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of soil by calcite/aragonite
precipitation using Pseudomonas azotoformans
and Citrobacter freundii derived enzymes†

Heba Abdel-Aleem, a Tarek Dishisha, a Amal Saafan,b Abduallah A. AbouKhadrac

and Yasser Gaber *ad

Microbial geotechnology is the use of microorganisms and/or their derivatives to alter engineering

properties of soil for improving its stability, strength and stiffness. Ureases hydrolyze urea in the soil

leading to CaCO3 precipitation, which binds soil particles together (biocementation). In the present

study, nine Egyptian soils were screened for urease-producing bacteria, 15 isolates were obtained, and

optimum urease producers were identified. Growth kinetics were measured at different pH values and in

the presence of molasses as the sole carbon source. Citrobacter freundii and Pseudomonas

azotoformans showed the highest extracellular urease activities of 45.5 � 3.4 and 54.9 � 3.5 U ml�1,

respectively. Cell-free supernatants of these isolates mediated the precipitation of CaCO3 from the

cementation solution (urea and CaCl2). The X-ray diffraction (XRD) of the precipitates revealed the

formation of calcite and aragonite crystal forms. Sandy soil treated with the supernatants and evaluated

by modified proctor and California bearing ratio (CBR) tests had significantly higher (P < 0.05) soil

strength (CBR ¼ �40% versus 30% for untreated soil). Scanning electron microscopy showed the CaCO3

precipitation resulting in reduction of the gaps between soil particles, hence confirming the

biocementation phenomenon which is responsible for soil stabilization and the desired repairing effect

on cracks. The use of urease-containing cell-free supernatant rather than the whole microorganism in

biocementation lowers the risks of spreading pathogens to the environment and altering the microbial

diversity at the application area.
1. Introduction

Roads are vital for economic development and improving life-
styles. Therefore, continuous efforts are exerted to nd cheaper
alternatives to the traditional road construction technologies.
The need for soil replacement is a major hurdle facing road
construction technologies nowadays which contributes greatly
to the high road pavement cost. Soils with high bearing
capacities can lower the construction cost considerably.1 This
can be achieved by in situ treatment of the soil to improve its
engineering properties, strength, stiffness and stability.1 Our
recently published studies showed the potential and the
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applicability of enzymatic-based preparations in stabilizing the
subgrade soil layer necessary in road construction.2

Microbial geotechnology is a recent discipline that considers
the use of microorganisms and/or their derivatives for soil stabi-
lization.1,3–6 Different approaches have been reported including
biocementation (also known as biomineralization) and bioclog-
ging.7 The former consists of microbial induction of calcite
formation, which lls the pores between soil particles and bind
them together,7–10 while the latter targets reducing the soil porosity
and hydraulic activity by microbial production of pore lling
materials such as polymers.6,7,10–13 Biocementation is considered
a cheaper and more environment-friendly alternative to the tradi-
tional soil stabilization techniques which are done either chemi-
cally using lime, cement, epoxy and polyurethane or mechanically
by compaction, in spite of their high cost, energy and time
consumption.1,4,5,14–17 It also ensures high sustainability as stabi-
lized roads by this technology can last for more than 50 years.18,19

Biocementation occurs by the action of different enzymes, the
most common is through urease-associated hydrolysis of urea in
the soil yielding carbonate and ammonia (eqn (1)). The resulting
carbonate interacts with soil calcium forming the very slightly
soluble calcium carbonate (eqn (2)).3–6,8,14,16
RSC Adv., 2019, 9, 17601–17611 | 17601
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(NH2)2CO + 2H2O / CO3
2� + 2NH3 (1)

Ca2+ + CO3
2� / CaCO3 (2)

Biocementation has a wide range of applications in
geotechnical engineering such as repairing cracks and concrete,
treatment of cement surface, consolidation of sand, and lling
the pores between soil particles for soil stabilization.11–13,20–22

Lately, its use in natural repairing of heritage stone artworks has
been reported.23

However, although numerous studies have considered the
use of the whole microorganism for in situ induction of calcite
formation,6,9,24,25 only few considered the use of commercially
available ureases.26,27 Cell-free enzyme solution can be advan-
tageous since it lowers the risk of spreading pathogens to the
environment or altering the microbial diversity at the applica-
tion site.28,29

In the present study, different soils were screened for
potential urease-producing bacteria. The isolates were charac-
terized and identied, and their urease productivities were
examined. The cell-free cultivation products were evaluated as
soil stabilizers employing different analytical techniques such
as scanning electron microscopy (SEM), X-ray diffraction (XRD),
and the standard engineering tests; the modied proctor
compaction test and California Bearing Ratio (CBR).
2. Materials and methods
2.1. Materials and culture media

