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Introduction

Abstract

Aims: Development of biomineralization technologies has largely focused on
microbially induced carbonate precipitation (MICP) via Sporosarcina pasteurii
ureolysis; however, as an obligate aerobe, the general utility of this organism is
limited. Here, facultative and anaerobic haloalkaliphiles capable of ureolysis
were enriched, identified and then compared to S. pasteurii regarding
biomineralization activities.

Methods and Results: Anaerobic and facultative enrichments for
haloalkaliphilic and ureolytic micro-organisms were established from sediment
slurries collected at Soap Lake (WA). Optimal pH, temperature and salinity
were determined for highly ureolytic enrichments, with dominant populations
identified via a combination of high-throughput SSU rRNA gene sequencing,
clone libraries and Sanger sequencing of isolates. The enrichment cultures
consisted primarily of Sporosarcina- and Clostridium-like organisms. Ureolysis
rates and direct cell counts in the enrichment cultures were comparable to the
S. pasteurii (strain ATCC 11859) type strain.

Conclusions: Ureolysis rates from both facultatively and anaerobically
enriched haloalkaliphiles were either not statistically significantly different to,
or statistically significantly higher than, the S. pasteurii (strain ATCC 11859)
rates. Work here concludes that extreme environments can harbour highly
ureolytic active bacteria with potential advantages for large scale applications,
such as environments devoid of oxygen.

Significance and Impact of the Study: The bacterial consortia and isolates
obtained add to the possible suite of organisms available for MICP
implementation, therefore potentially improving the economics and efficiency
of commercial biomineralization.

microbially induced calcium carbonate precipitation
(MICP), where the microbially driven hydrolysis of urea

Biomineralization is the generation of minerals by living
organisms. Mineral precipitation can occur either directly
or indirectly, with indirect synthesis arising when intra-
cellular metabolic activities within a cell result in extracel-
lular supersaturation and mineral precipitation. The best
studied example of indirect mineral production likely is

results in the production of ammonia (NH;3) and dis-
solved inorganic carbon (Eqn 1). The reaction increases
pH and carbonate alkalinity (Eqns 2 and 3) and favours
the precipitation of calcium carbonate (CaCO;) when
dissolved calcium is present (Eqn 4; Lauchnor et al
2013).
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Facultative and anaerobic MICP

NH,CONH, + 2H,0 — 2NH; + CO; (1)

2NH; + 2H,0 < 2NH; + OH~ (2)

CO, +20H™ « HCO; + OH™ «+ CO;” + H,O (3)
Ca?" + COY — CaCOs(s) (4)

The process is applicable to numerous engineered
applications, from carbon sequestration (Mitchell et al.
2010) and groundwater remediation (Achal et al. 2012),
to soil stabilization (Whiffin et al. 2007) and improved
subsurface barriers (Rusu et al. 2011). The most common
organism used in subsurface engineered biomineralization
applications is the ureolytic bacterium Sporosarcina pas-
teurii (Phillips et al. 2013b). By injecting this organism
into the subsurface in combination with a supply of dis-
solved calcium and urea, the precipitation of CaCO; in
the surrounding environment allows for small leaks in
porous rock formations to be sealed or porous media,
such as soils, to be stabilized. Sporosarcina pasteurii pro-
duces significant amounts of urease (Ferris et al. 1996;
Stocks-Fischer et al. 1999; DeJong et al. 2006) and is
effective at mineralization across a variety of size scales
(e.g. summarized in Phillips et al. 2013a; Phillips et al.
2016). However, the long-term use of tested laboratory
strains under field-relevant conditions and their tolerance
to the pressures, temperatures, salt concentrations and
oxygen conditions observed in the deeper subsurface is a
challenge (Martin ef al. 2012; Martin et al. 2013).

Recent work has shown S. pasteurii to be incapable of
growth in the absence of oxygen (Martin et al 2012),
indicating that repeated injections of the organism would
be required to maintain long term biomineralization in
anoxic subsurface environments. As well, though S. pas-
teurii is capable of growth in sea water (Mortensen et al.
2011), deep aquifers can contain significantly higher
salinity levels (Bassett and Bentley 1983) potentially
resulting in urease inhibition. Urease activity is also
known to be pH-dependent, with a pH of approximately
7 being described as optimal for known enzymes (Fidaleo
and Lavecchia 2003). This pH dependence could inhibit
the biological activity of organisms like S. pasteurii in the
subsurface because water associated with well cement can
routinely have pH values between 11 and 13 (Bang et al.
2001; Jonkers et al. 2010). These limitations with S. pas-
teurii create a need to isolate alternative micro-organisms
adapted to the extreme conditions potentially encoun-
tered in the deep subsurface.

