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ABSTRACT Current production of traditional concrete requires enormous energy invest-
ment that accounts for approximately 5 to 8% of the world’s annual CO, production.
Biocement is a building material that is already in industrial use and has the potential
to rival traditional concrete as a more convenient and more environmentally friendly
alternative. Biocement relies on biological structures (enzymes, cells, and/or cellular
superstructures) to mineralize and bind particles in aggregate materials (e.g., sand
and soil particles). Sporosarcina pasteurii is a workhorse organism for biocementation,
but most research to date has focused on S. pasteurii as a building material rather than
a biological system. In this review, we synthesize available materials science, microbiol-
ogy, biochemistry, and cell biology evidence regarding biological CaCO; precipitation
and the role of microbes in microbially induced calcium carbonate precipitation (MICP)
with a focus on S. pasteurii. Based on the available information, we provide a model that
describes the molecular and cellular processes involved in converting feedstock material
(urea and Ca?*) into cement. The model provides a foundational framework that we use
to highlight particular targets for researchers as they proceed into optimizing the biology
of MICP for biocement production.

KEYWORDS MICP, Sporosarcina pasteurii, biocementation, calcium carbonate, urease,
microbially induced calcium carbonate precipitation, biocement

ortland cement has been in use since the 1820s as the agent that binds aggregate

materials to form concrete (1). Portland cement is produced by heating lime and clay
to temperatures over 1400°C. Contemporary cement production methods account for
~0.6% of U.S. energy consumption and contribute to approximately 5 to 8% of the world’s
CO, emissions (1-3). The result is a product that develops cracks that can be filled but never
truly repaired.

Biocement is a material that relies on biological structures (enzymes, cells, and/or cellu-
lar superstructures) to bind aggregates (e.g., sand and soil particles). Biocement production
requires less energy than traditional concrete and offers the potential for self-repair (4).
Biocementation strategies are commonly versions of microbially induced CaCO, precipita-
tion (MICP) where the generated CaCO; crystals bind aggregates into a structurally robust
material (Fig. 1). Current investigations are considering biocement for processes such as
stabilizing drilling wells (5, 6), stabilizing loose soils (7-9), and producing environmentally
friendly building materials (10).

MICP is commonly separated into two categories (nonureolytic and ureolytic) that
each rely on exogenously provided sources of Ca2* and CO;%~. Ureolytic MICP relies on
urease-producing microbes to hydrolyze urea into NH; and H,CO,. The generated NH,
causes the environment to become more basic, which favors formation of CaCO; from
the interaction of CO52~ and Ca?*.
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FIG 1 Biocement formation via ureolytic MICP. Microbial metabolism consumes urea to generate
products that induce formation of CaCO, that cements substrates into a more rigid material.

Efforts are under way to improve CaCO, precipitation in MICP to produce commercially
viable replacements for contemporary concrete. Common commercial biocement processes
rely on the ureolytic bacterium Sporosarcina pasteurii (previously Bacillus pasteurii) because
the bacterium produces high urease activity, grows best at elevated pH values, and has a
high tolerance for elevated concentrations of NH; and salts (11, 12).

Because previous reviews have broadly described organisms and molecular mechanisms
related to ureolytic and nonureolytic MICP (13, 14), we present a focused discussion on rele-
vant properties of bacteria in MICP, specifically S. pasteurii. We offer a model (Fig. 2) that
highlights the current molecular and cellular understanding of ureolytic MICP and identifies
potential bioengineering and synthetic biology targets for improving MICP.

MICROBES THAT CAN INDUCE CaCO, PRECIPITATION

MICP is a common biogeochemical process in varied environments, including soils, caves,
freshwater and marine sediments, oceans, and lakes (freshwater, saline, and alkaline) (15-19).
MICP-relevant microbes can employ an array of metabolisms that are categorized into two
general groups: ureolytic and nonureolytic. Ureolytic MICP relies on enzymatic hydrolysis
of urea and is the best-studied mechanism of MICP, especially in applied research (20, 21).
Nonureolytic MICP includes a broader range of metabolisms such as nitrogen fixation,
ammonification, denitrification, dissimilatory sulfate reduction, and photosynthesis (13, 14).

MICP can be implemented via bioaugmentation (exogenous addition of organisms)
or biostimulation (employing endogenous organisms). Bioaugmentation usually involves a
single organism chosen for a specific application. Examples include S. pasteurii application to
seal oil field wellbores, Exiguobacterium mexicanum isolated from seawater for marine con-
crete remediation, and ureolytic bacteria from a South Korea metal mine for lead bioreme-
diation (6, 22, 23). Biostimulation is used to prevent erosion of nutrient-poor soils and to
increase strength of natural construction materials such as rammed earth (24-26). Dhami et
al. concluded that biostimulation was favored at sites with high organic carbon content,
while bioaugmentation was favored when treating nutrient-poor soils (27).

