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ABSTRACT: Calcium precipitation and biofilm formation in halophilic bacteria were investigated
in the current study. The strain SMK (Bacillus licheniformis) was isolated from plant rhizosphere and
and AQ-1 (Alcaligenes faecalis) from marble crushing soil in Lahore. Bacterial growth, biofilm
formation and CaCO; precipitation of both strains was determined under varying stress (pH,
temperature, agitation and salinity). Soil aggregation was investigated under salt stress (NaCl and
MgSO,). Results showed that pH 8.0, temperature 42°C, 1.5 M salt (NaCl and MgSQ,) stress without
agitation was favorable for biofilm formation. Both strains were able to precipitate CaCO; in media
specially at margins of colonies in AQ-1. Effervescence of crystals with addition of concentrated HCI
showed confirmatory results. Stereomicroscopic analysis of aggregates in inoculated soil and sand
showed precipitation under salt stress. SMK (Bacillus licheniformis) showed high aggregation in soil.
From the results, it was concluded that these indigenous strains have potential for sustainable

agriculture by improving disturbed soil.
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INTRODUCTION

Omnipresent nature of microbes in soil cannot
be ignored for the improvement of geotechnical
properties of soil (Dejong et al., 2014). Microbial
induced carbonate precipitation (MICP) involves the use
of a biochemical process that results in sustainable soil,
improvement by decreasing water permeability and
increasing soil strength (Harkes et al., 2010). Presence of
calcium carbonate in soil plays an important role on soil
in maintaining soil pH and nutrient availability (Maulood
etal., 2012).

To offset the loss caused by soil salinity, the
engagement of soil microbes in liming process may be a
promising approach to restore the natural balance. This
process of soil cementing due to MICP is called bio
grouting which has been reported for sand (Sidik et al.,
2015). Biofilm formation, carbonate precipitation and salt
tolerance are the mechanisms which offer unconventional
and eco-friendly techniques to improve soil structure and
crop yield in saline soil. Taking the increased amounts of
CO, in the atmosphere as a matter of serious concerns,
the biological mitigation approaches must be considered
to sequester CO, in the form of stable calcium carbonate
(Sharma et al., 2008). This will not only reduce the level
of global warming but other side also affects, such as
drought and salinity, etc (Sedjo and Sohngen, 2012).
Carbonate precipitation along with biofilm formation in
microbes is helpful for long term alleviation and outflow
of CO, in the environment by facilitating long term CO,
storage (Vahabi et al., 2013 and Mitchell et al., 2009).
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Carbonate precipitation is applied for CO, sequestration,
removal of heavy metals and biodegradation and
remediation in construction materials and conservation
(Silva-Castro et al., 2015). The present study was carried
out to determine the potential of halophilic microbes from
soil to precipitate carbonate and biofilm formation which
may be helpful for alleviation of soil salinity.

MATERIALS AND METHODS

Characterization of the bacterial isolates: The SMK
(Bacillus licheniformis) isolated from plant rhizosphere
and AQ-1 (Alcaligenes faecalis) isolated from soil near
marble crushing site in Lahore were finally screened from
ten selected bacterial isolates. For isolation, one gram soil
was serially diluted (10™°) and spread on (50 pL) L-agar
plates supplemented with 1M sodium chloride and
incubated at 37°C for 24 hours (Gerhardt et al., 1994).
The colonies were further purified by sub culturing on 6
% sodium chloride containing L-agar plates. Both isolates
were primarily characterized following Bergey’s Manual
of Determinative Bacteriology (Holt et al., 1994).
Biochemical characterization of the bacterial isolates was
done by catalase test, methyl red test, Oxidase test, Indole
test, Voges proskauer test, DNAase test, Sudan Il test
and Moatility test using Sulfide Indole Motility agar
(Tittsler and Sandholzer, 1936). Furthermore, isolates
were identified by 16S rRNA gene sequencing by sending
bacterial strains to First BASE Laboratories (Sdn. Bhd.
Shah Alam, Selangor, Malaysia). The nucleotide
sequences were searched for homology in the GenBank
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database at National Center for Biotechnology
Information (NCBI) website (http://www.ncbi.nih.gov)
using Basic Local Alignment Search Tool (BLAST). The
16S rRNA gene sequences of strains were submitted to
NCBI GenBank and accession numbers of isolate were
obtained. From the aligned sequences a phylogenetic tree
was constructed using MEGA 6.0 software using
neighbor joining method (Saitou and Nei., 1987) with a
bootstrap value of 1000.