This study examines the ability of haloalkaliphilic
organisms to perform ureolysis-induced CaCO; precipita-
tion under either (initially) low-oxygen (‘facultative’) or
anaerobic conditions. The primary objectives were (i) to
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enrich  urea-hydrolysing  micro-organisms  naturally
adapted to high salinity, alkaline and anoxic environ-
ments, thus selecting for ureolytic organisms adapted to
conditions likely to be encountered in deep subsurface
rock formations; (ii) identify the dominant microbial
populations and morphologies using DNA sequencing
and microscopy and (iii) compare the ureolytic activity
of haloalkaliphilic enrichment cultures to the current

MICP model organism, S. pasteurii.

Materials and methods

Site description, aqueous chemical analyses and biomass
collection

Sediment slurry samples were collected for microbial
enrichments from three different locations within or adja-
cent to Soap Lake, a meromictic, alkaline, saline lake
located in central Washington, USA. Sampling was con-
ducted in January 2015 at locations identified as SL2
(47-24 340 N, 119-29 412 W), SL3  (47-31 394 N,
119-29 594 W) and SL4 (47-30 770 N, 119-30 006 W).
Biomass was collected by aseptically gathering a soil and/
or sediment slurry and transferring it into a sterile 50 ml
conical tube. Following collection, samples were main-
tained at 4°C until cultures could be established. The
temperature, pH and electrical conductivity of each site
was measured in situ using a combined pH-temperature
probe and meter-compatible electrical conductivity probe
(YSI Incorporated, Yellow Springs, OH).

Aqueous geochemistry was also assessed at sites SL2
and SL3; the sample from site SL4 consisted of solid
material only (top soil from a salt flat) and therefore
no aqueous geochemistry data are available. Briefly, site
water was filter-sterilized (0-22 um) directly into sterile
50 ml conical tubes. Some filtered site water was acidi-
fied in the field with 5% trace metal grade nitric acid
prior to transport and used for total dissolved metals
analysis. Concentrations of total metals were measured
using an Agilent 7500ce ICP-MS by comparing to cer-
tified standards (Environmental Calibration Standard
5183-4688; Agilent Technologies, Santa Clara, CA). Ion
chromatography was used to determine concentrations
of dominant anions. For this, nonacidified filtered sam-
ples were analysed using a Dionex ICS-1100 chro-
matography System (Dionex Corp., Sunnyvale, CA)
equipped with a 25 pl injection loop and an AS22-
4x250 mm anion exchange column, using an eluent
concentration of 4-5 mmol 17" sodium carbonate and
1-4 mmol 1™ sodium bicarbonate flowing at a rate of
1.2 ml min~'. An overview of the aqueous geochem-
istry is given in Table SI; the following were not
detected NO,, Br~, PO,>” and dissolved Fe.
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Samples were also collected for total community analy-
sis by filtering 2 I of site water from each sampling loca-
tion through a 0-22 pum filter. The filters were aseptically
transferred into a 50 ml conical vial, immediately placed
on dry ice, and stored at —80°C until DNA extraction.

Enrichment, optimal growth conditions and microbially
induced CaCOj; precipitation activity

Calcium mineralizing medium (CMM) was used to enrich
ureolytic bacteria. The medium consisted of 3 g 1" Difco
Nutrient Broth (BD, Sparks, MD), 333 mmol I urea,
187 mmol I"' NH,Cl and was modified with both
0-077 mmol 1" NiCl, and 50 g 1! NaCl. The medium
was prepared either anaerobically (N, headspace) or aerobi-
cally, pH adjusted to 9 with 5 mol I"! NaOH, distributed
into 30 ml Hungate tubes sealed with butyl-rubber stoppers,
and sterilized by autoclaving. Enrichment cultures were
established in triplicate by inoculating Hungate tubes con-
taining 9 ml of autoclaved CMM medium with 1 ml of
environmental sediment slurry (10% (v/v)) and incubation
at 37°C without shaking. Enrichments were screened for
ureolytic activity by monitoring urea concentrations in fil-
tered (0-22 pm filter) subsamples using a modified Jung
assay (Jung et al. 1975; Phillips ef al. 2016). Enrichment cul-
tures positive for ureolysis were transferred into fresh med-
ium for continued cultivation.