Sodium acetate, urea, sodium chloride, potassium chloride,
disodium hydrogen phosphate, potassium dihydrogen phos-
phate, sodium bicarbonate, phosphoric acid (85% w/v), sodium
hydroxide, glucose, iodine, safranin, 95% ethanol and meth-
anol were procured from El Nasr Pharmaceutical Chemicals
Company (Cairo, Egypt), yeast extract from Difco (Detroit, MI,
USA), and molasses from the local market. Phenol red, peptone,
and agar were obtained from Fisher Scientic (Fair Lawn, NJ,
USA), while beef extract and brain heart infusion (BHI) were
obtained from LabM Limited (Heywood, Lancashire, UK).
Crystal violet was purchased from Park Scientic Limited
(Northampton, UK), Coomassie brilliant blue G-250 from Fluka
Chemicals Ltd (Gillingham, UK), and bovine serum albumin
from Spinreact (Girona, Spain).
2.2. Soil sampling

Nine different soils from different locations at Beni-Suef city, Egypt
were sampled and used in the present study. The soil samples were
designated as follows: A1, moist-deep sandy sample; B1, dry-sandy
near wastewater treatment plant; B2, moist-muddy sample near
the wastewater treatment plant; S1 and S2, sandy soils; while C, Y1,
Y2 and Y3 were clay soils. Samples were directly stored at 4 �C and
were dried in air just before use.
2.3. Bacterial isolation, maintenance and storage

Plastic cylindrical columns (12 cm length � 3 cm internal
diameter) opened at the top and partially opened at the bottom
17602 | RSC Adv., 2019, 9, 17601–17611
were used for bacterial isolation. The columns were packed with
10 g of soil, covered with aluminium foil to protect from light
and the lower opening was sealed.

For selective isolation of urease producing bacteria, urea was
used as a substrate. Two enrichment solutions (ES) were
prepared; ES1 containing per liter: 14 g sodium acetate, 20 g
urea, 5 g molasses, and 0.5 g yeast extract, and ES2 containing
the same components as ES1 but without molasses. All
components were sterilized by autoclaving at 121 �C for 10 min
except for urea which was lter-sterilized. ES1 was aseptically
pipetted once at the top of each column, and aer 3 days the
columns were drained from the lower port then ES2 was
pipetted once daily for 3 days.

Aer 48 h of incubation with ES2, 1 ml of the effluent from
each column was collected in a sterile Falcon tube. The ob-
tained solutions were spun down and the pellets were washed
with 5 ml of phosphate buffer saline (PBS) containing per liter:
80 g NaCl, 2 g KCl 14.4 g Na2HPO4, and 2.4 g KH2PO (pH 7.4).
The resulting pellets were resuspended in 5 ml of the PBS buffer
and serially diluted. Finally, 100 ml of the serially diluted solu-
tion were aseptically spread on the surface of urea agar plates
(5 g l�1 NaCl, 2 g l�1 KH2PO4, 1 g l�1 glucose, 20 g l�1 urea,
0.012 g l�1 phenol red, 0.2 g l�1 peptone, and 20 g l�1 agar, pH
6.8). The plates were incubated at 30 �C for 1–3 days. The
resulting colonies that turned the urea-agar plates into pink
were picked and streaked over nutrient agar (0.5 g l�1 peptone,
0.3 g l�1 beef extract and 1.5 g l�1 agar, pH 6.8) and incubated at
30 �C for 1–3 days.

For long-term storage, each bacterial isolate was transferred
to 10 ml medium containing 5 g l�1 NaCl, 2 g l�1 KH2PO4, 1 g l

�1

glucose, 20 g l�1 urea, and 0.2 g l�1 peptone, pH 6.8 and 10 ml
BHI, respectively. The cultures were incubated in a shaking
incubator at 30 �C and 160 rpm overnight. The resulting
cultures were mixed with sterile glycerol to a nal concentration
of 20% v/v and stored at�80 �C.9 Sporosarsina pasteurii (DSM33)
was obtained from DSMZ (Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen, Germany) and used as a reference
strain.
2.4. Identication of the ureolytic bacterial isolates

2.4.1. Identication of the bacterial isolates by 16S rRNA
gene sequencing. The DNA of the different pure isolates was
extracted using ZR Fungal/Bacterial DNAMiniPrep (Zymo Research,
Orange, CA, USA). The 16S rRNA genes were amplied by PCR
using universal primers (IDT, San Jose, USA),
8F: 50AGAGTTTGATCCTGGCTCAG30,9,30 1525R: 50 AAGGA-
GGTGATCCAGCC30;9,31 785F: 50GGATTAGATACCCTGGTA30, 805R:
50 GACTACCAGGGTATCTAATC30; and 27F 50 AGAGTTT-
GATCMTGGCTCAG 30, 1492R: 50GGTTACCTTGTTACGACTT30.32