Biofilm formation: Qualitative analysis of biofilm
formation was done by preparing Congo red
supplemented brain heart infusion broth (BHI) following
previous modification by Hassan et al., (2011). Plates
were supplemented with different combinations of
glucose (2 %) with 1.5 M NaCl or MgSQ,. Both strains
were streaked on plates and incubated for 24 hours at
37°C. The plates were recorded as black colonies for
positive and red colonies for negative results. Optimal
condition for bacterial growth and biofilm was
determined (in terms of tightly bound cells) following
procedure of Qurashi et al., (2012). Optimum pH,
temperature and salt concentrations for bacterial growth
and biofilm formation were determined. For this the
inoculum (100 uL) from fresh culture (cell densities
adjusted to ODggonm 0.3) of each isolate was added in
sterile L-broth (10 mL) with different molar
concentrations (0, 0.5, 1, 1.5, 2 and 2.5) of either NaCl or
MgSO, and incubated at non shaking conditions. For
determining optimum pH, each salt supplemented media
was adjusted at different pH values (pH 6, pH 7, pH 8) at
incubation temperature of 37°C. Similar experiments
were performed for different incubation temperatures i.e.,
4°C, 37°C and 42°C at pH 7.0 (Fig. 2). To study the effect
of shaking on bacterial strains, cultures on respective
conditions of pH or temperature were incubated for 120
hours (optimized) under shaking (160 rpm-shaker-Lab
tech Daittanlabtech Co. Itd) conditions in glass test tubes.
To study the effect of different abiotic surfaces
(borosilicate and polystyrene tubes) on biofilm, biofilm
was checked at optimized culture conditions. Results of
biofilm (tightly bound cells) are reported as a normalized
values (OD 570 nm / OD 600 nm) following Qurashi et
al., (2012).

Characterization and analysis of Calcium carbonates
crystals: For analysis of calcium carbonates crystals
deposition, cultures (25 mL) were incubated on acetate
supplemented agar media (Boquet et al., 1973) at 28°C
for 21 days in the incubator in plastic petriplate. Plates
were wrapped with parafilm to avoid loss of moisture.
After 21 days of incubation, precipitation of CaCO;
crystals on bacterial growth streaks was analysed under
stereomicroscope at 40 X magnification. The crystals
were separated by digging media with sterile scalper on
glass slides and stained using methylene blue and
observed under stereomicroscope. The experiment was
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also repeated in acetate supplemented broth media
(Boquet et al., 1973), inoculated with fresh culture (24
hours-37°C) to make final cell densities (0.5 OD 600 nm)
of both isolates. Cultures were incubated at 30° C for 21
days in shaking incubator at 160 rpm at 28T
temperature. After 21 days of incubation, CaCO; crystal
formation was recorded at the bottom of each test tube.
The deposited crystals were collected by filtration using
Whatman filter paper. The crystals were washed with
water and stained with methylene blue and observed
under stereomicroscope at 40 X magnification. The
verification for the presence of CaCO; crystals was done
by addition of conc. HCI on CaCO; crystals obtained
from growth streaks and brisk effervescence was recorded
for positive results.