Subsequent experiments investigating CaCO; precipita-
tion efficacy used CMM medium with the pH adjusted to
6 prior to autoclaving. The medium was amended with
33 mmol 17! sterilized CaCl,-2H,O prior to inoculation
with 10% (v/v) of culture before static incubation at
30°C. Liquid samples were collected every 2 h, passed
through a 0-22 pm filter and analysed for pH and dis-
solved concentrations of urea using a modified Jung assay
(Jung et al. 1975; Phillips 2013a). Dissolved levels of Ca*"
were measured using filtered samples and were deter-
mined via spectrophotometry measurements at 620 nm
using a modified calcium-o-cresolphthalein complexome
method (Kanagasabapathy and Kumari 2000). Alkalinity
was tracked after diluting samples (1 :50) in water
(18-2 MQ.cm) and titrating with HCI (0-1 mol 'Y toa
pH of 4-5 using an automatic titrator (HI 902; Hanna
Instruments, Woonsocket, RI). Mineral precipitates were
dried and characterized at the end of the experiment
using a LabRAM HR Evolution Confocal Raman micro-
scope (Horiba Scientific, Piscataway, NJ) at 100-500x
magnification and a 532 nm laser (100 mW). Spectra
were collected over a 100-2000 cm™' range using an
1800 g mm ™! grating and a 1024 x 256 pixel air cooled
CCD detector. Peak identification was supported using
the KnowlItAll Raman spectra library (Bio-Rad, Hercules,
CA).

Facultative and anaerobic MICP

Calcium mineralizing medium was also utilized to
determine the optimal temperature, pH and salt concen-
trations for established ureolytic enrichments. Cultures
were incubated at 20, 25, 30, 37, 40 and 45°C without
shaking to determine the optimal growth temperature.
After determining the optimal growth temperature, the
effects of pH on growth were monitored by poising the
pH at values ranging from 6-0 to 11-0 using either NaOH
or HCL Finally, optimal salt concentrations were deter-
mined by varying NaCl levels between no addition and
4.3 mol 1! using the optimal growth temperature and
pH value. Treatments were monitored for growth by col-
lecting optical density measurements at 600 nm (Unico,
S-1100 VIS spectrophotometer, 1 cm path length). Identi-
cal physiological tests were also conducted on a pure cul-
ture of the model MICP strain S. pasteurii (ATCC 11859)
during growth in brain heart infusion (BHI) medium
(Becton Dickinson).

Urea hydrolysis kinetics of haloalkaliphilic enrichment
cultures were compared to those of the model MICP
strain S. pasteurii (strain ATCC 11859) using CMM con-
taining 333 mmol 1™ urea. CMM was inoculated with a
10% (v/v) culture volume and urea concentrations were
tracked using the modified Jung assay described above.
Changes in total cell numbers were monitored using acri-
dine orange staining and direct cell counting. Briefly,
1-98 ml of sample was mixed with 20 pl acridine orange
(40 mg ml™") and incubated at room temperature for
30 min before rinsing with nanopure water. The stained
sample was filtered onto a black polycarbonate 0-22 um
membrane filter, washed with nanopure water, dried and
mounted on a microscope slide using immersion oil.
Slides were viewed using a transmitted/epifluorescence
light microscope (Nikon Eclipse E800, Nikon Instruments
Inc., Melville, NY) with an Infinity 2 colour camera with
the appropriate filter set. A total of 10-30 microscopy
fields were counted for each sample slide.

DNA extraction, PCR and sequencing

DNA for total community analysis was extracted from
each collected Soap Lake filter using a modified version
of the FastDNA Spin Kit for Soil (MP Biomedicals,
Solon, OH). Frozen filters were aseptically cut in half,
with one half placed in a sterile petri dish for DNA
extraction. Unused sections of the filter were stored at
—80°C. The half filter was further cut into smaller pieces
and aseptically transferred to a Lysing Matrix E tube.
DNA was also extracted from facultative and anaerobic
ureolytic enrichments to identify cultivated species.
Briefly, 30 ml of enrichment culture was harvested by
centrifugation, the pellet re-suspended in the provided
MP Biomedicals phosphate buffer and transferred to a
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Lysing Matrix E tube. The DNA extraction for both the
filters and enrichment sample types then continued
according to the manufacturer’s instructions. Following
extraction, the DNA from the filter and enrichment sam-
ples was cleaned and concentrated using a OneStep™
PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA)
and Qiaquick PCR Purification Kit (Qiagen, Valencia,
CA). DNA extraction from axenic isolates followed the
protocol outlined by Lueders ef al. (2004), and following
extraction all samples were purified using the Qiaquick
kit referenced above.