The reaction mixture (25 ml) contained 12.5 ml MyTaq Red
Master Mix (Bioline Reagents Ltd, London, UK), 1 ml forward
primer (8 mM), 1 ml reverse primer (8 mM), 2 ml template DNA
and 8.5 ml of sterile water. The PCR reaction was carried out
using Primus 25 advanced® thermocycler (PEQLAB Bio-
technologie GmbH, Erlangen, Germany) under the following
conditions: initial denaturation at 95 �C for 3 min, followed by
This journal is © The Royal Society of Chemistry 2019
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30 cycles of denaturation at 95 �C for 30 s, primer annealing at
50 �C for 1 min and extension at 72 �C for 90 s, followed by nal
extension at 72 �C for 10 min. The amplicon was separated by
gel electrophoresis (Labnet's ENDURO™, Edison, NJ, USA)
using 1% (w/v) agarose gel, stained with ethidium bromide and
visualized using UV trans-illuminator (Vilber Lourmat
Deutschland GmbH, Eberhardzell, Germany) using hyperladder
1 kb (Bioline reagents Ltd, London, UK). The samples that
showed a single clear amplication band on the agarose gel
were puried from the reaction mixture using DNA Clean &
Concentrator™-5 (Zymo Research, Orange, CA, USA) and the
concentration of the puried amplicons were measured using
Nanodrop 2000, Thermo Fisher Scientic (Waltham, MA, USA).
Subsequently, the samples were sequenced in the forward and
reverse directions (Macrogen Inc., Seoul, Republic of Korea).
BioEdit (version 7.2.5) was used to edit the sequences and
assemble the contigs. Sequences were aligned by ClustalW
(DNA weight matrix IUB, Gap opening penalty 15, Gap extension
penalty 6.66).

2.4.2. Colorimetric identication and characterization by
VITEK technique. The isolates were identied using VITEK
technique (VITEK 2 compact is an automated microbiology
system for identication of different microorganisms using
colorimetric reagent cards) at Animal Health Research Institute
(AHRI) (Giza, Egypt). Each card has 64 wells, each contains
a substrate that measures a specic metabolic activity.33

2.5. Determining the optimum pH for growth of ureolytic
isolates

The effect of the pH on microbial growth was studied using
50 mM of three different buffers; K2HPO4/KH2PO4 (pH 6, 7 and
8), Tris–HCl (pH 9), and NaHCO3/NaOH (pH 10). The experi-
ment was done in a Sunrise microtiter plate reader (Tecan
Group Ltd., Männedorf, Switzerland) incubated at 30 �C. The
program was set to measure the optical density at 600 nm
(OD600 nm) at 30 min intervals for 22.5 h with intermittent
shaking before each measurement (shaking duration 5 s,
normal intensity).

The inoculum was prepared in 10 ml BHI broth medium
inoculated with a single colony of the desired isolate and placed
in a shaker incubator at 30 �C and 150 rpm overnight. The
experiment was started by mixing 90 ml of the BHI with 5 ml of
the freshly prepared inoculum and 10 ml of the suitable buffer to
reach the desired pH in a microtiter plate.

2.6. Evaluation of molasses as substrate

Molasses (1% v/v) was evaluated as sole carbon source in the
culture media. Molasses was added to the media containing per
liter: 5 g NaCl, 2 g KH2PO4, 20 g urea, and 0.2 g peptone. The
ability of the microorganism to grow on molasses was moni-
tored for the different isolates using a microtiter plate reader
incubated 30 �C.

2.7. Assay of extracellular urease activity

Each isolate was cultivated in 10 ml liquid broth in 50 ml Falcon
tube containing per liter: 5 g NaCl, 2 g KH2PO4, 1 g glucose, 20 g
This journal is © The Royal Society of Chemistry 2019
urea, 0.2 g peptone (pH 6.8) and incubated at 30 �C and 160 rpm
overnight. The culture was then centrifuged at 4 �C and 14 000
� g for 10 min using a cooling centrifuge 3-30K (Sigma,
Shropshire, UK).

The urease activity was analyzed by reacting the ammonium
ions liberated from hydrolysis of urea (Berthelot reaction) with
sodium nitroprusside giving blue indophenol dye which can be
measured colorimetrically between 530 nm and 570 nm.

The test was done by mixing 50 ml of the standard urease
enzyme solution (10 000 U l�1) or the sample with 2.5 ml of urea
solution (500 mg l�1) and incubating the mixture for 5 min at
37 �C. Subsequently, 250 ml of the coloring reagent (100 mmol
l�1 phenol and 0.2 mmol l�1 sodium nitroprusside) and 250 ml
of the alkaline reagent (150 mmol l�1 sodium hydroxide and
15 mmol l�1 sodium hypochlorite) were added, respectively.
The mixture was mixed well and incubated for another 10 min
at 37 �C. Finally, the absorbance was measured at 570 nm.34 The
urease activity in the supernatant was estimated from the
standard curve equation. The supernatant of Sp. pasteurii
DSM33 was used as a positive control and the culture media was
used as blank.