Photosynthetic microbes such as cyanobacteria and eukaryotic microalgae (e.g., coccoli-
thophores), although infrequently employed for MICP, commonly form complex geological
structures such as stromatolites and other microbialites (28, 29). Coccolithophores (a type of
eukaryotic phytoplankton) form scale-like CaCO; plates around single cells and have been
observed in geologic deposits dating to the Late Triassic (30). Although photosynthetically
driven MICP might be difficult to harness, this process could be promising in an MICP
consortium.
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FIG 2 Current model of cellular structures and processes involved in ureolytic CaCO, precipitation by S. pasteurii. (A) Urea enters the cell through a
transporter or via diffusion through the membrane. (B) Urease catalyzes hydrolysis of urea into NH, and H,CO,, which is equilibrated to HCO,™ at
physiological pH. (C) Ammonia collects protons from the environment (H,0), generating a basic environment (-OH) that deprotonates a proportion of the
HCO,™ to CO,*. The resulting HCO, /CO,*~ exits the cell in one of two ways (D or E). (D) HCO, /CO," is temporarily dehydrated to form CO, via carbonic
anhydrase activity. The CO, diffuses through the cell membrane and is spontaneously rehydrated and deprotonated by the basic environment to reform
HCO, /CO,% is transported across the cell membrane. (F) Ca?* that is concentrated outside of the cell via interactions with extracellular structures such as
teichoic acids, teichuronopeptides (TUPs), and extracellular polymeric substances (EPS) rapidly interacts with CO,* to form CaCO,. As CO,>~ is consumed,

CO,2” is spontaneously equilibrated to generate more CO,~ for additional CaCO, formation.

Isolated from soil and sewage as a spore-forming alkaliphile with high urease activity,
Sporosarcina pasteurii is the model system for MICP (20, 21, 31, 32). The MICP community
employs multiple strains of S. pasteurii (i.e., DSM 33, BNCC 337394, ATCC 6453, and MTCC
1761), depending on the researchers’ preferred culture collection (12, 33). MICP via S. pas-
teurii occurs rapidly in many soil types and, with the exception of Mg?*, is largely independ-
ent of low concentrations of cations other than the requisite Ca?* (34). Efforts to optimize
growth of and cementation by S. pasteurii will be discussed briefly below, but more details
have been extensively reviewed elsewhere (12, 20, 21, 35-38).

Ureolytic MICP has also been investigated in other species, including Sporosarcina ureae,
undesignated Sporosarcina spp., and close relatives of Sporosarcina (39-42). Bacillus cereus,
Bacillus licheniformis, Priestia megaterium (formerly Bacillus megaterium), and Lysinibacillus
sphaericus (formerly Bacillus sphaericus) are ureolytic and tolerate high pH (18, 43-48).
Bacillus subtilis, Bacillus mucilaginousm, Bacillus cohnii, and Bacillus pseudofirmus have
been used to improve the structure and strength of sand and soil in nonureolytic MICP
(49-56). Notably, a genetically engineered strain of B. subtilis capable of ureolytic MICP
was recently investigated (see below) (14).

While environmental MICP is commonly attributed to bacteria, recent evidence recognizes
significant fungal contributions (57, 58). Recent studies suggest that urease-positive fungi
(i.e., Neurospora crassa, Pestalotiopsis sp., Myrothecium gramineum, Colletotrichum acuta-
tum, Penicillium chrysogenum, Fusarium cerealis, Phoma herbarum, and Mucor hiemalis) can
also form biocement (59-64). Fungal mycelia might provide structure and strength
to biocements (57).

CELLULAR ANATOMY AND PHYSIOLOGY INVOLVED IN UREOLYTIC CaCO,
PRECIPITATION

Ureolytic cementation minimally requires urease activity but is enhanced by intact cells
(14, 65, 66). The following section discusses MICP-relevant cellular processes and structures
while highlighting detailed information that is currently available for S. pasteurii.

Path of urea through an S. pasteurii cell during MICP. For ureolytic MICP, urea
must be imported and hydrolyzed before CO;%~ can be released to interact with extrac-
ellular Ca2* (Fig. 2). Urea transport in bacteria has been observed via urea channels
and active transporters (67-69). Although channels can be gated, channels cannot con-
centrate urea inside of a cell as is possible with active transporters. We were unable to
find reports of urea channels or transporters in S. pasteurii.

Once inside, urea is hydrolyzed by the cytoplasmic enzyme urease. For 1 mol urea, urease
releases 1 mol of H,CO,/HCO,;~/CO;2~ (pK,, ~3.5 [70], pK,, ~10) and 2 mol of NH; (71)
(Fig. 2B). The NH; rapidly collects protons, increasing the local pH. Upon sustained urea
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hydrolysis, the environmental pH eventually reaches ~9.2, the pK, for the proton on
NH,* (72) and a suitable pH for S. pasteurii growth (12).

To maintain an internal pH of 6.0 to 8.5, S. pasteurii cells likely use a combination of
strategies, including uncharacterized NH,* export that enables net movement of H*
into the cell (73, 74). The differential pH of the interior and exterior of the cell impacts
options for exporting HCO;~ and the equilibrium experienced among CO,, HCO;~, and
CO4%~, which shifts toward CO;2- as pH increases. Given the charge on HCO,~ and
CO427, neither molecule can be exported without a transporter (75). S. pasteurii likely
manages excess HCO;~/CO,2~ via some combination of two strategies: (i) dehydration
of HCO;~ to CO, or (ii) export of HCO;~/CO52~ (Fig. 2D or E).

With the first strategy, carbonic anhydrase might catalyze reversible dehydration of
HCO,~ to generate CO,, which easily diffuses across biological membranes (75). Once out-
side of the cell, a proportion of the CO, is rehydrated and/or deprotonated to form HCO,~/
CO,2~ (Fig. 2D). Although the involvement of carbonic anhydrase in MICP is unstudied in
S. pasteurii, a carbonic anhydrase gene is present in S. pasteurii BNCC 337394 (33), and the
role of carbonic anhydrase is well established in biological CaCO, precipitation (27, 76-78).

