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ABSTRACT The bacterium Bacillus subtilis has long been an important subject for
basic studies. However, this organism has also had industrial applications due to its
easy genetic manipulation, favorable culturing characteristics for large�scale fermen-
tation, superior capacity for protein secretion, and generally recognized as safe
(GRAS) status. In addition, as the metabolically dormant form of B. subtilis, its spores
have attracted great interest due to their extreme resistance to many environmental
stresses, which makes spores a novel platform for a variety of applications. In this re-
view, we summarize both conventional and emerging applications of B. subtilis
spores, with a focus on how their unique characteristics have led to innovative ap-
plications in many areas of technology, including generation of stable and recyclable
enzymes, synthetic biology, drug delivery, and material sciences. Ultimately, this re-
view hopes to inspire the scientific community to leverage interdisciplinary ap-
proaches using spores to address global concerns about food shortages, environ-
mental protection, and health care.
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Bacillus subtilis is a Gram-positive bacterium that can survive in adverse environ-
ments through the formation of spores via sporulation, a process which is typically

triggered by a shortage of nutrients (1–3). The B. subtilis spores are relatively easily
purified and are ellipsoidal in shape and 0.8 to 1.2 �m in length (4) (Fig. 1). The spore
structure is very different than that of a growing cell, with an outer coat that has
multiple layers and then two peptidoglycan layers, the large outer cortex and the
smaller germ cell wall, with the inner spore membrane under the germ cell wall and the
outer membrane outside the cortex and inside the spore coat (Fig. 1) (5–7). The central
core contains the spore DNA, ribosomes, and metabolic and biosynthetic enzymes but
has a very low water content, �35% of wet weight, and contains a number of
spore-specific components (8). As a consequence of their novel structure and compo-
sition, dormant spores are metabolically inactive, exhibit no gene expression, and are
extremely resistant to all manner of environmental extremes, including high heat or
radiation fluences, desiccation, toxic chemicals, and pH extremes (8). All of these
properties allow spores to survive for many years in the absence of nutrients (9).
However, if appropriate nutrients are provided, most usually L-alanine, B. subtilis spores
can rapidly break their dormancy in the process of germination using specific germi-
nation proteins present in spores. Given sufficient nutrients, the germinated spores can
then return to vegetative growth in the process of outgrowth. The molecular mecha-
nisms underlying B. subtilis sporulation, spore resistance, and spore germination have
been extensively studied for many decades, and much is now known about them (3, 4).
Importantly, B. subtilis is also nonpathogenic and generally recognized as safe, which
has enabled its wide use in a number of applications (10, 11). This review will focus on
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recent advances in using B. subtilis spores in biotechnological applications that inte-
grate other disciplines, including food science, synthetic biology, immunology, drug
delivery, and material science (Table 1).

APPLICATIONS OF B. SUBTILIS SPORES
B. subtilis spores as enzyme expression and delivery platforms. Early uses of B.

subtilis spores in biotechnology applications focused on expressing and anchoring
heterologous proteins on the spore, referred to as spore display, in attempts to
enhance the functionality and stability of recombinant proteins (12). Over the past 2
decades since the first report that displayed a heterologous protein on the spore in
2001 by Isticato et al. (13), this technology has continued to advance (14, 15). Spore
display typically starts with genetic modifications in growing cells of B. subtilis by fusing
the gene for a target protein with a gene for a spore coat protein. This is followed by
sporulation to generate recombinant spores that express the fusion protein on the
spore. Of note, researchers have attempted to fuse and anchor various recombinant
proteins with myriad coat proteins on the spore, which include, but are not limited to,
CotA, CotB, CotC, CotD, CotE, CotF, CotG, CotW, CotX, CotY, and CotZ. Expression of
these fusion proteins almost always has minimal if any effects on sporulation, spore
resistance, or germination (5, 16–19). Figure 1 shows the localization of these coat
proteins in the B. subtilis spore. Immobilization of recombinant proteins on the spore
bypasses the need for protein purification and subsequent immobilization on synthetic
matrices, which simplifies downstream processes such as biocatalysis, as well as reuse
of the immobilized proteins, as discussed below.