Isolates with optimal urease activities (six strains) were
studied and compared with that of Sp. pasteurii DSM 33 as
a control. The rst inoculum prepared by adding 100 ml of each
strain to 10 ml of BHI broth and then incubated at 30 �C in
a shaker incubator overnight at 160 rpm. The resulting culture
was used to inoculate 100 ml of BHI broth that was incubated at
30 �C in the shaker incubator overnight at 160 rpm and then
was transferred to 1 l of cultivation broth. The cultivation media
contained per liter: molasses 1% v/v, NaCl 5 g, KH2PO4 2 g, urea
20 g, peptone 0.2 g and was incubated at 30 �C and 160 rpm
overnight. Nystatin 150 IU ml�1 and 25 mg ml�1 of chloram-
phenicol were added to prevent contamination. The cell-free
supernatants were tested for urease activity and total protein
concentration.
2.8. Evaluation of the geotechnological potential of the
ureolytic isolates in soil stabilization

2.8.1. Calcium carbonate precipitate formation and
composition. The test was done by adding the cell-free super-
natant to cementation solution containing 500 mM urea (ster-
ilized by ltration) and 500 mMCaCl2 (sterilized by autoclaving)
to form a precipitate in a test tube. The precipitation level in
each case was determined and compared. The precipitate was
then dried and examined using XRD 202964 PANALYTICAL
Empyrean (the Netherlands) with Cu anode (40 mA, 45 kV).

2.8.2. Particle size analysis of soils (sieve analysis). The dry
sandy soil sample was weighed according to ASTM D 422-63.35

Each empty sieve and the bottom pan that were used in the
analysis were also weighed. All sieves should be clean and
ordered in ascending order (sieve 4 at the top and sieve 200 at
the bottom). The bottom pan was placed below sieve 200. The
soil sample was poured carefully into the top sieve and the cap
was placed over it. The sieves stack was placed in the mechan-
ical shaker and was shaken for 10 min. The sieves stack was
then removed from the shaker and each sieve with its retained
RSC Adv., 2019, 9, 17601–17611 | 17603
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soil was weighed and recorded. As well, the bottom pan with its
retained ne soil was weighed.

2.8.3. Soil treatment and examination by XRD and SEM.
For each cell-free supernatant, 10 g of sand were put in a 50 ml
Falcon tube and sterilized by autoclaving at 121 �C for 15 min.
The supernatant and cementation solution were mixed 1 : 1
dropwise. The mixture was incubated at 30 �C overnight, and
the soil samples were then dried at 50 �C. A typical sand soil
without treatment was used as a negative control for the treat-
ment. The treated soil samples were dried and examined by
XRD as described earlier (Section 2.8.1) and SEM in Central
Metallurgical Research Institute (CMRDI) Helwan, Egypt using
FESEM Quanta FEG 250 (The Netherlands). SEM was used to
examine the precipitation of calcium carbonate around the
sandy soil particles.

2.8.4. Modied proctor test. Six liters of cell-free cultivation
broth of strains DSM33, Y2b, and C, respectively, were prepared
to test their stabilizing effect on sandy soil. The sand soil was
premixed with cultivation broth then cementation solution was
added. The compaction test was performed according to the
standard procedure (ASTM D1557).36 Firstly, 5 layers of soil
placed in a mould of known dimensions, and then 25 blows
were applied on each layer using 10.00 lbf rammer dropped
from 18.0 inch distance. Finally, the soil was subjected to a total
compactive effort of about 56 000 -lbf �3. Briey, the sandy
soils were mixed with different weights of water using a stan-
dardized cylindrical mould; the samples were then subjected to
compaction of controlled magnitude. The dry density of each
Table 1 Identification of the ureolytic isolates by 16S rRNA gene se
morphology

Code Isolate Location of isolation 16S rRNA %identi

A1 Bacillus cereus Moist-sandy
deep sample

99/KX694390.1

B1 Uncultured bacterium Dry-sandy near
waste water
treatment

95/HQ811465.1

B2 Enterococcus faecalis Moist-muddy
sample
near the water
treatment
plant

96/KJ783396.1

S1a Aerococcus urinaeequi Sandy soil from
east of
the Nile desert

100/KF817696.1
S1b Bacillus nealsonii 97/JQ579625.1
S2a Uncultured bacterium 91/KP843082.1
S2b Desemzia incerta 98/KF924215.1
Y2a Bacillus thuringiensis By the Nile shore 98/KP790042.1
Y2b Citrobacter freundii 99/CP024673.1
PO4 Bacillus cereus Clay soil from an

agricultural land
97/KT719668.1

C Pseudomonas
azotoformans

97/KU143978.1

Y1a Bacillus thuringiensis 99/KX301308.1
Y1b Bacillus thuringiensis 97/KR708902.1
Y3a Bacillus thuringiensis 99/KR708902.1
Y3b Uncultured bacterium 78/DQ816236.1

a GenBank accession number of strains with high percentage identity t
deposited 16S rRNA sequences of the different isolates.

17604 | RSC Adv., 2019, 9, 17601–17611
sample was determined, and a graph was plotted showing the
relation between the maximum dry density and the water
content. From that curve, the optimal moisture content (gdmax)
can be calculated.

