
a cluster would allow for the prediction of its function. The
approach of integrating bacterial identication and protein
proling while focusing on protein biomarkers detected at
conditions favorable to mineral formation would lead to their
clustering as biomineral-forming bacteria. Differentiation of
isolates belonging to the same species and principal component
analysis (PCA) clussters are developed for further characteriza-
tion of Qatari Virgibacillus and other bacterial isolates. On the
other hand, this research would explain the diversity of
minerals in the sabkhas, representing an advancement in
studying the relationship between diversity of bacteria and
minerals in sabkhas.

2 Methodology
2.1. Bacterial isolates from decaying mats, used as reference

Twenty-three bacterial strains were used as reference strains
(Table 1). They are aerobic, halophilic and heterotrophic
This journal is © The Royal Society of Chemistry 2020
bacteria that were previously isolated from decaying mats
sampled from Dohat Faishakh sabkha, northwest of Qatar.
Their identication was performed by ribotyping and the access
numbers of their DNA sequences were published.14 7 strains of
Virgibacillus marismortui, 3 strains of Virgibacillus salarius, and
13 Virgibacillus sp. identied only at the genus level were tested
in the current study. These strains were selected based on their
signicant role as aerobic microorganisms to mediate forma-
tion of Mg-rich carbonates.14 Stock bacterial cultures were
preserved at �80 �C in 60% glycerol (Microbiology and
Biotechnology Lab, Qatar University, Doha) until use.

2.2. Sample preparation and protein extraction for MALDI-
TOF

The sample preparation of the newly isolated strains was per-
formed in two different techniques in order to generate the
most reliable results. Extraction procedure using ethanol/
formic acid (v/v) was used as reported by Wang et al. (2012).27

Solid LB was used to grow the bacterial cultures. A colony was
suspended in 300 ml of sterile water in an Eppendorf tube. Then
the cells were re-suspended in 900 ml of absolute ethanol. The
Eppendorf tubes were centrifuged at 13 000 rpm for 2 min. The
supernatant obtained was discarded and the pellet was mixed
with 1 ml 70% of formic acid and then 1 ml 100% acetonitrile.
The mixture was re-centrifuged at 13 000 rpm for 2 min. From
the supernatant, 1 ml was transferred onto a biotarget 48 sample
spot. A total of 1 ml HCCA (a-cyano-4-hydroxycinnamic acid)
matrix solution (50% acetonitrile and 2.5% triuoroacetic acid
in pure water) is then added onto the sample spots for protein
extraction. Analyses were run in triplicates by spotting a colony
into three different wells. Alternatively, since mass spectra ob-
tained were not very clear, the whole cell method was per-
formed. An amount of approximately 0.5 ml of material was
taken from freshly grown colonies and transferred with a plastic
loop into the well of the target plate and mass ngerprints were
obtained allowing for better results and detection of
biomarkers.

2.3. Identication of bacterial isolates

The similarities between individual mass spectra of the isolated
strains and those of the database entries were expressed in the
form of log(scores) obtained by default from the Biotyper so-
ware settings. The identication was carried out by the Bruker
Biotyper soware, where a log scale from 0.000 to 3.000 denes
the identication matching level with the database. The score of
2.300–3.000 is highly probable species level identication with
high condence, which shows the identication result is highly
accurate up to the species level. Score 2.000–2.299 is genus and
probable species level identication, which shows the identi-
cation result is highly accurate up to the genus level, and
probably correct at species level. Whereas scores between 1.700
and 1.999 indicates probable genus level identication, since
the score is low, the result shows that the identication is
probably correct at genus level.23 Proteins having a m/z in the
range of 2000 and 20 000 m/z are utilized for identication of
bacterial strains based on individual mass peaks corresponding
RSC Adv., 2020, 10, 14606–14616 | 14607



Table 1 Identification of the 35 bacterial strains isolated from decaying and living mats of Dohat Faishakh sabkha (Qatar), using MALDI-TOF MS.
ND: not determined. NR: not reliable

Strain code Identication by ribotyping
MALDI TOF
score Identication by MALDI TOF Code for PCA analysis