A number of specific enzymes are crucial for biocatalyses and biotransformations in
many industrial processes because of these enzymes’ high catalytic efficiency and
specificity (20). Given enzymes’ potential costs, it would be advantageous to recycle
them, but it can be very challenging to separate and recycle enzymes from their
products in a bulk reaction. However, an effective approach for increasing enzyme
recyclability is through their immobilization on solid substrates such as spores (21). This
is typically accomplished by genetically fusing the gene encoding the enzyme of
interest to the N- or C-terminal coding regions of a gene encoding of a spore coat
protein (22). Important factors that determine the choice of the coat protein for enzyme
fusion are both the levels of the coat protein and its location on the spore, which may
affect the fused enzyme’s access to its substrates (23). Additionally, the spore surface
appears to be covered by polysaccharides, and their influence on spore surface
properties is not fully understood (24). Because spores are inherently more stable at
higher temperatures than most enzymes, enzymes immobilized on spores, including on
both live and inactivated spores, could in theory confer greater thermostability to the
immobilized enzymes compared to that of the free enzyme. Importantly, stabilization
of the surface-displayed enzymes has generally been seen with enzymes from both
extremophiles and mesophiles (25, 26).

One example of a spore-displayed enzyme is lipase, which is a subclass of esterases
involved in hydrolysis of dietary lipids (e.g., triglycerides, fats, and acylglycerols) (27).
Traditionally, applications of lipases in industry are limited by these enzymes’ low

FIG 1 Structure of B. subtilis spores. (Left) Scanning electron microscopy (SEM) image of purified B. subtilis spores.
Bar, 5 �m. (Right) Schematic of a B. subtilis spore and location of anchor proteins used for display of heterologous
proteins (spore layers are not drawn to scale) (5–7).
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thermostability, high production cost, and low reusability. To address these issues,
Chen et al. successfully expressed and displayed lipase Tm1350 from a hyperthermo-
phile on the B. subtilis spore anchored to CotB (25). Notably, the anchored enzyme was
more stable than the free enzyme in high-temperature and alkaline environments, and
this increased thermostability has generally been seen for proteins from mesophiles as
well (Table 1) (28). Importantly, recycling experiments showed that the spore-displayed
lipase could be reused for three reaction cycles without a significant decrease in its
catalytic efficiency. In a second example, given the high interest in utilizing tyrosinases
for bioremediation of phenol-polluted environments and for production of levodopa
(L-DOPA) from L-tyrosine as a drug for the treatment of Parkinson’s disease, Hosseini-
Abari et al. successfully displayed tyrosinase on B. subtilis spores using CotE as the
anchor protein (29). The anchored tyrosinase exhibited many advantages over the free
enzyme, including ease of enzymatic assays, enhanced stability, and high recyclability,
with �62% of enzyme activity retained after six usages. Another example is D-psicose
3-epimerase (DPEase) from Clostridium scindens ATCC 35704, which can produce

TABLE 1 A list of applications using B. subtilis spores

Application

B. subtilis
derivative or
relativea Anchor protein Target moleculeb Specific function (reference[s])

Improving enzyme
thermostability

DB403 CotB Lipase Tm1350 (extremophile) Food processing and biodiesel, etc. (25)
WB800 CotZ DPEase (extremophile) Food processing (26)
DB104 CotG Haloalkane dehalogenase Bioremediation (30)
DB104 CotE Tyrosinase Bioremediation, biosensor, biomedicine,

and biocatalysis (29, 94)
PY79 CotG Chitinase Biopesticide (38)
PY79 CotG, OxdD Phytase Feed enzyme for monogastric animals (31)

(16)
WB800N CotC Trehalose synthase Food processing, pharmaceuticals,

cosmetics, and agricultural products (32)
PY79 CotZ, OxdD �-Galactosidase Food processing (33) (16)