In the second strategy, HCO;~/CO;2~ might be exported by S. pasteurii (Fig. 2E).
Throughout the process described in Fig. 2, the proportion of protonated and deproto-
nated CO,2~ shifts with the ever-changing pH as ureolysis continues. Inside the cell
where the pH is relatively constant, HCO; ™ is likely the primary form. Although import
of HCO,~ is well known in cyanobacterial carbon concentration mechanisms and
HCO;~ export is well studied in human cells, we found no reports of HCO,~ export in
bacteria (79, 80).

Role of cell surface structures in MICP. Despite rapid intracellular production of
HCO,™ in S. pasteurii during ureolysis, CaCO; precipitation likely does not occur until CO;%~
is present outside the cell (Fig. 2F). Independent of extracellular Ca?* concentrations, intra-
cellular Ca2* concentrations are typically no higher than 4 M in bacteria (81, 82). In addi-
tion, there is evidence from work with S. pasteurii and closely related bacteria that extracellu-
lar structures drive CaCO; precipitation. For B. subtilis 168, deletion of genes involved in
producing extracellular structures (teichoic acids and spore coat constituents) reduces
CaCo; precipitation efficiency (83). For P. megaterium and S. pasteurii, CaCO; precipitation was
observed to correlate with the presence of extracellular polymeric substances (EPS; biofilm ma-
trix components), and purified EPS from two environmental bacterial strains were observed to
increase CaCO; precipitation in vitro (84-86).

EPS are often negatively charged structures (DNA and proteins) and hydrophilic
polysaccharides (87). Cell walls of Gram-positive alkaliphiles also include negatively
charged teichoic acids and teichuronopeptides (TUPs). TUPs are unique to alkaliphiles
and serve to concentrate H* at the cell surface for use in oxidative phosphorylation
(88), which is particularly challenging in alkaline conditions (see below). Similarly, the
collection of fully and partially negatively charged components likely concentrates
Ca2* ions for rapid CaCO; precipitation at the cell surface as COs- is released from the
cell (Fig. 2F and Fig. 3) (89).

Ma et al. investigated the outer structures of S. pasteurii BNC 337394 cells during growth
in rich media with or without added urea (33). In the absence of urea, Ma et al. observed the
following for S. pasteuri: (i) genes for aerobic respiration (electron transport chain proteins
and ATP synthase) were upregulated, (ii) fewer cells developed, (iii) cells were deformed
with a less negative zeta potential on the outer surface, and (iv) cells were less effective at
biocementation. Williams et al. also measured zeta potential of S. pasteurii (ATCC 6453) in
various urea-containing rich media and observed that in the presence of urea the zeta
potential of cells was substantially negative (ca. -35 mV) (38). Ma et al. observed the afore-
mentioned regulation via transcriptomics, but the researchers did not report whether their
transcriptome data correlated with their observations related to cellular anatomy and
physiology.

Role of urea and NH,* in S. pasteurii physiology. Inside S. pasteurii cells grown
with urea, high urease activity offers access to NH,™ ions for adjusting essential physio-
logical characteristics. Early studies isolated and defined strains of S. pasteurii based on
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FIG 3 Transmission electron micrographs of S. pasteurii cells with surface affixed CaCO, crystals. Cells were grown for
up to 7 days at 30°C as a stab culture in a semisolid (0.5% agar) pH 7 medium that contained 2% urea, 0.15% peptone,
0.09% beef extract, 0.06% sodium chloride, and 0.28% CaCl,. The surface crystals were identified as CaCO, via combinations
of scanning and transmission electron microscopy, energy dispersive X-ray spectroscopy (EDS), and X-ray powder diffraction
(XRD). (Reproduced from reference 89.)

requirements for high concentrations of ammonium for optimal growth and for growth in
urea-rich media (90-92). Indeed, reports have historically claimed that S. pasteurii can only
grow with media that contains urea (91, 93). More recent reports, however, have observed
that urea is not required, particularly in media with elevated pH (33, 34).

At cytoplasmic pH, nearly all of urease-generated NH; is in the form of NH,". Rather
than the toxicity that other nonbacterial cells experience (94-96), S. pasteurii grows
well in media with up to 330 mM urea (38, 97), which if completely hydrolyzed would
release 660 mM NH,*. We were unable to find any studies that report the quantitative
effects of elevated NH,/NH,* levels on S. pasteurii growth, but S. pasteurii cells have
been qualitatively observed to grow in NH;/NH,* concentrations up to 500 mM (11).

Evidence suggests that during growth with urea, S. pasteurii uses NH,* to maintain
a physiologically necessary lower intracellular pH compared to the elevated extracellu-
lar pH (73). Alkaliphiles like S. pasteurii commonly keep their intracellular pH lower than the
alkaline environment by accumulating positive ions intracellularly (e.g., Na™ or K* [98]) to
exchange for protons from the environment. Jahns observed that in conditions that imitate
growth in media with high urea concentrations, intracellular NH,* concentrations in S. pas-
teurii were up to 30-fold higher than extracellular concentrations (73).