DF112 Virgibacillus marismortui <1.70 NR 31
DF221 Virgibacillus sp. <1.70 NR 19
DF231 Virgibacillus marismortui <1.70 NR 1
DF241 Virgibacillus sp. <1.70 NR 18
DF252 Virgibacillus sp. <1.70 NR 27
DF281 Virgibacillus salarius <1.70 NR 21
DF282 Virgibacillus sp. <1.70 NR 3
DF291 Virgibacillus sp. <1.70 NR 4
DF322 Virgibacillus marismortui <1.70 NR 7
DF341 Virgibacillus marismortui <1.70 NR 14
DF351 Virgibacillus salarius <1.70 NR 8
DF411 Virgibacillus marismortui <1.70 NR 11
DF431 Virgibacillus sp. <1.70 NR 30
DF451 Virgibacillus sp. <1.70 NR 5
DF461 Virgibacillus salaries <1.70 NR 2
DF472 Virgibacillus marismortui <1.70 NR 15
DF491 Virgibacillus marismortui <1.70 NR 20
DF2102 Virgibacillus sp. <1.70 NR 22
DF2121 Virgibacillus sp. <1.70 NR 12
DF2131 Virgibacillus sp. <1.70 NR 13
DF2141 Virgibacillus sp. <1.70 NR 28
DF2161 Virgibacillus sp. <1.70 NR 29
DF2172 Virgibacillus sp. <1.70 NR 10
K011 ND 1.81 Bacillus licheniformis 26
K1031A ND 2.25 Bacillus cereus 33
K103B ND 1.87 Bacillus cereus 6
K9-3-1 ND 1.76 Bacillus circulans 24
K012A ND <1.70 NR 35
K012B ND <1.70 NR 9
K9-1-1 ND <1.70 NR 16
K9-1-2 ND <1.70 NR 25
K9-1-4 ND <1.70 NR 34
K915A ND <1.70 NR 32
K9-2-1 ND <1.70 NR 17
K9-2-2 ND <1.70 NR 23
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to specic ribosomal proteins of distinct types of
microorganisms.
2.4. Data processing

The protein prole of each bacterial isolate was obtained from
the Bruker Flex Control soware by using two sample spots. The
Bruker Flex Control soware was used to obtain mass spectra
using linear and positive mode at 60 Hz laser frequency and
intensity of 35%. The acceleration and source voltages were set
as 20 and 18.7 kV, respectively. From different areas of the
sample spot, 240 laser shots in 40-shot steps for each spectrum
were obtained and analyzed using default settings. The protein
proles were processed and analyzed using the Flex Analysis
and Biotyper RTC 3 soware.

Since the mass spectra generated from MALDI are regarded
as multivariate data, in which every mass signal represents
a single molecular dimension, multivariate statistical methods
are used for differentiation between bacterial species. Principle
component analysis (PCA) was performed to decrease
14608 | RSC Adv., 2020, 10, 14606–14616
dimensionality of the data set and maintain the original infor-
mation present. The PCA was based on the peaks acquired from
MALDI-TOF. These peaks have the possibility to be proteins or
peptides but cannot be identied as proteins or peptides. PCA
allows the formation of clustered groups of spectra having
similar variation characteristics and the visualization of the
differences between them. The data can be represented in either
a 2D or a 3D coordinate system; however, it is usually adequate
to use the 2D which plots PC1 against PC2, since it generally
offers more than 80% of the total variance between the samples.
For a better visualization of the hierarchical relationship
between the isolates and the reference strains used in this
study, dendrogram clustering was also carried out using MALDI
Biotyper Compass Explorer soware adopting default settings
according to the manufacturer's instructions.

All the analysis (PCA and dendrograms) was carried out as
per the standard operating procedure for the instrument and
built-in soware. The raw spectra obtained for the three repli-
cates was pre-processed which involved smoothing and
This journal is © The Royal Society of Chemistry 2020



Fig. 1 MALDI-TOF spectra of the group of newly isolated strains used in this study.
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baseline subtraction using Flex Analysis soware followed by
verication of quality of each spectrum measurement. Any
individual spectrum with poor quality (having background
noise or too high/low intensities) was excluded. The processed
selected spectra were then used to create Main Spectra
Table 2 Intra- and interspecific percentage of similarity between specie

Similarity percentages (%)

Virgibacillus
marismortui

Virgibacillus
salarius

Virgibacillus marismortui 100 70.1–99.5
Virgibacillus salarius 70.1–99.5 100
Bacillus cereus 0.46–18.4 0.9–16.2
Bacillus licheniformis 0.2–14.7 3.8–5.2
Bacillus circulans 0.2 0.2