Recombinant vaccines PY79 CotB TTFC Against tetanus toxin (13)
WB600 CotC CsPmy Against Clonorchis sinensis (95)
PY79 CotC OmpC Against Salmonella (50)
PY79 COtB VP28 Against white spot syndrome virus (51)
GC5 CotC Sip Against Streptococcus agalactiae (52)

Nonrecombinant vaccines PY79 TTFC Against tetanus toxin (54)
PY79 PA Against Bacillus anthracis (54)
PY79 GST-Cpa Against Clostridium perfringens (54)
HU58 and DS127 MPT64 and Acr-Ag85B Against tuberculosis (96)
1012 DNA vaccine Against human papillomavirus and type 1

human herpes virus (97)

Adjuvant PY79 TTFC Adjuvant for tetanus vaccine (98)
PY79 Inactivated H5N1 virus Adjuvant for H5N1 influenza (99)

Nanobody production WB800N Caffeine, methotrexate, CTLA-4,
PD-L1

Small molecule capturing or antigen
detection (60)

Drug delivery B. coagulans Curcumin and folate Colon cancer (63)
PY79 CotB Antibody and paclitaxel Colon cancer (65)

3D printing PY79 Living materials (71)
Self-healing concrete B. sphaericus Precipitation of CaCO3 Fixing cracks in concrete (79)

NCTC 8236 Precipitation of CaCO3 Fixing cracks in concrete (100)
MTCC 441 Formation of Ca2Al2SiO7 Fixing cracks in concrete (80)

Biosorption PY79 and RH201 CotB Toxic metal ions (e.g., Ni2�) via an
18-histidine amino acid display

Bioremediation (91)

Various derivatives Rare earth ions Biosorption (87)
aUnless specified with a species names, organisms are B. subtilis derivatives.
bUnless specified as from an extremophile, enzymes are derived from mesophiles.

Minireview Applied and Environmental Microbiology

September 2020 Volume 86 Issue 17 e01096-20 aem.asm.org 3

https://aem.asm.org


D-allulose from D-fructose by biocatalytic synthesis (26). The fusion enzyme CotZ-
DPEase, displayed on B. subtilis spores, exhibited high thermostability and reusability,
with an optimal reaction temperature of 55°C and retention of 60% of the initial activity
after five cycles of utilization. As a result, spore display of DPEase has proven to be an
alternative to the current platform using Escherichia coli for D-allulose production. Other
enzymes that have been displayed on the B. subtilis spore for potential industrial
applications include, but are not limited to, (i) trehalose synthase producing
trehalose as a food additive, (ii) E. coli periplasmic acid phosphatase, phytase, or
AppA, a dietary supplement for animal digestion that generates phosphate from
phytin, (iii) �-galactosidase, which is widely used in the food industry to improve
sweetness, solubility, and digestibility of dairy products, and (iv) haloalkane dehaloge-
nase DhaA, which rapidly degrades sulfur mustard (a warfare agent) in an environmen-
tally friendly manner (30–34).

In addition to producing valuable industrial products as noted above, spore-
displayed enzymes have also found utility in agriculture. For instance, chitin is the
second most abundant polysaccharide in the world after cellulose (35). While cellulose
is the major ingredient in plant cell walls, chitin constitutes a vital structural component
for cell walls of plant-associated fungi and arthropods, but not for plants (36). This
difference has been utilized to kill fungal infections in plants through the use of
chitinase to break down chitin (37). Notably, repurposing chitinase to inhibit or kill
pests can avoid potential environmental pollution in soil. For example, Rostami et al.
fused chitinase with the B. subtilis spore coat protein CotG and displayed it on the spore
as a potential biopesticide (29, 38). The recombinant spores demonstrated inhibitory
effects on growth of several plant fungi, specifically Rhizoctonia solani and Trichoderma
harzianum, which suggests that these spores could have potential as a new ecofriendly
biopesticide. In addition to utilizing enzymes as biopesticides, it was also reported that
one B. subtilis strain, CPA-8, could produce lipopeptides that exhibit antifungal activities
against Monilinia laxa and Monilinia fructicola (39). While this review primarily focuses
on B. subtilis, it is important to note that another spore-forming Bacillus species, Bacillus
thuringiensis (Bt) can produce toxins with potent and specific insecticidal activity in the
mother cell cytoplasm during spore formation, which is released, generally in crystal
form, along with the spore upon mother cell lysis (40, 41). Mechanistically, these toxins
kill insects by binding to and creating pores in midgut membranes of insects. As a
result, Bt spores and their associated toxins have been widely used as topical pesticides
to protect crops.