Given the inverted pH difference between the inside and outside of cells in alkaline
environments, alkaliphilic aerobes must have strategies for maintaining a proton flow
through respiratory ATPases. Jahns suggested that S. pasteurii might use NH,* accu-
mulation as a strategy for managing the proton potential at the membrane without
changing the intracellular pH (73). Evidence suggests that S. pasteurii and other alkali-
philes use a strongly negatively charged cell surface to concentrate protons immedi-
ately outside the cytoplasm (73, 88, 99).

NH," is also a common N-source among organisms, but perhaps not for S. pasteurii.
Early descriptions of S. pasteurii noted no observable glutamine synthetase activity (for high
efficiency NH,* assimilation) and low glutamate dehydrogenase activity (for low-efficiency
NH,* assimilation) in extracts of cells regardless of whether NH,™ was included in the rich
growth medium (100). Indeed, in rich media that contained urea or NH,*, more NH,* was
detectable after growth than was initially added as urea or NH,*.

Lapierre et al. investigated the requirements in a defined medium for growth of S.
pasteurii DSM 33 and observed that the growth rate and yield of S. pasteurii cultures
were independent of whether (NH,),SO, was excluded or provided at double concen-
trations in media that contained urea (12). The authors did not report growth data in
the absence of urea, but the authors observed that addition of amino acids derived
from glutamate, including arginine whose degradation can generate urea, increased
growth rate and growth yield.
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GENETIC APPROACHES TO OPTIMIZE MICP

Most of the work on MICP to date has been performed by civil and materials engi-
neering research groups that have identified conditions in which MICP is effective.
Only more recently have these and other researchers begun to employ genetic engi-
neering strategies to investigate how cells can be modified to improve MICP efficiency.
Early studies include UV mutagenesis of S. pasteurii MTCC 1761. Only some mutagen-
ized strains with elevated urease activity induced greater CaCO, precipitation, but all
strains that induced greater CaCO; precipitation also produced excess EPS (84).

Without a genetic toolbox, other genetic approaches in S. pasteurii are currently limited.
Instead, researchers have moved MICP-related genes into organisms with abundant tools.
Liang et al. inserted various urease gene clusters into Escherichia coli and observed that
while urease gene cluster expression weakly correlated with CaCO; crystal size, urease activ-
ity inversely correlated with crystal size (101, 102).

Instead of engineering E. coli, which is evolutionarily distinct from S. pasteurii, other
research groups have modified B. subtilis, a closer evolutionary relative of S. pasteurii.
Hoffman et al. identified that CaCO; precipitation was induced best in B. subtilis strains
that were (i) grown in biofilm-promoting conditions, (ii) contained urea transporters,
and (iii) contained the urease gene cluster from B. paralicheniformis rather than S. pas-
teurii (97). The researchers suggested that the difference in expression levels was due
to the closer evolutionary relationship between B. paralicheniformis and B. subtilis.

ROLE OF UREASE IN MICP

Urease enzymes are cytoplasmic and commonly serve as components in nitrogen
scavenging pathways, acid tolerance/alkalinization pathways, and virulence strategies
(100, 103-105). Urease activity is a common characteristic used to clinically distinguish
and identify bacterial pathogens such as H. pylori that adjust the environmental pH to
better suit growth (105). This section will discuss the structure and operation of urease
as a tool for MICP.

Properties of urease enzymes. Since urease from jack bean was the first enzyme
to be crystallized (71), researchers have investigated ureases from various organisms to
identify active site residues, Ni>™-binding residues, inhibitors, subunit assembly schemes,
and a variety of structural and regulatory schemes. For S. pasteurii, at the time of this writing,
there are 32 independent Protein Database (PDB) entries of S. pasteurii wild-type urease
enzymes with or without inhibitors or urea (106, 107).

While plant and animal ureases are commonly trimers or hexamers of a single polypep-
tide (~90 kDa), bacterial ureases are more commonly composed of three distinct subunits
(e, B, and y; ~90 kDa total) that assemble into a trimer of heterotrimers (108). In cases in
which the subunits are not distinct polypeptides, including in plants and animals, the subu-
nits are typically fused versions of the «, B, and/or y subunits from the trimer variants.
For example, the S. pasteurii urease is composed of three subunits («, 8, and ), but the
H. pylori urease is composed of two subunits. In H. pylori, the B (10 to 20 kDa in other
organisms) and the vy subunits (9 to 14 kDa in other organisms) are effectively fused as a
single 26.5-kDa subunit (108).

In all cases, urease is Ni>™ dependent, and the active site is in the a-subunit or equivalent
region (108). Many organisms, including S. pasteurii, use accessory proteins (UreD, UreE, and
UreF) to efficiently assemble the subunits and insert Ni>* for holoenzyme formation (108).
According to structures for ureases from S. pasteurii and Klebsiella aerogenes, the active sites
contain two Ni?* ions in coordination with a small set of lysine and histidine residues in a
consistent coordination geometry (107, 109, 110). Often, the urease structural proteins and
the accessory proteins are proximally encoded in likely operons. The genetic arrangement
of ure genes in genomes and the structural arrangement of Ure proteins in ureases of vari-
ous organisms are thoroughly reviewed by Krajewska et al. (108).