2.8.5. California bearing ratio (CBR). A load of 4 kg at a rate
of 1.25 mm min�1 using standard plunger was applied on each
soil sample and penetration depth was determined.37 A graph
between stress (load) in pounds applied on each soil sample
and penetration depth in inch square was plotted. CBR is pre-
sented as a ratio since it relates the soil strength to a standard
known for its high mechanical pressure i.e. limestone.
2.9. Statistical analysis

The presented data are the average of at least two independent
replicates � standard deviation. Signicant differences among
treatment means were tested by one-way ANOVA followed by the
Student's t test to examine each pair of means using Microso
Excel Analysis ToolPak Add-in, with a signicance level of 0.05.
3. Results
3.1. Bacterial isolation and identication

Soil samples from different locations at Beni-Suef were screened
for ureolytic bacteria. Fieen isolates were recognized by their
ability to change the color of the pH indicator in the culture
medium to pink accompanied by a characteristic ammonia
odor. The different isolates were examined for colony
quencing, colony morphology, Gram stain and microscopical cell

tya Isolate accessionb
Colony morphology on
nutrient agar

Gram
stain

Cell
morphology

MH734761 Large creamy + Rod

Large creamy + Rod

MH734762 Medium mucoid,
change color of Bile
Esculin agar to black

+ Cocci

MH734765 Small transparent + Cocci
MH734766 Small white + Rod
MH734767 Small white � Rod
MH734768 Small transparent � Rod
MH734771 Medium creamy + Rod
MH734772 Small white � Coliform
MH734764 Medium creamy + Rod
MH734763 Small yellow, broth

give green uorescence
on UV

� Rod

MH734769 Small white + Rod
MH734770 Medium yellow + Rod
MH734773 Medium creamy + Rod

Small white + Rod

o the 16S rRNA gene sequences. b GenBank accession number of the

This journal is © The Royal Society of Chemistry 2019
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morphology on nutrient agar, microscopic cell morphology and
Gram stain. Also, the 16S rRNA genes of the different isolates
were amplied, sequenced, and the sequences were blasted
against NCBI gene database. The most relevant strains were
identied by percentage identity (Table 1). The 16S rRNA genes
of the Type strains were obtained from EzBioCloud database to
generate a phylogenetic tree. Phylogenetic analysis of the
identied isolates was done by MEGA X 10.0.4 using neighbor
joining statistical method. Test of phylogeny was done by
Bootstrap method; the number of bootstrap replications was
adjusted to 500 while evolutionary distances were calculated
using the maximum composite likelihood method (Fig. 1).

The isolates were also subjected to the automated
biochemical identication technique; VITEK (ESI Tables 1–3†).
The obtained results helped in conrming the identity for most
of the pre-identied strains by 16S rRNA gene sequencing.
Among the 15 bacterial isolates, almost 50% were identied as
Bacillus. Others include Pseudomonas, Citrobacter, Enterococcus,
Aerococcus, and Desemzia.

3.2. Optimum pH for growth and evaluation of molasses as
C-source

The different isolates were grown at pH ranging from 6 to 10
(ESI Fig. 1†) and the maximum specic growth rate mmax was
calculated from the plot of ln(OD) versus time. The optimum pH
values for growth were extracted and summarized in Table 2.
The different isolates showed different pH optima mainly
around 6–7. However, Citrobacter freundii (Y2b) and strain A1
(identied as Bacillus cereus) showed pH optima of 8 and 9,
respectively. Pseudomonas azotoformans showed the highest
Fig. 1 Phylogenetic analysis of the different bacterial isolates described i
using neighbor joining analysis. Numbers on the nodes represented the
nucleotide substitutions per sites.

This journal is © The Royal Society of Chemistry 2019
mmax of 0.39 h�1 at pH 6 (duplication time of 1.82 h). Its culture
showed a distinctive blue uorescence when exposed to UV light
probably due to the production of the uorescent pigment,
pyoverdine (previously called uorescein) (Yamamoto et al.,
2000; Scales et al., 2014). Sugar cane molasses was evaluated as
a potential C-source for microbial growth. All the strains
showed clear ability to utilize molasses as main carbon source.
3.3. Extracellular urease activities

The urease activity was measured colorimetrically in the cell-
free supernatants. Among the 15 isolates, strains C, B2, S2b,
Y2b, Y3a and Y3b showed remarkable extracellular urease
activities (Table 3); which were signicantly higher than that of
the reference DSM33. C. freundii (Y2b) and Ps. azotoformans (C)
had the highest activities of 45.4 � 3.4 and 54.9 � 3.5 U ml�1,
respectively. Their activities were signicantly higher (P < 0.05)
than that obtained with the reference strain (13.6 � 0.3 U ml�1)
by 3–4 times. Therefore, the supernatants from these two
isolates were used in the subsequent experiments using the
reference strain as a positive control.
3.4. Urease-mediated precipitation of CaCO3 from
cementation solution