Expression and delivery of mucosal vaccines. Mucosal vaccination via oral or
intranasal administration can generate effective immune responses against infections
associated with mucosal barriers such as the gastrointestinal tract (GIT), reproductive
tract, and oral cavity (42). In this context, B. subtilis spores have been explored for
mucosal immunization due to several attractive features, which include a safety record
of human and animal use, resistance to acidic pH (for oral administration), and ease of
genetic manipulation (43). Importantly, B. subtilis spores can interact with immune cells
and trigger production of the body’s protective immune response as they transit the
GIT (44). To use spores as carriers, two main approaches have been developed to
present antigens on the spore (45). One approach is through the use of conventional
spore display technology, fusing an antigen of interest with spore coat proteins,
including but not limited to CotB, CotC, CotG, and CotZ (13, 46, 47); the other is a
nonrecombinant approach, in which antigen proteins are adsorbed to the spore by
hydrophobic and electrostatic forces.

The first antigen that was displayed on spores was the tetanus toxin fragment C
(TTFC), which was genetically fused with the coat protein CotB (13). While this seminal
study did not examine the immune responses of the displayed TTFC in animal studies,
a follow-up study showed that the CotB-TTFC fusion protein markedly enhanced the
recognition of the antigen by the mucosa-associated lymphoid tissue afferent sites,
leading to the induction of mucosal (immunoglobulin A [IgA]) and systemic (immuno-
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globulin G [IgG]) antigen-specific antibody responses (48). In addition to antibody
responses, further studies showed that recombinant spores elicited robust cellular
immunity, which was associated with both systemic (spleen) and local (mesenteric
lymph nodes) T-lymphocyte responses (49). Besides targeting pathogenic infections in
humans, spore-based vaccines have also been explored in poultry. For example,
Salmonella enterica subsp. enterica serovar Pullorum can cause an acute septicemic
disease called Pullorum disease in poultry, which has resulted in significant worldwide
economic losses. To address this problem, Dai et al. generated a chimera between
OmpC, an antigen of Salmonella serovar Pullorum, and the coat protein CotC. Following
oral immunization of mice with the genetically modified spores, there was a significant
increase in OmpC-specific IgG and IgA antibodies that were produced to fight against
Salmonella infections (50). The same recombinant spores were found to demonstrate
cross protection in mice that received a lethal challenge with Salmonella enterica subsp.
enterica serovar Typhimurium. However, this study did not examine possible side
effects associated with administration of recombinant spores. In addition to potential
utility in poultry, B. subtilis surface-displayed antigens on spores have also been used to
vaccinate shrimp with protein VP28, an antigen from white spot syndrome virus, as well
as tilapia with surface immunogenic protein (Sip) to protect against Streptococcus
agalactiae infection (51, 52).