For S. pasteurii urease, observed K, values for urea are variable but universally high.
With partially purified free enzyme, researchers have measured K, values of 17.3 mM (111),
40 mM (112), and 235 mM (113). For comparison, K, values for ureases from Enterobacter sp.
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and H. pylori are 0.0195 and 0.2 mM (114, 115). The optimal activity of S. pasteurii urease
occurs at pH 8.0 with 20% of optimum activity at pH 6.5 and 9.0 (113). Researchers have
reported V..., values for S. pasteurii urease, but meaningfully comparing the reported values
is challenging because of variations in the levels of enzyme purity and the methods used for
measuring activity (111, 116). Altogether, the S. pasteurii enzyme is limited in its ability to
access low concentrations of urea and has a narrow pH range.

For the purpose of MICP, the effective urease activity of whole cells is most relevant.
Lauchnor et al. used equivalent S. pasteurii cell numbers to inoculate sealed BHI cul-
tures that contained various concentrations of urea. Based on urea consumption after 1 h of
incubation, Lauchnor et al. estimated effective K, values to be 300 to 360 mM. Lauchnor
et al. also observed that whole-cell urease activity was independent of NH,™ concentra-
tions (6 to 147 mM) or pH (5 to 10) in the medium, suggesting that the internal pH of
S. pasteurii cells is largely unchanged relative to environmental pH. Unlike Lauchnor et
al., other researchers accounted for changes in urea concentration over the span of their
assays and estimated whole cell effective K, values to be 45, 73, and 300 mM (117-119).

Regulation of urease. Given the array of physiological roles served by urease, regu-
lation schemes vary among organisms and respond to multiple environmental signals.
Often in bacteria that rely on urease for N-assimilation, expression of the ure genes is
upregulated directly or indirectly by NtrC (a o>*-dependent nitrogen regulatory pro-
tein). When other more favorable N sources are unavailable (120-123) urease activity
responds to urea concentrations in addition to or instead of additional N-sources (104).
In bacteria, activity of o>* is typically regulated by N availability (124).

Regulation of ure gene expression in Klebsiella aerogenes and B. subtilis occurs at
multiple promoters (125, 126). In K. aerogenes, ure genes are driven by a Nac-regulated
o7° promoter and a o->* promoter. In B. subtilis, regulation of ure genes is tightly linked to N
metabolism but seems independent of NtrC and o> (127). Instead, a collection of regulators
involved in a variety of N-related metabolic regulation schemes also regulate at least one
ure promoter. Although pathways regulated by the same regulators generate urea in B. sub-
tilis, urease activity is related to NH,™ levels rather than urea levels (127).

Given the close evolutionary relationship between the Bacillus and Sporosarcina genera,
insights from regulation in Bacillus species might provide insight into regulation in S. pasteurii.
Current evidence suggests that urease activity in S. pasteurii, therefore ure gene expression, is
constitutively high (>10,000 nmol/min/mg in cell extract) regardless of the presence of
added urea or NH,* in rich media (100). Whole-cell urease activity was also independent of
the concentration of NH,* included in rich media (116). In more variable conditions that
include minimal and defined media, upregulation of urease activity was observed to be
approximately 2- to 5-fold in response to addition of amino acids, particularly amino acids
that are biological derivatives of glutamate (12). The aforementioned observations, however,
do not account for metabolic regulation that regularly occurs in various growth phases.

Two studies have compared transcript levels of ure genes in S. pasteurii BNCC 337394
during growth in conditions with or without urea and NH,". Ma et al. observed that during
growth in rich media with urea, exponentially growing cells upregulated nearly all ure gene
transcripts approximately 2- to 4-fold (33). Pei et al. observed approximately 2- to 16-fold up-
regulation of ure transcripts when NH,* or urea was present in rich media but did not con-
trol for growth phase.

Much work has been focused on upregulating urease activity in S. pasteurii, assuming that
increased urease activity will increase biocementation efficacy (84). Rather, Konstantinou et al.
observed that cells with lower urease activity cemented samples more uniformly (Fig. 4).

ADDITIONAL BIOLOGICAL STRATEGIES FOR CaCO; PRECIPITATION

Effective strategies for MICP should be informed by CaCO, precipitation that occurs
in higher organisms. In these organisms, CaCO; formation is often highly controlled,
even to the level of crystal morphology. CaCO, exists in at least three crystal morphologies:
rhombohedral calcite, fibrous aragonite, and spherical vaterite (Fig. 5) (128). Calcite and
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(a) ODg00=2, (b) ODgoo=2, (¢) ODgpo=2, (d) ODgpo=2, (e) ODeo=2,
Urease activity: Urease activity: Urease activity: Urease activity: Urease activity:
237.4 mmol/L/h 112.9 mmol/L/h 44.1 mmol/L/h 7.5 mmol/L/h 0.45 mmol/L/h

b ’*‘b‘\:.

(f) ODgo=3, (9) ODg0o=3, (h) ODeo=3, (i) ODg00=3, (i) ODgoo=3,
Urease activity: Urease activity: Urease activity: Urease activity: Urease activity:
237.4 mmol/L/h 112.9 mmol/L/h 44.1 mmol/L/h 7.5 mmol/L/h 0.45 mmol/L/h

FIG 4 Qualitative observation of biocementation uniformity based on levels of urease activity. (a to e) Sand
columns were biocemented with equivalent concentrations of cells (optical density at 600 nm [ODy,,] = 2) with
variable levels of urease activity in descending order 237.4, 112.9, 44.1, 7.5, and 0.45 mmol/L/h, respectively. (f to j)
Sand columns were biocemented with equivalent concentrations of cells (ODg,, = 3) with variable levels of urease
activity in descending order as described below each photograph. Cells and cementation solutions were injected from
top to bottom. (Reproduced from reference 165; see the reference for a quantitative analysis of cementation strength
and uniformity of the columns.)

aragonite are the most commonly observed morphologies, whereas vaterite is a thermody-
namically metastable state that ultimately leads to aragonite and calcite (128, 129).