For testing the ability of using ureases in biocementation, cell-
free supernatants from the different isolates were added to
a cementation solution containing CaCl2 and urea and the
precipitation of CaCO3 was observed. In all cases, a white
precipitate was observed and increased gradually over time. The
density of the precipitate was different for the different
n the current work based on the 16S-rRNA gene sequence relatedness
bootstrap values of 500 replicates. Scale bar below the tree indicates

RSC Adv., 2019, 9, 17601–17611 | 17605

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02247c


Table 2 The optimum pH for growth on Brain Heart Infusion medium
(BHI) for the different isolates

Code Isolate Optimum pH

A1 Bacillus cereus 9
B1 Uncultured bacterium 7–8
B2 Enterococcus faecalis 7–8
S1a Aerococcus urinaeequi 6
S1b Bacillus nealsonii 6
S2a Uncultured bacterium 6
S2b Desemzia incerta 6, 7, 9
Y2a Bacillus thuringiensis 7
Y2b Citrobacter freundii 8
PO4 Bacillus cereus 7
C Pseudomonas

azotoformans
6

Y1a Bacillus thuringiensis 6
Y1b Bacillus thuringiensis 7
Y3a Bacillus thuringiensis 6
Y3b Uncultured bacterium 7

Table 3 Urease activity in cell-free culture supernatants

Sample Urease activity (U ml�1)

DSM 33 13.6 � 0.3
B2 24.0 � 1.2a

S2b 5.5 � 1.4a

Y3a 45.0 � 7.3b

Y3b 39.8 � 1.6a

Y2b 45.4 � 3.4a

C 54.9 � 3.5a

a Signicant difference from the reference DSM33 (P < 0.05).
b Signicant difference from the reference DSM33 (P < 0.1).

Fig. 2 X-ray diffraction (XRD) profile of precipitate formed after mixing
the cell-free supernatant obtained from C. freundii (Y2b), Ps. azoto-
formans (C) and the reference strain Sp. pasteurii (DSM33), respec-
tively, with cementation solution. The peaks related to calcite is
marked with red triangle while that related to aragonite is marked with
green squares.
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solutions (ESI Fig. 2†). For Sp. pasteurii the precipitate was
compact and had a small packed volume (2 cm aer 30 min and
0.5 cm aer 5 days). On the other hand, Ps. azotoformans formed
a uffy precipitate with a bigger packed volume (4 cm aer
30 min and 2 cm aer 5 days), and C. freundii precipitate had an
intermediate density and packed volume (3 cm aer 30 min and
1 cm aer 5 days).

Fig. 2 presents the XRD prole of the different precipitates.
Two patterns were observed, the rst belongs to calcite that is
characterized by a prominent peak at 29.4 (2q angle) (ESI Table
4A†) and was found in solutions treated with supernatant from
reference strain (Sp. pasteurii DSM 33), while, aragonite with
prominent peaks at 26.2 and 45.9 (2q angel) (ESI Table 4B†) was
observed in cementation solution treated with supernatants
from C. freundii and Ps. azotoformans, respectively (Chu et al.,
2013).

3.5. Stabilization of soil with cell-free supernatant

3.5.1. Soil characterization. Particle-size analysis (sieve
analysis) of the test soil was done for determining particle size
distribution, physical properties of untreated soil, and its clas-
sication according to the designation of the AASHTO system
and is presented in Table 4 and ESI Fig. 3.†
17606 | RSC Adv., 2019, 9, 17601–17611
3.5.2. Modied proctor test. The proctor compaction test
was performed for soils treated with the cell-free supernatant of
Sp. pasteurii DSM 33, C. freundii and Ps. azotoformans. The ob-
tained results showed slight decrease in the maximum dry
density of the treated samples compared to the untreated soil.
Optimummoisture and dry density results for the ne sand soil
aer being treated with the different supernatants, and differ-
ences in the maximum dry density (gdmax) between typical sand
and treated soils are shown in Table 5.

3.5.3. California bearing ratio (CBR). The optimum mois-
ture content for each sample is used in the determination of
the CBR values for the ne sand soil aer being treated with
culture supernatant of Sp. pasteurii DSM 33, C. freundii and Ps.
azotoformans. CBR tests were done to evaluate improvement in
soil strength. The obtained results showed a signicant
improvement (P < 0.05) in the CBR values, where sandy soil
treated with Sp. pasteurii DSM33 showed the highest
improvement in un-soaked CBR value (49 � 0.9%), compared
to 42� 0.4% and 40� 1.0% for Ps. azotoformans and C. freundii
samples, respectively, and 30 � 0.3% for the untreated sand
soil (Fig. 3).
This journal is © The Royal Society of Chemistry 2019
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Table 4 Particle size distribution and physical properties of untreated
soil