The V1V2 and V3 regions of the bacterial SSU rRNA
gene were targeted for total community analysis using the
universal bacterial primers 8F (5-AGAGTTTGATCCT
GGCTCAG-3') and 529R (5'-CGCGGCTGCTGGCAC-3').
The forward and reverse primers contained an Illumina
Nextera XT overhang sequence that allowed for addition
of multiplexing indices in a downstream PCR. Each 20 pl
PCR mixture contained approximately 1-5 ng of DNA,
0-001 mmol 17" of each primer, 2 pg of BSA and 10 ul
of KAPA HIFI HotStart ReadyMix (Kapa Biosystems Inc.,
Wilmington, MA). The PCR program was performed
with the following cycling conditions: an initial denatura-
tion at 95°C (3 min), followed by 25 cycles of denatura-
tion at 98°C (20 s), annealing at 58°C (15 s), extension
at 72°C (30 s), followed by a final extension at 72°C for
5 min. Following verification of the amplicon product in
a 1-0% agarose gel, PCR products were cleaned and con-
centrated using the Qiaquick PCR Purification Kit, and
quantified using a Qbit fluorometer (Invitrogen, Carls-
bad, CA). The overhang-ligated amplicon products were
further purified to remove free primers and primer
dimers using the AMPure XP bead kit (Beckman Coulter
Inc., Brea, CA) following the Illumina instructions.
Amplicons were subsequently barcoded using the Illu-
mina Nextera XT index kit (Illumina, San Diego, CA)
and purified a second time using the AMPure XP bead
kit. Purified amplicon libraries were quantified using
PicoGreen dsDNA reagent in 10 mmol I”' Tris buffer
(pH 8:0) (Thermo Fisher Scientific, Waltham, MA),
pooled in equimolar amounts, spiked with 5% PhiX con-
trol spike-in and sequenced via the paired end platform
(2 x 300 bp) on an Illumina MiSeq® with the v3 reagent
kit. Amplicon sequences are available in the following
GenBank SRA accession SRP127176.

Near full-length amplification of the SSU rRNA gene
sequences was performed for DNA obtained from enrich-
ment cultures and axenic isolates using primers 8F (see
above) and 1492R (5-TACGGYTACCTTGTTACGACTT-
3’) and the following PCR program: initial denaturation
at 94°C (2 min), followed by 25 cycles of denaturation at
94°C (15 s), annealing at 51°C (15 s), extension at 72°C
(100 s) and a final extension at 72°C for 5 min.
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Amplicons were cloned using the CloneJet PCR Cloning
Kit (ThermoFisher Scientific, Waltham, MA) and 25
clones were sequenced at the Molecular Research Core
Facility at Idaho State University in Pocatello, ID, USA.
The near full-length clone sequences are deposited as
GenBank accessions MG682464-MG382488. Along with
enrichment sequencing, pure cultures were obtained from
each enrichment through sequential streaking (>3 times)
for isolation on solid BHI plates with 333 mmol 1" urea
and incubation at 30°C. Following isolations, one pure
culture derived from the facultative and one from the
anaerobic enrichment was targeted for full-length SSU
rRNA gene sequencing using the primers and thermocy-
cler conditions described above. The near full-length
clone sequences can be found as GenBank accessions
MG674285-MG674286.

Pyrosequencing data and statistical analysis

The SSU rRNA gene amplicon sequences for total com-
munity analysis were quality trimmed and refined using
the Mothur pipeline following the Schloss laboratory’s
standard operating procedure for MiSeq datasets
(Kozich ef al. 2013). In brief, the programs make.con-
tigs and screen.seqs (maximum number of ambiguous
bases = 0, maximum length = 550 bp), were used to
identify high quality sequences. Duplicate sequences
were removed to reduce computational times, and
unique sequences were aligned to a reference alignment
using the SILVA 16S rRNA gene sequences from Bacte-
ria. This alignment was customized to the area imme-
diately surrounding the V1V2 and V3 regions. Poorly
aligned as well as chimeric sequences were identified
and removed from the dataset. Next, taxonomic classi-
fications were assigned using classify.seqs, and sequences
identified as derived from either the domain Archaea
chloroplast/mitochondria  organelle  were
removed. To further reduce computation times, groups

or the

with sequences present at less than 0-1% abundance
were removed, thus focusing the analyses on abundant
community members. These sequences were then
binned into operational taxonomic unit (OTUs) using
the programs dist.seqs and cluster, and a representative
sequence from each OTU was selected.

Representative  sequences, near full-length clone
libraries and SSU rRNA gene sequences from isolated
organisms were identified by comparison with known
sequences in GenBank using BrLasTN (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). Representative pyrosequencing reads
were genus-level matches if they were >80% identical
over >80% of the length of the read, whereas full-length
clones were species-level matches if they were >97% iden-
tical over >80% of the length of the sequence.
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Scanning electron microscopy

Facultative and anaerobic enrichments were grown in
CMM medium without NaCl for microscopy. The cells
were prepared for imaging by immobilization on a glass
slide and then mounted and coated with iridium for
imaging (1 kV) with a Zeiss Supra 55 Field Emission
Scanning Electron Microscope at the Image and Chemical
Analysis Laboratory (ICAL) at Montana State University.