As an alternative to genetic modifications for spore display of antigens, a nonre-
combinant approach was explored by adsorbing protein antigens onto the surface of
spores via hydrophobic and electrostatic interactions that exploited the adjuvanticity
potential of spores (44, 53). This method can obviate concerns regarding the use of
genetically modified microorganisms. In this setting, a variety of antigens have been
adsorbed on the surface of B. subtilis spores to immunize animal models through the
nasal or oral route. For example, antigens such as TTFC of Clostridium tetani, the
protective antigen of Bacillus anthracis, glutathione S-transferase (GST) from Schisto-
soma japonica, and a GST fusion to the carboxy-terminal domain of Clostridium per-
fringens alpha toxin were efficiently adsorbed on the spore, and all were shown to
induce protective immune responses in nasally immunized mice (54). In addition, this
study also found that heat-inactivated spores were as effective as live spores in
adsorbing and delivering various antigens intranasally, suggesting that the germination
of spores in the body may not be required for efficacy in the setting of intranasal
immunization. Indeed, it may be argued that use of inactivated spores will be preferred
over live ones from the perspective of biosafety, despite the fact that B. subtilis is
generally regarded as safe. Finally, inspired by use of spore coat proteins, spore-sized
silica beads were developed recently with a lipid bilayer, termed a synthetic spore
husk-encased lipid bilayer (SSHEL), presenting two structural proteins (SpoVM and
SpoIVA). These artificial spores were able to deliver various proteins and small-molecule
drugs of interest by covalently linking to SpoIVA. In one application, they were
designed to display vaccine on their surface with enhanced protection against Staph-
ylococcus aureus infection (55).

A versatile and stable platform for production of nanobodies. Nanobodies
(Nbs), single-domain antibodies, are a novel type of antibody characterized by small
size, high solubility, and great thermal stability (56). Because of these properties, Nbs
have been explored as diagnostic and therapeutic reagents in the areas of oncology
and infectious diseases, as well as research tools for fundamental biology (57, 58). While
the majority of Nbs are being produced in E. coli, this expression system is associated
with (i) potential contamination with endotoxin, (ii) a requirement for bacterial lysis to
release intracellular Nbs, and (iii) E. coli’s lack of resistance to environmental extremes
(59). To address these limitations, an expression platform using B. subtilis was recently
developed as a stable and efficient microbial factory to produce Nbs on demand (60).
In this study, Nbs were genetically fused to a cellulose-binding protein to allow for
immobilization on low-cost cellulose matrices for antigen capturing, or were modified
to contain appropriate amino acid sequences for antigen detection. As expected, the
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spores of the engineered B. subtilis strains displayed high resistance to wet heat, acidic
pH, and desiccation. Even after exposure to these conditions, the spores were able to
germinate, outgrow, and secrete Nbs without any decrease in yield and quality.
Notably, as a Gram-positive bacterium, B. subtilis does not have endotoxin, and the
ability to secrete Nbs directly into the culture supernatant can ease the downstream
purification process. These attributes may make using spores advantageous in the
development of diagnostic devices with high portability and long shelf lives.

Delivery vehicles for cancer drugs. Over the last few decades, many synthetic drug
carriers have been developed to release drugs in a controlled manner, which helps to
decrease drug side effects and frequency of drug administration (61). While synthetic
carriers utilize physical diffusion or hydrolytic decomposition (e.g., enteric coating) to
release drugs (62), spores can be loaded with hydrophobic cancer drugs on the surface
and will release drugs after germination in the GIT. Regarding the mechanism of
germination in the GIT, based on an in vitro study that used simulated intestinal and
gastric fluids (63), as well as a mouse study that examined the germination of B. subtilis
spores after oral gavage (64), it was found that spores can germinate under conditions
such as those in the intestine but not under gastric conditions, which can inhibit spore
germination. Additionally, by genetically displaying targeting moieties, such as anti-
bodies, on the surface of drug-loaded spores, modified spores can simultaneously
target and kill cancer cells. For example, Nguyen et al. engineered B. subtilis spores to
display streptavidin, which can bind biotinylated cetuximab, an FDA-approved mono-
clonal antibody drug specific for epidermal growth factor receptor overexpressed by
certain cancer cells (65). By combining cetuximab and paclitaxel, the latter a cancer
chemotherapeutic, modified spores were shown to exhibit enhanced anticancer effects
in a human colon cancer cell line, HT29, compared to those of free paclitaxel. While this
review focuses on B. subtilis spores, in another example, Yin et al. developed a colon
cancer-targeted drug carrier (termed SPORE-CUR-FA) based on spores of Bacillus co-
agulans, a close relative of B. subtilis, by covalently conjugating curcumin (CUR), a drug
with putative anticancer effects, and folate (FA) with the outer coat proteins on spores
(63). In this setting, curcumin serves as the therapeutic payload, while folate acts as the
targeting moiety for the folate receptor, which is highly upregulated on the surface of
colon cancer cells compared to normal cells. Pharmacokinetic studies confirmed that
SPORE-CUR-FA indeed efficiently improved the oral bioavailability of curcumin. More-
over, SPORE-CUR-FA exhibited remarkable antitumor effects in colon cancer cell lines,
as well as in animal studies. To investigate the mechanism underlying drug release,
researchers subjected SPORE-CUR-FA to simulated gastric fluid (pH 1.3) and intestinal
fluid (pH 7.6), respectively, and it was found that significant curcumin and FA were
released as nanomicelles in the simulated intestinal fluid but not in gastric fluids. Based
on this evidence, the authors speculated that spores would germinate in the intestine
of mice. However, this work warrants further animal studies on whether spores germi-
nated in the GIT and thereby released the drugs.