This journal is © The Royal Society of Chemistry 2020
Projection (MSP) using the automated MSP creation function-
ality included in MALDI Biotyper 3.0 soware. The MSP
contains all the information about mean peak masses, mean
peak intensities, and mean peak frequencies. These MSPs for
each strain
s studied

Bacillus cereus
Bacillus
licheniformis

Bacillus
circulans

0.5–18.4 0.2–14.7 0.2
0.9–16.2 3.8–5.2 0.2
100 13.2–15.3 0.1–0.3
13.2–15.3 100 0.2
0.1–0.3 0.2 100

RSC Adv., 2020, 10, 14606–14616 | 14609



Table 3 Characteristic peak masses of 17 Virgibacillus reference strains expressed as the arithmetic means of the m/z values of the three
replicates of the corresponding strains of each species. Peak masses highlighted in bold are genus specific

PCA strain code 11 12 7 15 2 5 22 18 31 10 1 4 13 29 21 27 30

Strains DF411 DF2121 DF322 DF472 DF461 DF451 DF2102 DF241 DF112 DF2172 DF231 DF291 DF2131 DF2161 DF281 DF252 DF431
Characteristic
peaks

2855 2855 2855
3210 3210 3210 3210
3880 3880 3880 3880 3880 3880 3880 3880 3880 3880 3880 3880 3880
4240 4240 4240 4240 4240 4240 4240 4240 4240
4905 4905 4905 4905 4905 4905 4905 4905 4905 4905 4905 4905 4905 4905 4905 4905 4905

5240 5240 5240 5240 5240
5910 5910 5910 5910 5910 5910

6180 6180 6180 6180 6180
6430 6430 6430 6430 6430 6430 6430 6430 6430 6430 6430 6430 6430 6430 6430 6430 6430

6750 6750 6750
6905 6905 6905 6905

7765 7765 7765 7765 7765 7765 7765 7765 7765 7765 7765 7765 7765 7765 7765 7765 7765
9815 9815 9815 9815 9815 9815 9815 9815 9815 9815 9815 9815 9815 9815 9815 9815 9815
10 485 10 485 10 485 10 485 10 485
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(n ¼ 35) were then fed to the functionality of PCA or dendro-
gram (MALDI Biotyper Compass Explorer), to carry out analysis
and produce graphs.

3 Results and discussion
3.1. Identication of newly isolated strains by MALDI-TOF
MS

Twelve bacterial isolates were isolated from the living mat
sampled from Dohat Faishakh sabkha in Qatar by enrichment
culture on the mineral inducing medium MD1. They were
subjected to identication by MALDI-TOF MS. The twenty-three
strains, previously isolated from decaying mat sampled from
the same sabkha and identied by ribotyping as Virgibacillus
bacteria, were used as reference for possible identication by
MALDI-TOF mass spectrometric protein proling, by matching
their scores in the available database.

The results showed that themethod based on ethanol/formic
acid extraction of proteins before MALDI-TOF MAS analysis was
not effective, since none of the isolates was reliably identied,
although mass spectra were obtained. In fact, Wang et al. (2012)
proceeded with extraction, because identication with whole
Table 4 Characteristic peak masses of 6 Virgibacillus reference strains an
means of them/z values of the three replicates of the corresponding strai
are highlighted in bold

PCA strain code 3 14 20 28

Species DF282 DF341 DF491 DF2141
Characteristic peaks 3265 3265 3265 3265

3880 3880 3880
4240 4240
4905 4905 4905 4905
5240 5240 5240 5240
6430 6430 6430
7765 7765 7765
9815 9815 9815 9815

14610 | RSC Adv., 2020, 10, 14606–14616
cells of their bacteria was not effective.27 Here, the last method
was effective to identify Bacillus strains. Virgibacillus strains
were not identied by both techniques. Table 1 shows the list of
Virgibacillus strains used as reference and the 12 isolates from
the living mat, with their corresponding code in the MALDI TOF
MS protein proling employed for the data analysis by PCA and
dendrogram. All strains identied by ribotyping as Virgibacillus
exhibited MALDI TOF MS scores less than 1.70 that cannot
provide their reliable identication, according to the available
database in the used machine. However, interestingly, a repro-
ducible protein prole obtained by MALDI TOF MS proling
was obtained for all these Virgibacillus isolates.