In the case of S. pasteurii as modeled in Fig. 2, Ca?* is concentrated at the cell surface,
but the arrangement of Ca2* ions relative to each other is not controlled. In the anatomy of
structures from higher organisms, such as mollusk shells and egg shells, the formation of
CaCO; must be tightly controlled in order to develop large-scale structures with consistent
properties and a specific shape. In this section, we review proteins that have been observed
in vitro to be involved in CaCO; precipitation in higher organisms.

Calcite-forming proteins. Calcite commonly develops from less ordered morpholo-
gies of CaCO; as biominerals cure. Early work reported that proteins found in biomineralized
aragonite or calcite could form aragonite or calcite in vitro (129). Later work observed that
the initial formation of mineralized CaCO, is commonly directed by an organic scaffold.
Different proteins in the organic scaffold can impact the final morphology of the CaCO,
mineral (Table 1) (129).

Reports about calcite-forming proteins primarily focus on proteins involved in avian
egg shell production. In egg shells, hundreds of proteins are involved in nucleating calcite,
increasing the concentration of calcium and carbonate near the nucleation site and assem-
bling and orienting amorphous calcium carbonate to form calcite (77, 130-137). The best-
studied proteins include ovalbumin, lysozyme, and ovotransferrin. The highly acidic ovalbu-
min alone in vitro binds to Ca?*, which causes unfolding and allows interactions among
unfolded ovalbumin molecules. Ovalbumin oligomers formed in this way enrich amorphous
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FIG 5 Crystal morphologies of CaCO,. Images of calcite (a), vaterite (b), and aragonite (c) were collected by
scanning electron microscopy. (Reproduced from reference 128 with permission from Spring Nature and
Copyright Clearance Center.)

CaCoO; (138-141). When the highly basic protein lysozyme is included with ovalbumin in vitro,
the mix primarily drives formation of calcite (140, 142). Ovotransferrin is involved in vivo by
directing mineralization to the outer egg shell membrane, potentially increasing calcite crys-
tal size (143). The overall process of calcite formation and localization in egg shell formation
is reviewed by Gautron et al. (77).

Reports of non-egg-shell proteins that can form calcite in vitro are rare and are pri-
marily from organisms in marine environments where aragonite formation is more
common. The proteins tend to be glycine-rich and rely on acidic residues such as gluta-
mate and aspartate for Ca2* binding (78, 144, 145).

Overall, strategies for calcite formation in higher organisms and CaCO, formation in MICP
have parallel themes. Both strategies rely on negatively charged (acidic) molecules to collect
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Protein Mol wt (kDa)* Organism CaCO; morphology UniProt ID or reference
Pearlin 16.7 Pinctada mazatlanica Aragonite I12FK00

N14 13.7 Pinctada maxima Aragonite Q9NL39

N66 59.8 Pinctada maxima Aragonite Q9NL38
N16.3 129 Pinctada fucata Aragonite Q9TW98
PFMG1 13.6 Pinctada fucata Aragonite Q3YL59

Pif80 55 Pinctada fucata Aragonite C7GOB5

Pif97 59.8 Pinctada fucata Aragonite C7GOB5

N40 40 Pinctada fucata Aragonite 161

Ps19 19 Pteria sterna Aragonite 155

AP7 7.5 Haliotis rufescens Aragonite Q9BP37
Acid-rich protein 1 14 Stylophora pistillata Aragonite 158

Acid-rich protein 2 18 Stylophora pistillata Aragonite 158

Acid-rich protein 3 20 Stylophora pistillata Aragonite 158

Acid-rich protein 4 37 Stylophora pistillata Aragonite 158
Ovalbumin 42.7 Gallus gallus Calcite AO0A411G5W6
Lysozyme 143 Gallus gallus Calcite P00698
GRP_BA 32.8 Pinctada fucata Calcite 002401
ECMP-67 67 Lobophytum crassum Calcite 78

Molecular weight does not include signal peptides.

Ca2* and to provide sites for CaCO; nucleation. However, by incorporating lessons from
higher organisms, MICP researchers can more precisely produce and place calcite, the
strongest of the CaCO; morphologies.

Aragonite-forming proteins. Many more aragonite-forming than calcite-forming
proteins have been isolated either from their source organism or from recombinant
production. Aragonite-forming proteins are typically highly acidic and are often struc-
turally disordered (146, 147). The most studied proteins that catalyze aragonite forma-
tion come from mollusks and often require chitin binding for activity. Due to their
interaction with insoluble chitin fibers, the proteins are designated as insoluble shell
matrix or framework proteins (148). While many nacre shell matrix proteins have been
described, only a subset has been observed to form aragonite in vitro.