Soil and Sand Aggregates: To test the efficacy of
bacterial strain to show aggregation in soil and sand
under salt stress, sterilized and sieved garden soil and
sand samples were kept in glass petriplate (14 gram per
plate) each supplemented either with 1 M NaCl or
MgSO, (per gram weight of soil) and inoculated with
fresh bacterial culture (OD 0.5 600 nm per gram weight
of soil). Plates were covered and samples were incubated
at 28°C for 15 days in the incubator. Plates were watered
when soil was about to dry. After 15 days samples were
weighed for wet weight. For dry weight analysis,
aggregates were dried for 24 hours at room temperature
and collected by using sieves of mesh size 18 and
weighed again. Microscopic analysis of soil aggregates

was done by using stereomicroscope at 40 X
magnification.
Statistical analysis: Statistical data analysis was

performed using IBM SPSS statistics 21 soft ware for
one way analysis of variance using tukeys post hoc test
between means of three replicates. Standard errors of
the means were calculated and the error bars are shown
in each figure.

RESULTS AND DISCUSSION

The colony characteristics of isolate SMK
showed pale yellow color, irregular margins and gummy
surface while cells were non-motile, endospores former
and gram positive rods. Positive results for catalase and
methyl red tests and negative results for oxidase, indole
utilization tests and VVoges-Proskauer tests were recorded.
The isolate showed good growth on 6 % sodium chloride
containing LB-agar plates and positive results for Sudan
3 staining. Isolate AQ-1 showed white colony, round
shape, umbonate elevation and mucoidy texture. Cells
were gram-negative diplobacilli, capsulated and non-
spore forming motile. Positive results were recorded for
methyl red test, voges proskauer and catalase test while
negative test for DNAase test. The results of 16S rRNA
gene sequences (Fig. la-b) showed that isolate SMK was
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Bacillus licheniformis (accesson number KR052006)
while AQ-1 as Alcaligenes faecalis (accession number
KR052007). Qualitative analysis of biofilm in BHI
medium supplemented with congo red and combinations
of glucose, MgSO, and NaCl showed that SMK showed
non mucoidy colonies in all combinations while red
colonies in the presence of NaCl. Isolate AQ-1 showed
red colonies in BHI medium supplemented with either
salt. However, addition of glucose resulted in dark-brown
colonies in both isolates. Quantitative analysis of biofilm
formation of strain AQ-1 was high at LM MgSO, and 0.5
M NaCl stress when temperature or pH extremes were
not present and strain SMK showed highest biofilm at 1.5
M NaCl stress however, the response of MgSO, was
variable In general, response of AQ-1 for biofilm was
higher in MgSO, supplemented media while SMK
showed higher biofilm under NaCl stress (Fig. 2).
Biofilm formation was high at extreme conditions of pH
and temperature. Results of biofilm formation at non
shaking conditions showed high biofilm in borosilicate
tubes when compared to polystyrene tubes (Fig. 3).
Calcium precipitation was recorded at 21 days of
incubation and staining of crystals with methylene blue
showed variable morphology and noticeable bubbling on
the addition of concentrated hydrochloric acid (HCI).
Deposition of crystals was high in strain AQ-1 as
compared to SMK. Moreover, the deposition of crystals
was concentrated near margins of the colony in AQ-1 on
solid medium (Fig. 4).

Efficacy of inoculation to aggregate soil and
sand samples under salt stress (supplemented with 1 M
NaCl or MgSQO,) (Fig. 5) showed that aggregation
improved under salt stress compared to non-inoculated
control. Response of strain SMK was better as compared
to AQ-1. Strain AQ-1 increased aggregation (17 %) in
sand while in soil only 5 % aggregation improved under
MgSQ, stress. Strain SMK improved (49 %) aggregation
in soil and improved (44 %) in sand the presence of NaCl
stress as compared to non-inoculated control. However,
in MgSO, treated samples, strain SMK increased 32 %
aggregation in sand and 20 % in soil as compared to non-
inoculated treatments.