B. subtilis spores as building blocks for functional materials. Three-dimensional
(3D) printing of materials represents a new area for tissue engineering and regenerative
medicine (66). 3D printing can precisely incorporate natural or recombinant live
organisms into tunable scaffolding materials, referred to as living materials, and equip
them with the intelligent attributes of live cells to sense and respond to multiple
environmental stimuli, thus performing various functions such as sensing, chemical
production, self-healing, self-powering, self-cleaning, and self-adhering (67, 68). How-
ever, a key challenge for 3D printing of living materials is to maintain the viability of
cells in the harsh printing conditions of heat, toxic chemicals, and shear pressure (69).
While more advanced 3D printing techniques are under development to improve
biocompatibility (70), González et al. incorporated B. subtilis spores into a hydrogel
made of agarose to develop a resilient 3D living material (71). The construction of 3D
printed materials that contain spores enables living functions to be used for applica-
tions that require long-term storage or exposure to environmental stresses. In addition
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to demonstrating improved resistance to harsh printing conditions, these workers
genetically engineered spores with synthetic gene circuits that can sense and respond
to environmental cues. In this study, these cues were represented by nutrients, which
were introduced exogenously to induce germination of spores in the hydrogel. Sub-
sequently, programmed genetic circuits were activated in the growing vegetative
bacteria to produce fluorescent proteins or antimicrobial compounds. In addition to 3D
printing, the Sahin group generated high-density energy inspired by the mechanical
response of Bacillus spores to water gradients, which was 2 orders of magnitude higher
than synthetic water-responsive materials. As a proof of concept, the Sahin group used
spores to build an energy-harvesting device that can remotely generate electrical
power from an evaporating body of water. They also identified mutations that could
confer greater energy density than that of the wild-type spores (72).

B. subtilis spores for self-healing of concrete. Concrete plays a pivotal role in
architecture due to its rigidity and fire resistance (73). However, concrete suffers from
low tensile strength that makes it prone to cracking. The formation of cracks allows the
ingress of water and harmful chemicals, which can damage the protective film covering
the concrete structures over time. Ultimately, these initial cracks reduce the load-
carrying capacity and life expectancy of the concrete (74). Therefore, fixing these cracks
at an early stage is of paramount importance for reinforcing concrete structures. While
various human-made repairs have been employed, these methods are limited to
macrocracks and are associated with high operational cost and frequent assessment
followed by periodic maintenance. To address these issues, the development of an
automated approach that does not require any external interventions would be
beneficial (75). One intriguing system is using bacteria to naturally precipitate calcium
carbonate (CaCO3) as a means of self-healing within the concrete (76). The principle
underlying bacterial crack healing is that in the presence of appropriate nutrients,
certain bacteria can precipitate insoluble inorganic calcite crystals that help seal the
cracks (77). Notably, to enable prolonged survival of bacteria inside the concrete,
bacteria must be protected from elements of the harsh concrete environment, such as
high alkalinity and mechanical pressure. While a variety of bacteria have been inves-
tigated for this purpose, spore-forming Bacillus species represent an ideal candidate
due to formation of spores that are intrinsically resistant to environmental extremes.