From the 12 newly isolated isolates, four were identied at
the level of Bacillus genus (two Bacillus cereus, one Bacillus cir-
culans and one Bacillus licheniformis) with corresponding scores
of 1.87, 2.25, 1.76, and 1.81 respectively. The others exhibited
scores less than 1.70, which cannot identify them, reliably.

The signicance of using this method for identifying bacte-
rial isolates or closely related ones lies in the fact that masses
and signals of proteins serving as markers, interlinked repre-
sentatives of their corresponding expressed genes. Moreover,
d 4 newly isolated strains of Bacillus genus expressed as the arithmetic
ns of each species. Peak masses found to exist in all strains of the group

8 19 6 33 24 26

DF351 DF221 K1031B K1031A K931 K011
3265 3265

3880 3880
4240

4905 4905
5240 5240 5240 5240 5240 5240
6430 6430 6430 6430 6430 6430
7765 7765 7765 7765
9815 9815

This journal is © The Royal Society of Chemistry 2020
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mass spectra and protein proles were established for each
isolate.
3.2. Analysis of protein proles of the bacterial strains

Hereby, MALDI-TOF-MS provides a platform for the comparison
of mass spectra of the 35 studied isolates from Dohat Faishakh
sabkha, analyzed using the data analysis soware. The obtained
peaks revealed admissible resolution using the whole cells,
whereas proteins extraction method revealed no separate peaks.
For each strain, an average spectrum was obtained from
duplicated spectra of triplicated colonies (six in total). Examples
of the spectra obtained are shown in Fig. 1. Growth media and
conditions were similar to all isolates, to reduce culturing
impact on the protein proles, biomarkers and reproducibility
of the proles. The mass spectra demonstrated complex
collections of discrete ions of m/z ratios ranging between 2000
and 10 000. Table 3 shows peak masses of 17 Virgibacillus
reference strains and Table 4 shows those of 6 other Virgibacillus
reference strains along with 4 newly identied Bacillus isolated
strains (K011, K1031A, K1031B, and K931). Peak highlighted in
bold are peaks obtained by most of strains.

The intensity of the generated peaks allows the detection of
some unique proteins considered as biomarkers among highly
related isolates. Indeed, peak of 4905 and 9815 m/z are only
obtained with Virgibacillus strains, they can be considered as
biomarkers of the genus Virgibacillus. However, peak masses of
4240, 6430 and 7765 m/z are found commonly in most Bacillus
and Virgibacillus strains. This results is not surprising, since
Table 5 Characteristic protein peaks of the unidentified bacterial isolat
replicates of the corresponding strains of each species

35 9 16

Isolates K012A K012B K911
Characteristic peaks 2115 2115 2115

2667
2940 2940 2940

3160
3260 3260

3470
3595 3595
3880 3880

4035
4240 4240 4240
4700 4700
4905 4905 4905
5880 5880 5880

6180
6525 6525
6950 6950 6950
7190 7190 7190
7490 7490 7490
7790 7790 7790
8070 8070 8070
9400 9400 9400
9800 9800 9800
10 420 10 420 10 420
11 415 11 415 10 415

This journal is © The Royal Society of Chemistry 2020
Virgibacillus genus is strongly similar to the Bacillus genus. It
was reclassied fom Bacillus genus in 1998 based on analysis of
the species Virgibacillus pantothenticus.28 However, at the
cultural conditions favorable to minerals formation, Virgiba-
cillus strains produced much more proteins than Bacillus
strains.

Therefore, these indicated peaks are regarded as genus
specic biomarkers for the known genera included in the
database. Thus, it can only be used for future identication of
newly isolated bacterial strains belonging to these genera.
Moreover, the mass spectra of Virgibacillus appear to be highly
similar, at the species level. Indeed, the peak at 3880 m/z was
detected in ve V. marismortui strains in addition to the peak at
4240 m/z in four of them. This suggests that these two protein
peaks could be possible species-specic biomarkers of V. mar-
ismortui. On the other hand, some common peaks were present
in most of the isolates, but none was shown to be species
specic in that sense. In a second group of Virgibacillus isolates
(DF221, DF282, DF341, DF351, DF491 and DF2141) the peak at
3265 m/z is specic (Table 4). None of the other reference Vir-
gibacillus strains revealed this peak, which suggests that the
peak 3265 m/z is specic to some Virgibacillus, not to all. In
addition, the biomarker 3265 m/z was not found in the mass
spectra of any of the Bacillus strains grouped in this cluster. Six
other peak masses were detected in most Virgibacillus strains
(m/z 3880, 4240, 4905, 6430, 7765, and 9815), showing high
similarity among all studied Virgibacillus sp.