The bacterial strains named AQ-1 and SMK
were characterized and finally identified up to genus
level. In the previous study, isolates were identified as B.
licheniformis (lbrahim et al., 2013) and Alcaligenes
faecalis (Kumar et al., 2012). Among the molecular tools
used in research, 16S rRNA gene sequencing is the
commonly used technique for bacterial identification and
is becoming a conventional and superior to traditional
approaches in bacterial identification (Stamatoski et al.,
2016). Results of the initial qualitative estimation of
biofilm, showed that SMK showed non mucoidy colonies
in all combinations. This change in colony morphologies
is associated with stress tolerance and might suggest a
tendency of cells to form biofilm and in line with recent
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study where the presence of sodium chloride and glucose
improved the biofilm formation (Zamarreno et al., 2009;
Rode et al., 2007; Freeman et al., 1989). The cellular
adaptations and changes in growth style i.e. from free
floating to sessile stage (i.e., biofilm) are direct
reflections of the visible differences observed in colony
morphology (Sousa et al., 2013). Further quantification
of biofilm in glass tubes showed that biofilm formation
was high at high salinity, glass test tubes, non-shaking
conditions and extremes of pH (6.0 or 8.0) and
temperatures (4°C and 42°C). Results are in line with
previous findings showing biofilm growth depends on
many factors (Wang et al., 2015). In the previous study,
the strain Alcaligenes faecalis GPA-1 had been reported
to be alkaliphilic, showing good growth at pH extremes
9.0 t010.0, temperature 37°C and salt stress of 3 %
(Veetil et al., 2012). While studying the effect of various
agitation rates and incubation time on protease
production in halo tolerant Bacillus licheniformis TD4;
250 rpm and 24 hours were found optimum for
production of enzymatic activity (Suganthi et al., 2013).
Effect of temperature and incubation time in stimulating
biofilm formation has been studied in bacteria (Nyenje et
al., 2013). Biofilm formation in marine microbes have
been reported to offer several benefits to upkeep
biological activities in fluctuating environmental
conditions (Dang and Lovell., 2016). Microorganisms in
free floating stage have fewer chances of survival under
severe conditions (Welch et al., 2012). It is important to
speculate that these halophilic bacteria with ability to
form biofilm and precipitate CaCO;3 in media thus playing
a significant role in CO, sequestration efficiently (Silva-
Castro et al., 2015). Involvement of exopolysaccharide in
making biofilm architecture and calcium carbonate
precipitation has been reported previously (Decho, 2010).
On the addition of concentrated acid (HCI) in precipitated
crystals placed on glass slides, visible bubbling appeared.
It has been reported to be efficient in mineral
precipitation by many workers (Marvasi et al., 2012). It is
significant to note that strains used in the present study
started to precipitate minerals after 7" day, contrary to
previous study while Bacillus marisflavi M3 has been
reported to precipitate in liquid medium supplemented
with organic matter after one month of growth i.e 30th
days (Silva-Castro et al., 2015). Several factors were
considered to be responsible for effective precipitation
mechanisms among which fluctuating pH around
bacterial cell, cell membrane, cell wall, and
exopolysaccharides contributed significantly for this
mechanism (Silva-Castro et al., 2015). EPS material was
loosely or tightly attached to the cell and results in
entrapment of calcium ions at a given pH (Bhaskar and
Bhosle, 2005). The entrapped calcium thus resulted in the
development of CaCOs. The presence of negative charge
on micro-organisms helped to scavenge the of divalent
cations i.e, Ca**, Mg, at cell surfaces offering unique
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precipitation site for CaCOj; crystals (Ercole et al., 2007).