Type of soil Sand
(1) Gravel (%) of passing 3-in
and retained on no. 4 sieve

1.77

(2) Sand (%) of passing No.4 and
retained on no. 200 sieve

84.82

(a) Coarse sand, % passing no. 4
sieve and retained on no. 10 sieve

2.76

(b) Medium sand, % passing no. 10
sieve and retained on no. 40 sieve

24.62

(c) Fine sand, % passing no. 40 sieve
and retained on no. 200 sieve

57.44

(3) Silt size,0.074 to 0.005 mm 8.90
(4) Clay size, smaller than 0.005 mm 4.50
Coefficient of uniformity, cu 7.00
Coefficient of curvature, cc 1.85
Specic gravity Gs 2.64
Liquid limit (LL) —
Plastic limit (PL) —
Plasticity index (PI) —
Maximum dry density gdmax (ton m�3) 1.92
O.M.C (%) 9.70
pH 8
Soil classication USCS Well graded sand
AASHTO classication (A – 2–4)

Table 5 Optimum moisture content and dry density results of
untreated sand and treated sand with three different bacterial growth
supernatants, DSM33, Y2b and C

Typical sand DSM33 Y2b C

Maximum dry density
(gdmax) (ton m�3)

1.92 1.86 1.88 1.87

Moisture content (%) 9.70 11.80 10.80 10.00
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3.5.4. XRD analysis. Soil (untreated and treated with cell-
free supernatants) was analyzed by XRD. Fig. 4 presents the
XRD prole of typical sand without any treatment with
Fig. 3 Percentage California bearing ration (%CBR) values for the fine
sand soil and after being treated with culture supernatant of C. freundii
(Y2b), Ps. azotoformans (C) and the reference strain Sp. pasteurii
(DSM33). The (*) indicates a significant difference from the typical sand
soil as well as from other treatments (P < 0.05).

This journal is © The Royal Society of Chemistry 2019
a prominent peak at 27.7 (2q angle) characteristic for SiO2, and
that for the sand treated with cell-free supernatants from
DSM33 (positive control), C. freundii and Ps. azotoformans. Since
the XRD prole includes peaks of sand and calcium carbonate
crystals, the interference between the peaks of the two diagrams
made it difficult to clearly identify the crystal form. Calcite
formation is expected in soils treated with strains C. freundii
and DSM33, while aragonite with a characteristic peak at 45.9
(2q angle) is expected in soil treated with Ps. azotoformans.

3.5.5. SEM analysis. SEM showed the precipitation of
CaCO3 crystals on the surface and in between soil particles and
revealed the resulting reduction in the gaps between soil
particles aer treatment (Fig. 5).
Fig. 4 X-ray diffraction (XRD) profile of typical sand, and sandy soil
treated with different urease-containing cell-free supernatant from
C. freundii (Y2b), Ps. azotoformans (C) and the reference strain Sp.
pasteurii (DSM33). The peaks related to calcite is marked with red
triangle while that related to aragonite is marked with green squares.
The peaks related to the untreated sand soil is marked with (*). The
peaks of the treated soil that were increased in height is makred with
([) while those that were absent in untreated sandy soil is marked
with (⌘).
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Fig. 5 Scanning electronmicrographs (1¼ 500�magnification, 2¼ 1000�magnification) of typical sandy soil (A1 and A2), and sandy soil treated
with DSM33 broth supernatant (B1 and B2), C supernatant (C1 and C2) and Y2b supernatant (D1 and D2). The scale bar length is 200 mm in A1–D1,
and is 100 mm in A2–D2.
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4. Discussion

Urease producing microorganisms are important for bio-
cementation in geotechnological applications. Therefore,
different types of soil were screened for ureolytic bacteria. Soil
17608 | RSC Adv., 2019, 9, 17601–17611
samples were mainly collected from environmental niches
where urea is expected to be present at high levels; sandy and
muddy soils near wastewater treatment plant, and clay soil from
agricultural land. Sequential enrichment steps using urea-rich
media were applied to support the growth of urease-producers
This journal is © The Royal Society of Chemistry 2019
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over others. From nine soil samples, 15 isolates were obtained.
Phenotypic and genotypic characterizations were employed to
identify the different isolates. Besides 16S rRNA gene
sequencing, VITEK technique was used which recognizes the
biochemical activities including excreted enzymes and ability to
assimilate different sugars by the different isolates leading to
their identication.

Among the different isolates, Ps. azotoformas and some
Bacillus spp. have been reported earlier as potential microor-
ganisms for soil stabilization.7,12,32,38 Ps. azotoformans and B.
thurengeneisis are classied as safe microorganisms (risk group
1). The former is used in plant growth enhancement and soil
stabilization by biocementation,12,39 while the latter is used as
a bio- pesticide and insecticide.40,41 On the other hand, C.
freundii; a denitrifying bacterium that is incorporated in
nitrogen cycles and is used in bioremediation of nitrate and
arsenic from contaminated water,42,43 as well as Enterococcus
faecalis are considered opportunistic pathogens.40,44,45 Bacillus
cereus is a pathogen causing food poisoning and gastrointes-
tinal infection characterized by emesis and diarrhea.46,47

For eld applications, microbial growth rate, culture media
cost and extracellular urease activities are important factors to
be considered. The effect of pH and cane molasses on microbial
growth was investigated. Cane is the major source of sugar in
Egypt and cane molasses is considered as a major secondary
product. Most of the bacterial isolates were able to grow on
molasses indicating that it can be a potential C-source. A
number of commercially available soil stabilizing solutions
contain molasses as a cheap component of the culture media
for microbial growth and probably a thickening agent for soil
stabilization.48,49 Molasses contains sucrose as the main carbon
source plus small amounts of glucose and fructose resulted
from sucrose hydrolysis during processing.50 The ability of the
microorganism to grow on molasses has many advantages with
regards to possible scaling up.