Results

Habitat and enrichment

Enrichment cultures for ureolytic micro-organisms were
prepared using sediment slurry samples collected at three
shore-line locations at Soap Lake (site SL2), Alkali Lake
(Site SL3) and Lenore Lake (Site SL4), a series of saline
and alkaline lakes located in central Washington
(Fig. Sla). The pH values ranged between 9-05 and 9-85,
with all water temperatures at 2°C. CMM containing urea
was inoculated in triplicate with sediment slurries and
incubated in the dark at 37°C without shaking. Abiotic
controls without inoculum were also tracked alongside
the enrichment cultures. Significant ureolysis (defined as
>50% decrease in the urea concentration) was detected

Facultative and anaerobic MICP

after 30 days in the facultative and anaerobic enrichments
established from site SL2 sediment slurries (Fig. S1b),
and positive cultures were transferred into fresh medium.
Abiotic controls showed no decrease in urea concentra-
tions after 30 days. In an initial set of experiments, ureol-
ysis efficacy and mineral precipitation were assessed in
both the anaerobic and facultative SL2 enrichments by
tracking urea, Ca®" and alkalinity levels over a 10-h per-
iod. Decreases in urea (Fig. la) and an increase in both
medium pH (Fig. 1b) and alkalinity (Fig. 1d) indicated
that ureolysis occurred in both enrichment cultures and
that carbonate was produced. A roughly 33% reduction
in the starting concentration of urea (333 mmol 1"') was
observed over 10 h. This, combined with the observation
of increased pH and alkalinity, verified that significant
ureolysis occurred, resulting in the alkaline microenviron-
ment necessary for carbonate mineral precipitation. Dis-
solved Ca concentrations were also tracked and used as a
proxy for CaCOj; precipitation (Fig. 1c). Initial Ca con-
centrations were approximately 0-033 mol 1!
CaCl,-2H,0. Ca concentrations decreased below the
detection limit by the end of the 10-h experiment
(Fig. 1c) in both enrichments, indicating that
<125 x 107" mol 1" of the initial Ca concentration
remained. Finally, mineral precipitates were characterized
using Raman Spectromicroscopy, which identified calcite
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(CaCOj3) as main mineral phase in all samples (Fig. S2).
The abiotic control samples showed no visible precipi-
tates, and thus were not analysed using Raman Spectro-
MiCroscopy.

Optimal growth conditions and S. pasteurii tolerance
comparison

Facultative enrichments from site SL2 grew optimally at
30°C but were capable of growth between 20°C and 40°C
(Fig. 2a). Similarly, the pH tolerance for this enrichment
culture appeared to be broad, displaying growth across
the entire pH 611 range at 30°C (Fig. 2a). The SL2 fac-
ultative enrichment also grew across a wide range of
salinities (0-100 g 17" NaCl) at 30°C and a pH of 9, with
optimal growth observed at 50 g 1" (Fig. 2d).

In contrast to the wide growth spectrum of the faculta-
tive enrichment, SL2 ureolytic enrichments cultivated
under anaerobic conditions displayed a more restricted
growth range. Limited growth was observed for the

Temperature (°C)

25 30 35 40 45 25

0-8 T

0-8 T T T T T

Temperature (°C)
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anaerobic SL2 enrichment after 24 h across the entire
tested temperature range (Fig. 2b), though a slight prefer-
ence for 30°C was noted. The optimal and pH and salin-
ity ranges were pH 8 at 30°C and 25 g 17! NaCl at 30°C
and pH 8 respectively (Fig. 2b,e).

Additional experiments examined optimal conditions
for S. pasteurii strain ATCC 11859 to determine its
requirements and tolerance for growth under aerobic
conditions. An initial set of experiments revealed that
strain ATCC 11859 was incapable of growth in CMM
medium that did not contain urea. Knowing that the
inclusion of urea would initiate ureolysis, and signifi-
cantly alter the pH of the medium, an alternative cultiva-
tion medium, BHI broth, was employed instead.
Figure 2c shows that strain 11859 grew best at 30°C, with
a growth range of 22-40°C. Sporosarcina pasteurii strain
11859 also appeared to be adapted to alkaline environ-
ments, displaying significant growth at pH values ranging
from 6 to 11 at 30°C (Fig. 2c). Finally, though optimum
growth was achieved in the absence of additional NaCl,
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Figure 2 ODgoonm Measured after 24 h for facultative (a, d) and anaerobic (b, e) SL2 enrichments, as well as Sporosarcina pasteurii strain ATCC
11859 (c, f). Shown are the maximal optical densities for salinity (A), temperature (M) and pH (®) determined as specified in the materials and

methods section.
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S. pasteurii strain 11859 appeared to be halotolerant, with
growth observed in cultures with NaCl concentrations up
to 75 g 17" at 30°C and pH 8 (Fig. 2f).