Biofilm formation and mineral deposition by S. pasteurii

gil290350055|dbjAB425349.1| Bacillus(2)
gil946526322|gb|KT005408.1| Bacillus

gil290350075|dbjAB 425369. 1| Bacillus
gil597501210|gb|KF879265.1| Bacillus
gil133872339|gbJE F471917.1| Bacillus

gil655945008|gb|KJ794158.1| Bacillus
gil514251636|gb|KF055012.1| Bacillus
gil597501246|gb|JKF879301.1| Bacillus
gil407726073|dbjAB733526.1| Bacillus

gil KR052006] Bacillus licheniformis
gil290350054|dbjAB425348.1| Bacillus

gil685167184|gb|KJ777135.1| Bacillus
gil325177112|emb|FR823409.1| Bacillus
gil260600306|gb|GQ903332.1| Bacillus

gil65594 4922|gb|KJ743288.1| Bacillus
gi[755395697|gblKP670909.1| Bacillus

alinllnlln

qil198446228|gblE U718490.1| Bacillus
gil283379303|dbj AB525389. 1| Bacillus

gil290350055|dbjAB425349.1| Bacillus

qil46560669/gblAY587808 1| Bacterium

0.0024

gil5 4627 2982|gb|KF 512668.1| Bacillus

gi|146166831|gb|EF535732.1]| Alcaligen...
0i|185863034|gb|EU622578.1| Alcaligen...
gi|297251326|gb|HM145896.1| Alcaligen...
gi|168838766|gb|EU443097.1] Alcaligen...
gi|189909561|gb|EU727316.1| Alcaligen...
0i|296882008|gb|HM047513.1] Alcaligen...

gi|255976732|emb|FN436108.1| Uncultur...
gi|[425025425|emb|HF558568.1| Uncultur...

gi[334701518|gb|JN019025.1| Alcaligen...
[ 0[254304771|gb|GQ284565.1| Alcaligen...

| gi|339282801|gb|JN033063.1| Unculture...

gilAlcaligenes faecalisKR05200716S ri...

gi|541990743|gb|KF535149.1| Alcaligen.

LI

0i|584388605|gb|KF870447.1| Alcaligen...

0i|33943866|gb|AY346141.1| Alcaligene...
gi|33943865|gb|AY346140.1| Alcaligene...
gi|347014786|gb|JF710954.1]| Alcaligen...

gi|[47231511|gb|AY548384.1| Alcaligene...

gi|566073160|gb|KF712271.1| Alcaligen...

0i|306846390|gb|HQ161776.1| Alcaligen...

o

gi584388615|gb|KF870456.1| Alcaligen...

—
0.5

b

gi|329756797|gb|JF682513.1] Alcaligen..

Figure 1 a:. Evolutionary relationship of isolate Bacillus licheniformis SMK with related taxa using the Neighbor-
Joining method b: Evolutionary relationships of strain AQ-1 Alcaligenes faecalis with other taxa using

neighbor joining method.
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has been reported to show potential to mitigate CO,
release in sequestration (Mitchell et al.,, 2009).
Aggregation was higher in sand as well as in soil. The
microbial metabolites act together with the soil elements
and could influence the soil properties (Gat et al., 2014).
Use of microbial activities can be utilized for
modification of soil properties for sustainable agriculture
(Dedong et al., 2010). Increased aggregation was direct
reflection of the fact that calcification resulted in
reduction of pore space during consolidation (Zamarren~o
et al., 2009). Calcium carbonate precipitation in sand was
found to be higher than the organic soil that might be
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attributed due to the organic ligands and complex
porosity (Sidik et al., 2015). Increased CaCO;
precipitation by microbes might helped the soil to
aggregate and offer suitable treatment for improving soil
structure and porosity. Improvement in soil structure due
to CaCO; precipitation has already been reported
(Whiffin et al., 2007). Though significant, microbial
CaCO; precipitation process was influenced by several
factors yet to be explored at molecular level. In this
context, further research work is in progress. The findings
of the present study will be helpful in mitigating CO, in
the atmosphere and global warming.
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Figure 2. Effect of different pHs, temperatures and salt concentrations on bacterial biofilm formation at non

shaking conditions in glass tubes
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Figure 4. Deposited crystals of Carbonate in cultured colonies grown on agar plates Stalnlng of deposited crystals
of AQ-1 and SMK with methylene blue.
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view of aggregates developed in soil and sand.
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