The extracellular urease activity of the different isolates was
tested. C. freundii and Ps. azotoformans were the highest
producers even signicantly higher than that of the reference
strain Sp. pasteurii. Bachmeier et al. 2002 reported that Sp.
pasteurii produces intracellular urease with little amount
excreted to the solution,51–53 which might explain the observed
low activity of this strain in the cell-free supernatant.

The biocementation capacity of the cell-free supernatants
was also investigated. XRD analysis was done to investigate the
formation CaCO3 crystals and microstructural changes. Ure-
olytic bacteria can induce the formation of crystalline CaCO3 in
three different polymorphic forms that can be identied by XRD
i.e. calcite, vaterite and aragonite.54 The different forms have the
same chemical formula but with different crystal structure. The
XRD data of standard CaCO3 in the form of calcite (JCPDS no.
47-1743), vaterite (JCPDS no. 33-0268) and aragonite (JCPDS no.
41-1475) is shown in ESI Table 4 and Fig. 4.†

Zamarreno et al. (2009) showed that some Pseudomonas
strains can induce precipitation of CaCO3 in two forms; calcite
and vaterite.55 On the other hand, some strains of Acinetobacter
were able to induce formation of vaterite more than calcite.55

Using the cell-free supernatants, calcite and aragonite were the
This journal is © The Royal Society of Chemistry 2019
main crystalline forms observed. The mechanisms of the
formation of these forms are not fully understood, however,
several reasons include biotic and abiotic factors might
contribute to favoring of one type compared to the other.28,54,56,57

Calcite formation is favored under crystal aging conditions.58

The low extracellular urease activity of the reference strain
compared to that of Ps. azotoformans and C. freundii might
explain this. The solution pH also inuences the type of crystals
formed. Vaterite formation occurs at pH between 8.5 and 10
with the initial relative supersaturation between 6.5 and 8.5 in
presence of high Ca2+ concentration and low temperature,59,60

while aragonite occurs at pH below 11 at low temperature.61

The studies that investigated engineering properties of
urease-stabilized soils are scarce, especially in terms of using
standard engineering protocols such as CBR test. This test is
important to indicate how far the applicability of urease-
stabilized soils can come to reality. It evaluates the mechan-
ical strength of a given soil by measuring the pressure required
for a plunger to penetrate the soil under specied parameters.
The more resistant the soil, the higher the CBR; crushed lime-
stone has the highest possible CBR value (100%). Moreover,
modied proctor compaction test was used which is common
for a given soil to determine the optimal moisture content at
which the soil will be densest and achieve its maximum dry
density. The obtained maximum dry density values for the
treated soils were less compared to the control sample due to
increase in the optimum moisture content. Increasing the
optimum moisture content in the treated soil is always
accompanied with reduction in the maximum dry density when
the precipitate is ne particles – CaCO3 precipitate – since the
specic gravity of the soil and additives is higher than that of
water.62 The precipitation of calcium carbonate crystals between
soil particles as seen by SEM conrms the biocementation
phenomena of these supernatants and might be responsible for
the desired repairing effect on cracks and soil stabilization.

5. Conclusion

C. freundii and Ps. azotoformans are potential microorganisms
for applications in microbial geotechnology. The cultivation
products obtained from the bacterial isolates had the ability to
increase the bearing capacities of sand soils and possibly be
applied for repairing building cracks. The use of only cultiva-
tion products rather than the microorganisms implies the ease
and suitability for eld applications, since there is no risk of
spreading microorganisms or altering the microbial diversity.
Such technique; aer optimization can be used as a simple
alternative for road pavement in villages that are not accessible
for large mechanical road pavement tools. Comparing these
solutions with others available commercially is highly
recommended.
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59 D. Kralj, L. Brečević and A. E. Nielsen, J. Cryst. Growth, 1990,

104, 793–800.
60 H. Roques and A. Girou, Water Res., 1974, 8, 907–920.
61 C. Y. Tai and F. B. Chen, AIChE J., 1998, 44, 1790–1798.
62 N. Abbasi and M. Mahdieh, Int. J. Geo-Eng., 2018, 9, 4.
RSC Adv., 2019, 9, 17601–17611 | 17611

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02247c

	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c

	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c

	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c
	Biocementation of soil by calcite/aragonite precipitation using Pseudomonas azotoformans and Citrobacter freundii derived enzymesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra02247c