Community analysis

Initial bacterial community characterizations were per-
formed for site SL2 (Fig. 3) and at sampling locations
SL3 and SL4 (Fig. S3). Operational taxonomic unit rich-
ness (at 97% sequence identity) indicated a large propor-
tion (67%) of the baseline SL2 community were
unclassified genera with predominant identified popula-
tions most closely related to the well-known alkaliphilic
bacterium Microcella (9% abundance), the bacterium Pul-
lulanibacillus (6% abundance) and the cyanobacterium
Synechococcus (6% abundance) (Fig. 3). Shifts in genus-
level relative abundance were apparent in the Illumina
SSU rRNA-based analysis following ureolytic enrich-
ments, where Bacillus was the only genus with an abun-
dance of >1% in the facultative enrichment, whereas the
obligate anaerobic community was comprised of a mix-
ture of Bacillus (39% abundance) and the obligate anaer-
obic genus Clostridium (60% abundance) (Fig. 3). This is
in contrast to the baseline SL2 populations, where the
genus Bacillus was present at approximately 3% abun-
dance and Clostridium populations were below 1% rela-
tive abundance.

Recent work taxonomically reclassified several Bacillus
genera as belonging to the genus Sporosarcina based on
distinct phylogenetic and cellular properties (Yoon et al.
2001). To determine whether short Illumina sequence
reads identified as Bacillus across the V1-V3 rRNA gene

Clone Library
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region were potentially Sporosarcina members, full-length
SSU rRNA gene clones were used to obtain species-level
identification of enriched populations. All full-length
clones from the facultative ureolytic enrichment were a
close gene sequence match (99% sequence similarity) to
S. pasteurii strain NCCB 48021 (Fig. 3), whereas anaero-
bic SL2 enrichment clones were a mixture of cultivated
relatives of Clostridium sp. MT1 and S. pasteurii strain
NCCB 48021 (Fig. 3). For both enrichment cultures, the
clone sequencing indicated that other potential organisms
were present at abundance levels likely no >4%. Along
with these clone libraries, one isolate from each enrich-
ment was analysed via full-length rRNA gene sequencing.
Results supported the clone library results, where both
the facultative and anaerobic ureolytic isolates were a
close gene sequence match (99% sequence similarity) to
S. pasteurii strain NCCB 48021. SEM images of the
enrichment cultures also support the genus-level identifi-
cation, where numerous rod-shaped morphologies were
detected under both culture conditions (Fig. 4), which
correlates to known morphologies for both S. pasteurii
and Clostridium.

Rates of precipitation

Urea concentrations and direct cell counts were tracked
in SL2 enrichment cultures and the MICP type strain S.
pasteurii ATCC 11859 to determine ureolytic activity on
a per cell basis. Ureolytic activities were calculated by
normalizing the moles of urea hydrolysed per hour by
the cell density. Interestingly, no lag phase in growth was
detected in either of the SL2 enrichments, whereas

lllumina Library

Baseline
Community

7

Anaerobic -

Facultative

0% 25% 50%  75%

100% 0% 25% 50% 75%
Percent of Total

100%

Figure 3 Taxonomic diversity and richness at sampling site SL2 at the time of sample collection (baseline community) and following enrichment
under facultative and anaerobic conditions. The left panel shows species-level diversity and richness in full-length 16S rRNA clone libraries from
the enrichment cultures, whereas the right panel depicts genus-level 16S rRNA genes identified from Illumina-sequenced amplicon libraries. Only
genera with a relative abundance >1% are shown ((lll) Aequorivita; ([) Bacillus; () Bordetella; (M) Clostridium; (@) Cytophaga; (M) Gracil-
imonas; (M) Halobacillus; (W) Haloplasma; () Hydrogenophaga; (@) Microcella; () Phycicoccus; () Pontimonas; (J) Rhodobaca; () Rhodo-
luna; (@) Synechococcus; (M) Thioalkalivibrio; (Z)) unassigned; (B) Sporosarcina pasteurii). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4 Microbial communities enriched from an aqueous sample collected on the southeast shore of Soap Lake (site SL2). Field-emission scan-
ning electron microscopy (FE-SEM) images of SL2 samples enriched under (a) facultative and (b) anaerobic conditions indicate the presence of

numerous rod-shaped morphologies under both enrichment conditions.