In order to conrm the differences in term of biomarkers at
the level of species, the intra- and interspecic percentage of
es expressed as the arithmetic means of the m/z values of the three

25 34 32 17 23

K912 K914 K915A K921 K922
2115 2115 2115 2115 2115
2667 2667 2667 2667
2940 2940 2940 2940 2940
3160 3160 3160 3160

3260
3470 3470 3470

3595
3880 3880 3880 3880

4035
4240 4240 4240 4240 4240
4700 4670 4700
4905 4905 4905 4905 4905
5880 5880 5880 5880 5880
6180 6180

6525 6525 6525
6950 6950 6950 6950 6950
7190 7190 7190 7190 7190
7490 7490 7490 7490 7490
7790 7790 7790 7790 7790
8070 8070 8070 8070 8070
9400 9400 9400 9400
9800 9800 9800 9800 9800
10 420 10 420 10 420 10 420 10 420
11 415 11 415 11 415 11 415 11 415

RSC Adv., 2020, 10, 14606–14616 | 14611
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similarity was established for strains identied at the species
level using composite correlation matrix. Results are shown in
Table 2. The differentiation showed existence of a wide range of
similarity between strains belonging to Virgibacillus species
which goes under “intraspecic similarity”, as well as similarity
between different Virgibacillus species known as “interspecic
similarity”. Thus, V. marismortui and V. salaries are shown
highly related species with 70.1–99.5% interspecic similarity.
Similar results were reported in 2015, but with phylogenic trees
generated based on 16S rRNA sequences of Virgibacillus
species.29 Here, evidences were simply provided by the rapid
and reliable MALDI-TOF MS proteins proling. However, B.
cereus and B. lecheinformis showed only 13–15% interspecic
similarity. B. circulans was highly different from other Bacillus
strains with extremely low similarity inter and intra-specically.

In order to establish the relationship between the unidenti-
ed isolates, their principal peaks were determined and listed
in Table 5. It is clear that all the isolates showed a characteristic
peak at 4905 m/z which was also shown characteristic of Virgi-
bacillus strains. The peak 3880 m/z is present in several Virgi-
bacillus and Bacillus strains. 13 other peaks are common among
the unidentied isolates, but not present in Virgibacillus nor
Bacillus strains. Differences between these isolates are related to
11 other peaks. The comparison based on ions of m/z ratios
ranging between 2000 and 10 000 was not effective to identify
newly isolated strains. However, protein proling is appropriate
to differentiate newly isolated bacteria.

The isolates K012A and K922 exhibited the same character-
istic peaks. They are highly similar or identical. The differences
between others are mostly minor with one or two peaks only,
Table 6 Similarity percentages between unidentified isolates of group C

Strain code

Unidentied strains o

25 32

Virgibacillus sp. 3 29.6 21.6
4 30.8 23.8
5 36.7 29
10 37.5 32.4
12 33.8 28.8
13 32.7 25.02
18 37.2 34.8
19 31.2 28.3
22 37.8 32.6
27 32.2 30
28 35.5 26.1
29 34.9 25
30 30.7 24.5

Virgibacillus marismortui 31 40.8 39.6
Virgibacillus marismortui 1 36.2 29.2
Virgibacillus salarius 21 30.9 25.1
Virgibacillus marismortui 7 35.6 32.2
Virgibacillus marismortui 14 33.7 27.3
Virgibacillus salarius 8 28.6 23.2
Virgibacillus marismortui 11 30.5 24.4
Virgibacillus salarius 2 33.7 28.0
Virgibacillus marismortui 15 37.6 34.9
Virgibacillus marismortui 20 30.9 26.4
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showing the high sensitivity of the differentiation using
proteins proling. However, the differences could be more
sensitive by considering peaks having m/z below 2000.