Members of the aragonite-forming fN14/N16/pearlin protein family are small disor-
dered proteins that contain four acidic domains, an NG repeat domain, and a series of
conserved cysteine residues (149). The family members are generally disordered until
binding Ca?* when they likely oligomerize to form a gel-like matrix scaffold (150).
Examples include proteins from pearl oysters such as the glycosylated pearlin (16.7 kDa)
from Pinctada mazatlanica, N16 (12.9 kDa) and PFMG1 (13.6 kDa) from Pinctada fucata,
and a combination of N14 (13.7 kDa; homolog of N16) and N66 (59.8 kDa) from Pinctada
maxima (149, 151). The morphology of the CaCO, formed by the proteins can be adapta-
ble, depending on the presence of CaCl, and MgCl, (aragonite formation) or only CaCl,
(calcite formation) (150, 152-154). Also, some of the proteins, although already small,
can be further minimized to only two 30-residue fragments from each terminus of the
given protein (154).

Other small disordered aragonite-forming proteins outside the fN14/N16/pearlin
protein family include Ps19 (19 kDa) from the less studied pearl oyster Pteria sterna,
AP7 (7.5 kDa) from pacific red abalone (Haliotis rufescens), and four acid-rich proteins
(14, 20, 18, and 37 kDa) from the stony coral Stylophora pistillata. Ps19 is a glycoprotein
that requires chitin binding before binding Ca?* (155). AP7 induces aragonite forma-
tion through supramolecular assemblies that include a cysteine-rich C-RING motif that
is typically for Zn?* binding (156, 157). AP7 does not require Zn2", suggesting that the
protein instead forms a supramolecular structure via Ca?* binding. Each of the acid-
rich proteins from S. pistillata forms aragonite in vitro, which is distinct for corals that
more commonly form calcite (158).

Other larger proteins from pearl oysters also participate in aragonite formation. Pif
from Pinctada fucata is posttranslationally cleaved into the highly acidic Pif80 (55 kDa)
and Pif97 (59.8 kDa). While bound to a chitin surface, Pif80 induces the growth of aragonite

August 2023 Volume 89 Issue 8

10.1128/aem.01794-22

10


https://www.uniprot.org/uniprotkb/I2FK00/entry
https://www.uniprot.org/uniprotkb/Q9NL39/entry
https://www.uniprot.org/uniprotkb/Q9NL38/entry
https://www.uniprot.org/uniprotkb/Q9TW98/entry
https://www.uniprot.org/uniprotkb/Q3YL59/entry
https://www.uniprot.org/uniprotkb/C7G0B5/entry
https://www.uniprot.org/uniprotkb/C7G0B5/entry
https://www.uniprot.org/uniprotkb/Q9BP37/entry
https://www.uniprot.org/uniprotkb/A0A411G5W6/entry
https://www.uniprot.org/uniprotkb/P00698/entry
https://www.uniprot.org/uniprotkb/O02401/entry
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01794-22

Minireview Applied and Environmental Microbiology

(159). Pif97 stabilizes amorphous CaCO; and binds strongly to metastable aragonite (160).
N40 (40 kDa) from Pinctada fucata also forms aragonite but is distinctly nonacidic and does
not require posttranslational processing or binding to a fixed surface (161).

Relative to calcite formation in egg shells, less is known about the mechanisms of
CaCo, formation and arrangement in aragonite-forming marine organisms. However,
the small size of the proteins makes them more attractive for potential inclusion in
MICP strategies.

FUTURE OPTIMIZATION OF MICP

Geotechnical aspects and other mechanical properties of biocements have been
well characterized for optimization, whereas the biology of MICP has received less
attention. Above, we provide the currently understood principles involved in biological
CaCo; precipitation, and we illustrate the operation of those principles in Sporosarcina
pasteurii (Fig. 2). In this section, we offer suggestions for how the observations above
might drive additional optimization of the biology of MICP.

Optimizing urea entry and consumption. Before any of the targets highlighted in
Fig. 2 can be fully addressed in S. pasteurii, genetic tools for S. pasteurii must be established,
and genomes of additional S. pasteurii strains must be assembled, annotated, and published.
The fully assembled genome sequence of S. pasteurii BNCC 337394 is deposited in the NCBI
database (CP038012.1), but the genome for the commonly used type strain DSM 33 is cur-
rently deposited as two unassembled contigs (GCF_900457495.1). Moving forward, the com-
munity must prioritize sequencing, fully assembling, and thoroughly annotating genomes of
all strains under intense investigation for biocementation.

With a genome sequence and genetic tools, researchers can begin where our model
begins (Fig. 2) by investigating urea transport. We were unable to find reports describing
urea transport or the presence of urea transporter genes in S. pasteurii. Future work should
investigate and characterize current and future deposited genomes for known urea trans-
port systems. If urea transport systems are indeed absent from S. pasteurii, systems from
other organisms should be engineered for operation in S. pasteurii. Increasing the efficiency
of urea transport could increase intracellular urea concentrations, reducing urea feedstock
requirements.

The S. pasteurii urease (Fig. 2B), the next and maybe most immediate target, has a
strikingly high K, (17 to 300 mM) (111-113) and would particularly benefit from ele-
vated intracellular urea concentrations that might be provided by engineered urea
transport systems. Modifying or replacing the S. pasteurii urease to provide access to a
urease with a lower K, value would also lead to lower urea feedstock requirements.
Combined with efficient urea transport, an improved urease could reduce the cost of
cementation inputs without decreasing cementation strength.