growth of the MICP model strain S. pasteurii ATCC
11859 appeared to be delayed for approximately 2 h fol-
lowing inoculation (Table 1). The obligate anaerobic
enrichment communities from site SL2 displayed the
highest cell-specific urea hydrolysis rates, peaking at
3.05 x 107'° £ 240 x 107" moles of urea hydrol-
ysed-ceH*l'h*1 (Table 1). A two-tail Student’s t-test
assuming equal variances determined this activity level
was statistically significant (P < 0-01) when compared to
both the facultative SL2 enrichment as well as S. pasteurii
ATCC 11859. Urea hydrolysis rates for the model MICP
organism and the facultative SL2 enrichment cultures
were comparable and averaged between 1-05 x 10'° to
1:95 x 10" moles of urea hydrolysed-cell '+h".

Discussion

One challenge identified in scaling up MICP-based seal-
ing applications to the field lies in the availability of
organisms adapted to the geochemical and geological
conditions present in the deeper subsurface (Phillips
et al. 2013b; Phillips et al. 2016). To date, biomineraliza-
tion sealing studies have largely focused on the use of S.
pasteurii strains, though its long-term persistence under
anaerobic conditions is doubtful (Martin ef al. 2012), and

Table 1 Summary of urea hydrolysis rates

Lag
Enrichment/Culture  Rate (moles urea hydrolysed cell™* h™")  time
SL2 facultative 1.05 x 107'° + 1.70 x 107" <2 h
SL2 anaerobic 3.05 x 107'9 +2.40 x 107" <2h
Sporosarcina 1.94 x 107'° + 820 x 1072 2h
pasteurii

its ability to conduct ureolysis in deep saline aquifers
remains unknown (Mortensen et al. 2011). The work pre-
sented here enriched and identified bacterial populations,
which increase the versatility and potential applicability
of the biomineralization sealing technology beyond the
current range. Using haloalkaliphilic media, either devoid
of or containing minimal oxygen, we enriched for and
identified ureolytically active bacterial populations poten-
tially more suitable for deep subsurface environments.

An emerging need in commercializing biomineraliza-
tion-based technologies is that suitable organisms be able
to reliably precipitate CaCO; in anaerobic subsurface
habitats. This study shows that enrichment of efficient
facultative and anaerobic ureolytic bacteria from an alka-
line soda lake environment may provide good alternatives
to the obligate aerobic bacterium S. pasteurii ATCC
11859 or other reference strains. To date, anaerobic
growth has only been observed using alternative carbon-
ate mineral-forming metabolisms such as denitrification
(van Paassen et al. 2010; Martin et al. 2012; Hamdam
et al. 2016), sulphate reduction (Wright and Wacey 2005)
and iron reduction (Zeng and Tice 2014). Each one of
these alternate metabolisms generally results in slower
growth rates than aerobic respiration, and since mineral
precipitation-inducing reactions for these metabolisms
are growth-dependent, precipitation rates are generally
slower. Urea hydrolysis can be growth-independent, thus
the ability of an organism to promote high rates of ureol-
ysis, whereas growing in the absence of oxygen might be
central to reliably implementing ureolysis-induced min-
eral precipitation strategies in the deep subsurface. Along
with the ability to promote growth and ureolysis anaero-
bically, work here also shows that it can occur across
NaCl concentrations ranging from 0 to 100 g 17', and at
pH values as high as 11 (Fig. 2a,b,d,e). This indicates that
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the anoxic, high-pH and high salinity conditions poten-
tially present in deep saline aquifers could be suitable for
the growth of ureolytic haloalkaliphilic organisms. Inter-
estingly, by examining optimal growth conditions of the
MICP model strain we also better defined the potential
application range of S. pasteurii ATCC 11859 (Fig. 2¢,f),
observing that it can reliably grow across salinities up to
75 g 17!, This range far exceeds previously tested values
which mimicked oceanic seawater (26-7 g 17" conditions
(Mortensen et al. 2011) and supports the potential appli-
cability of S. pasteurii to be used in deep (aerobic) saline
aquifers which are a target environment for carbon cap-
ture and storage, as well as enhanced oil recovery.

Enrichment of haloalkaliphilic bacteria capable of
hydrolysing urea was not unexpected given the wide-
spread detection of the ureC functional subunit in sedi-
ment and groundwater environments (Fujita et al. 2010),
as well as the estimate that between 17 and 30% of culti-
vated species from soil habitats are capable of urea
hydrolysis (Lloyd and Sheaffe 1973). Previous work iso-
lating ureolytic bacteria from soil habitats also observed
that >50% of cultivated isolates were members of the
Sporosarcina genus (Burbank et al. 2012), explaining the
likelihood of enriching S. pasteurii-like strains. The inclu-
sion of 333 mmol I”! urea in the enrichment medium
was also likely to result in conditions inhibitory to many
species, due to the accumulation of ammonia and high
pH values, thus potentially selecting for bacteria capable
of constitutive urease expression and tolerance to high
pH values and ammonium concentrations, of which few
have been identified (Burbank et al. 2012).