In order to establish the similarities at the genus and species
level, the interspecic percentage of similarity of the unidenti-
ed isolates shows that the unidentied strains should be
classied in a group distinct to Virgibacillus strains (Table 6).
The results show existence of a wide range of similarity with
strains of Virgibacillus identied at the genus level, as well as
similarity with different Virgibacillus species. Generally, simi-
larities uctuate between 20% to 40%, with the exception of the
isolate K012A which shows 12% and 7% only with Virgibacillus
DF2131 (PCA code 13) and Virgibacillus DF2102 (PCA code 22)
respectively. This study clearly shows that the unidentied
strains should be classied in a group distinct to Virgibacillus
strains.
3.3. Relationships and clustering of isolates using MALDI-
TOF MS and PCA

Although the information about the relationship between
bacterial isolates can be obtained by comparison of the protein
m/z ngerprints in MALDI-TOF MS proles, however, differen-
tiation between the closely related isolates can be revealed by
combination between MALDI-TOF MS analysis and PCA. PCA
provides a rapid qualitative assessment tool for determining the
association among the studied isolates and evaluating large
data sets (protein proles). MALDI-TOF MS instrument
employed in this research has a built-in soware for statistical
analysis in which protein proles can be directly analyzed (aer
and reference Virgibacillus sp. strains

f group C

34 35 23 17 16 9

21.2 24.9 28 16.4 22.06 33.2
26.5 28.1 27.4 23.3 26.1 35.15
30.1 28 33 24.2 0.29 37.9
35.1 38.3 35.2 30.2 34.9 41.2
28.4 30.7 31.5 21 28.2 38.03
28.4 11.7 31.3 25.9 29.3 37.6
36.4 36.4 37 32.1 37.2 43.24
28.4 32.4 28.7 24.1 29.7 35.8
34 7.3 34.5 28.5 33 41.5
30.6 34 32.5 26 31.7 38.93
25.8 26.2 32.3 20.8 26.7 33.8
28.7 28.7 31.4 26.7 29.5 37.4
26.3 26.3 29 23.8 27.6 38.8
41.5 35.9 41.7 35.7 41.0 39.9
33.8 34.1 33.5 30.0 33.2 39.6
27.6 25.5 29.0 26.6 29.3 38.2
32.7 31.6 33.8 25.9 32.2 38.4
23.7 27.1 29.5 18.3 24.5 35.7
23.7 28.5 28.5 20.3 25.3 35.5
24.3 26.3 29.8 17.9 23.8 36.5
29.4 29.7 31.5 24.6 29.2 38.8
34.9 32.8 34.6 25.9 32.8 40.8
27.1 28.6 30.3 22.6 28.2 36.9
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baseline subtraction and smoothing). The values used in the
PCA are exact m/z values and their relative intensities. Principle
component analysis (PCA) is one of the oldest methods used by
statisticians in order to interpret large datasets.30 This method
analyzes matrices of variance–covariance and correlations of
data. Its main objective is to use principal components as a way
of reducing the dimensions of objects being studied. Further-
more, this reduction creates linear combinations of variables
representing the objects being studied. The combinations are
known as principal components.31 The results of PCA are shown
in Fig. 2. From Fig. 2a it is clear that the strains exhibit large
biodiversity at proteins level. The total variance of the 10 PCA's
is shown in Fig. 2b. It shows that the three principle compo-
nents i.e. PC1 (32%), PC2 (21.5%) and PC3 (12.5%) combine to
show 66% variability in the data. Using the rst three compo-
nents, three clusters were obtained. The distance between the
clusters shows the variation at groups level, while the distance
between the strains (within the cluster) shows the differences in
protein proles at strain level. Cluster 1, which has positive
correlation to PC1 and negative correlation to PC2 and PC3,
include unidentied strains (K012B, K911, K921, K922, K914,
K912, K915A, and K012A). Whereas, cluster 2 has positive
correlation to all three components and is mainly comprised of
B. cereus and B. licheniformis (K1031B, K011 and K1031A)
demonstrating variation in their protein proles in comparison
to other studied strains. These results are in complete agree-
ment with previous studies showing that these two species give
well detectable and easily distinguishable band pattern
proles.32,33 Nevertheless, differentiation between B. cereus and
B. licheniformis by BOX-PCR genomic ngerprinting has showed
almost identical patterns of discrimination with distinct band
patterns.32 However, B. circulans (K931) although belonging to
the genus Bacillus was grouped with the other 6 Virgibacillus
strains belonging to cluster III, proving that their protein
proles are more closely related to those of other Virgibacillus
strains than they are to B. cereus and B. licheniformis (cluster II).
Remaining strains (DF231, DF291, DF2172, DF2131, DF2161,
DF281, DF431, DF241, DF2102, DF461, DF112, DF252, DF322,
DF451, DF472, DF411, DF2121) can be categorized separately, in
which the variations between the strains are also higher since
they are located relatively far from each other e.g. strains DF291
and DF2121 of respective PCA codes 4 and 12, as clearly shown
in Fig. 2a.
Fig. 2 Classification of strains using PCA (a) PCA plot (b) percentage of
variance explained.
3.4. Phylloproteomic tree