Although there are no consistent quantitative values available for the V,,,,, of the S. pasteurii
urease, measured activity in cell extract is consistently >10,000 nmol/min/mg (100, 162). The
markedly high urease activity suggests some combination of a high V,,, and high expression
levels of ure genes. Researchers have regularly targeted many of their studies at mutagenizing
S. pasteurii or isolating similar bacteria to find strains with similar or higher urease activity (163,
164). However, current evidence suggests that strains with urease activity less than wild-type
S. pasteurii induce larger CaCO; crystals and equivalent or improved CaCO; precipitation, ce-
mentation, and/or uniformity of cementation (102, 165).

Sufficient information about S. pasteurii urease structure is available to optimize the
S. pasteurii enzyme (e.g., K,, and k). Relevant residues for Ni?* binding, substrate binding,
and catalysis are well established (107-110). However, information about expression of ure
genes is scarce. Early reports observed that urease activity in S. pasteurii was not regulated
in response to urea or NH,* in media (100), and two reports have observed mild regulation
of ure gene transcripts (33, 93). In all reported cases that we found, however, few conditions
were investigated, and nearly all conditions included rich complex media. Among other
organisms, transcriptional control of ure genes varies per organism but is well established.
Future work should focus on the genetics of ure gene expression in S. pasteurii with
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emphasis on identifying promoters, transcriptional regulators, translational control, and the
extent of the polycistronic nature of the ure gene cluster.

Optimizing CO,2~ production and export. For optimizing biocementation, researchers
must optimize processes that enable CO;%~ to accumulate outside of the cell. Figure 2C and
E show the potential strategies for rapidly converting HCO;~ to CO,2~ and for allowing
CO,%~ to accumulate outside of the cell. The most common biological strategy for equili-
brating CO, and HCO; ™, the enzyme carbonic anhydrase, is encoded in the S. pasteurii BNCC
337394 genome and has already been observed to be advantageous for MICP by B. megate-
rium and higher organisms (33, 76-78). Conversion of HCO,~ to CO,?~ is rapid and depend-
ent on elevated pH, which is only available outside of the cell. The export strategy of CO,/
HCO,~/CO42~ in S. pasteurii is currently unknown and requires further study.

Optimizing CaCO; formation. Once CO,2~ is abundant outside the cell, Fig. 2F
illustrates that accumulated Ca?* will interact with the CO,2~ to form CaCO;. Optimization
of this step will require cellular modifications and/or identification of growth parameters
that enhance production of structures such as teichoic acids, EPS, and TUPs. These structures
vary among organisms, so the genes for biosynthesis of these structures also vary. The iden-
tity and expression of these genes for S. pasteurii should be characterized. Similarly, research-
ers should consider modifying bacteria to affix CaCO,-precipitating proteins from higher
organisms to the cell surface to drive efficient and morphologically specific CaCO; formation.
Researchers should note that proteins such as lysozyme and ovotransferrin have antibacte-
rial properties that should be inactivated before use in MICP.

Optimizing microbial communities for MICP. While S. pasteurii serves as the model
bacterium for MICP, microorganisms capable of CaCO;-biomineralization are diverse.
Future advances in MICP can leverage this diversity for various applications based on
environmental and physiological requirements of individual use cases. For instance,
employing organisms that perform photosynthesis and nitrogen fixation can induce
CaCO; mineralization while reducing the need for exogenous chemical MICP inputs for
other members of consortia. These metabolisms can simultaneously use atmospheric
CO, and N, to provide in situ sources of MICP inputs and nutrients for microbes per-
forming MICP. Effective consortia might also include ureolytic fungi whose combined
mycelia can contribute additional CaCO; nucleation sites and physical strength akin to
fiber-reinforced concrete.

Optimizing MICP for an industrial scale. Most studies to date have focused on
laboratory-scale MICP. However, in the maturation of these technologies, researchers
will need to address industrial scale challenges beyond the model in Fig. 2. Using current
methods, media costs are unsustainable at large scale. Several studies have explored inex-
pensive media options, including use of waste products from other industrial processes
such as corn steep liquor (166-169), lactose mother liquor (170), waste from tofu production
(171), and food-grade yeast extract (16) as primary growth substrates.

Other issues with performing MICP at scale pertain to human and environmental
health. With ureolytic MICP, high concentrations of ammonia are by-products of ureoly-
sis. Concentrated ammonia is toxic to many macroorganisms, including humans, and the
environmental fate of ammonia produced by MICP has largely been unaddressed (172).
Foreseeable issues include ammonium runoff into surface waters that can fuel harmful
algal blooms and other ill effects on local ecosystems and fisheries. While we advocate
for engineering S. pasteurii and/or its consortia members, we must also note that
employing genetically modified organisms may hamper scale-up of MICP (173).

SUMMARY

Most of the previous work to optimize MICP has focused on optimizing treatment
conditions while considering the microbes as formulation ingredients rather than biological
systems (20, 21, 163). Here, we provide evidence for a model for the cellular processes and
structures involved in ureolytic MICP (Fig. 2). Our model highlights many open questions
regarding MICP via S. pasteurii and suggests paths for potential biological improvement. We
hope that our model can provide to the community an investigative foundation for better
understanding the fascinating physiology and environmental role of extremophilic bacteria
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such as S. pasteurii and a foundation for producing a more sustainable and low-CO, alterna-
tive to traditional concrete.
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