Previous work demonstrated that S. pasteurii cannot
synthesize urease under anaerobic conditions (Martin
et al. 2012). In studies reported here, we enrich for a
strain of S. pasteurii most closely related to strain NCCB
48021 under both facultative and obligate anaerobic con-
ditions, therefore potentially overcoming known chal-
lenges with the deep subsurface application of the MICP
model strain S. pasteurii ATCC 11859.

Along with S. pasteurii, a Clostridium species was also
enriched in the anaerobic SL2 culture. Isolation of indi-
vidual bacterial organisms was not a priority in the cur-
rent work, as we envision utilizing mixed communities of
biomineralizing micro-organisms suited to specific down-
hole environments for engineered applications. Using
high-throughput SSU rRNA gene amplicon sequencing
and clone libraries, obligate anaerobic ureolytic enrich-
ment communities from site SL2 were observed to con-
tain a mixture of a S. pasteurii strain most closely related
to strain NCCB 48021 and a Clostridium sp. most closely
related to strain MT1 (Fig. 3). The enrichment of an
obligate anaerobe like this Clostridium strain indicates
that conditions in the enrichment culture were indeed

Facultative and anaerobic MICP

anaerobic. While it remains unclear whether enriched
Clostridium populations were actively contributing to
urea hydrolysis, several Clostridium species are known to
be urease positive (Mobley and Hausinger 1989), carrying
their urease structural genes on a plasmid, and only acti-
vating urease gene expression under nitrogen deplete con-
ditions (Dupuy et al. 1997). Further testing is needed to
determine the potential functional role of Clostridium
spp. in the anaerobic enrichment cultures.

The economic feasibility of MICP-based fracture seal-
ing depends on high wureolytic activity and efficient
CaCOj; precipitation. To develop a bioinventory for field
deployment, micro-organisms must be able to remain
ureolytically active, and ideally grow, under in situ condi-
tions. These properties will help ensure subsurface leakage
pathways are sealed in a reasonable time frame. Results
presented here indicate that the rate of urea removal on a
per-cell basis in the SL2 haloalkaliphilic anaerobic com-
munities was statistically greater (P < 0-01) than the S.
pasteurii  ATCC 11859 (Table 1), suggesting
increased urea hydrolysis rates in the anaerobic SL2

strain

enrichment may well be due to higher urease enzyme
activity on a per cell basis. Interestingly, for both SL2
enrichment cultures, ureolysis started within the first 2 h
following inoculation, and once initiated, it took roughly
8 h for >95% of 333 mmol I”' urea to be hydrolysed
(data not shown). Experiments here did not attempt to
optimize either urea or Ca®" concentrations, both of
which are parameters known to influence the CaCOj pre-
cipitation levels (Krajewska 2018), suggesting further
optimization of the MICP process is possible.

In summary, several challenges exist in continuing to
move towards broader field-scale implementations of
MICP-based technologies. These challenges include costs
associated with the injection and growth of MICP organ-
isms on a large scale, variability in conditions commonly
experienced in the subsurface, as well as ensuring proper
biosafety and environmental protections (Krajewska 2018;
Ivanov et al. 2019). Knowing that saline aquifers are a
primary target for CO, sequestration and that subsurface
fractures may serve as CO, leakage routes, micro-organ-
isms used in MICP treatment need to be tailored to
high-salinity and high-temperature environments that are
likely either microaerobic or completely anoxic. These
saline aquifers are also known to vary widely with respect
to pH conditions. MICP has been used at least twice to
seal fractures at relevant depths (310-340 m) using the
model organism S. pasteurii (Phillips et al. 2016, 2018) in
an environment that was moderately acidic (pH 5-5),
brackish (24 g17' NaCl) and likely microaerophilic
(=16 mV ORP). We present evidence here that highly
ureolytically active microbial communities with specific
adaptation to high-pH and high-salinity environments
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can be successfully isolated under anaerobic conditions,
and that this consortium of bacteria can add to the possi-
ble suite of organisms available for MICP implementa-
tion. We also show that extreme environments like those
at Soap Lake can harbour microbial community members
which produce large quantities of active urease, making
them potentially useful for engineered biomineralization
technologies. Further research and development efforts
are needed to develop a collection of ureolytically active
organisms suitable for the range of other conditions likely
encountered at subsurface application sites, most notably
increased temperature and pressure.
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