The PCA results lead to the establishment of a dendrogram as
a phylloproteomic tree (Fig. 3). It shows that the studied strains
may be categorized into three distinct groups based on their
similarity matrix. The 23 Virgibacillus which are used as refer-
ence, are clearly divided into two separate groups (A and B) in
the phylloproteomic tree. The isolates V. marismortui (DF112,
DF231, DF322, DF411 and DF472), Virgibacillus sp. (DF 241,
DF252, DF291, DF451, DF2121, DF2102, DF2131, DF2161 and
DF2171), V. salarius (DF281, DF461 and DF431) were grouped
together (group A). On the other hand, the other reference
strains Virgibacillus sp. (DF221, DF282 and DF2141), V.
This journal is © The Royal Society of Chemistry 2020
marismortui (DF341 and DF491) and V. salarius 351 were cate-
gorized separately into another group (group B) along with four
newly isolated strains that have been identied by MALDI-TOF,
Bacillus cereus (K1031A and K1031B), Bacillus licheniformis
(K011), and Bacillus circulans (K931). The eight remaining
strains were categorized in one group (group C). Those strains
are the ones isolated from living mats which could not be
identied by MALDI-TOF (K012A, K012B, K911, K912, K914,
K915A, K921, and K922). Attempts to show any similarities
between these strains and other Virgibacillus or Bacillus species
have failed. Clustering analysis by neither PCA nor dendrogram
could show any signicant relationship between isolates of
group A and those of groups B and C; therefore, it can only be
deduced that they have no resemblance with any Bacillus or
Virgibacillus strains in this study. In comparison to each other,
both approaches of clustering; PCA and dendrogram, have
showed quite similar results. In fact, both approaches allow
clustering of isolated and reference strains, which means that
RSC Adv., 2020, 10, 14606–14616 | 14613



Fig. 3 Phylloproteomic tree illustrating the relationship among the strains used in this study using similarity coefficient and single linkage. The
dendrogram's scale on the left represents the relative distance used in the clustering analysis.
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the data obtained byMALDI-TOFMS could orient the prediction
of the identity of unknown isolates belonging to any of the
clusters. Nevertheless, strains are differentiated based on the
presence/absence of one or more discriminating peaks without
presenting any hierarchical relationship between them in the
PCA approach, but it is only using the dendrogram that hier-
archical clustering of samples is made possible, in which the
relationship between the strains in the same group and those in
different ones are presented.

4 Conclusions

Hence, combination of MALDI-TOF MS with PCA is shown to be
a powerful tool for rapid identication and categorization of
strains isolated from the same niche or comparable ones. The
reliability of any identication method depends strictly on its
database. With more updates of the database of MALDI-TOF,
not only will it be a reliable tool for identication of bacteria
in clinical elds of microbiology, but also in environmental
ones. Here, combination of isolation of bacteria from sabkhas
mats by enrichment cultures in amedium that allows formation
of many types of minerals, to MALDI TOF MS protein proling
and PCA analysis guides on their rapid identication as a rst
step. Then, by establishing the strength of their relationship
with known related bacteria based on proling of their
synthesized proteins at mineral forming conditions would help
14614 | RSC Adv., 2020, 10, 14606–14616
to prediction of their potential activity. Then, larger number of
bacterial isolates can be easily screened for their potential to
exhibit certain activities, which is of ecological, environmental
and biotechnological signicance. Moreover, these ndings
demonstrate the high occurrence and diversity of Virgibacillus
strains in the same mat and their high similarity to others from
other mats. They also explain the high diversity of their poten-
tial to form diverse minerals in sabkhas, related to their diver-
sity of adaptation routes. Al Disi et al., (2019)19 showed high
variability of EPS compositions as a tool employed by Virgiba-
cillus to adapt differently to stressors mainly through modu-
lating EPS composition. This result agrees with those reported
by earlier in 2015 showing that MALDI-TOF MS and PCA were
appropriate to elucidate the environmental signicance of
biodegradation potential of petroleum hydrocarbons by
bacteria.33 Similar conclusions were drawn regarding the clas-
sication into groups of these bacteria based on their enzymatic
activities (ability to degrade hydrocarbons).
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