In one study that utilized Bacillus pseudofirmus as the healing bacteria, spores were
prepared and incorporated into the cement (78). In this setting, B. pseudofirmus spores
were found to survive in the cement paste for up to 93 days. After artificial microcracks
were generated and Na� ions, alanine, and inosine were exogenously introduced to
induce spore germination and subsequent growth, vegetative cells were able to seal
microcracks (�1 mm in length) by precipitation of CaCO3. While this experiment
provides a proof of concept, how to trigger germination and subsequent cell growth in
a practical setting remains unclear. Pungrasmi et al. provided a different practical
solution to crack filling recently by using another spore-forming Bacillus species, Bacillus
sphaericus (79). The spores of this organism were first encapsulated along with nutrients
in a dry state in the concrete. After artificial microcracks were made, the researchers
introduced water to simulate a condition in which the internal moisture rose after rain.
The spores then germinated and outgrew, and the vegetative cells were able to repair
cracks in a self-healing manner (79). The results of this study indicated that (i) the
healing ratio (defined as the healing percentage of the initial and final crack areas) was
higher (48 to 80%) than that without bacteria (18 to 50%), (ii) the maximum width
healed by bacteria was 970 �m, �4 times that without bacteria (maximum, 250 �m),
and (iii) the overall water permeability of the concrete with bacteria was �10 times
lower than that of concrete without bacteria. In contrast to using wild-type B. subtilis,
Sarkar et al. genetically modified B. subtilis vegetative cells to express a gene from a
thermophilic anaerobic bacterium that can induce biosilicification. As a proof of con-
cept, spores prepared from the recombinant B. subtilis were incorporated in mortar, and
then artificial cracks were induced mechanically. To assess the self-healing potential of
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spore-loaded concrete, they incubated cracked mortars with a rich bacterial growth
medium, which induced spore germination, outgrowth, and transgene expression in
vegetative cells. As shown in Fig. 2, after 28 days, the expression of the biosilicification
gene resulted in formation of a novel compound called gehlenite (Ca2Al2SiO7), which
improved concrete’s self-healing ability in comparison to that created by wild-type B.
subtilis, which only formed CaCO3 (80).

Spores for capturing metal ions. Currently, the majority of global rare earth
elements (REEs) are obtained by large-scale mining and refining activities (81). Because
of the low abundance of REEs, the conventional approach is to use strong acids and
organic solvents to extract REEs from rocks (82), procedures which have inevitably
resulted in environmental pollution due to the release of toxic chemicals in mining
areas (83). In contrast, a variety of microorganisms have been explored to extract REEs
by a low-cost and environmentally friendly strategy referred to as biosorption (84, 85).
While most previous studies utilized growing bacteria to absorb REEs, a few reports
have examined REE absorption by bacterial spores (86). Notably, Dong et al. recently
reported that B. subtilis spores could be a candidate for the adsorption of the REEs Tb3�

and Dy3� (87). They found that Tb3� and Dy3� are incorporated into spores’ outer
layers (Fig. 3) within a few minutes of incubation in a neutral-pH environment up to 2
to 3% of spore dry weight, and the uptake of these ions had minimal effects on spore
wet heat resistance or germination. In addition to spore adsorption of these ions, their
desorption is also necessary, and the ions were completely released upon spore
germination. The release of adsorbed Tb3�/Dy3� was also rapidly achieved by adding
exogenous dipicolinic acid, a chemical compound comprising �10% of the dry weight
of spores that binds REE ions very tightly. Questions not answered in this study are as
follows: (i) while Tb3�/Dy3� was found to accumulate in the spore’s outer layers as
evidenced by transmission electron microscopy (Fig. 3), the functional group(s) respon-
sible for REE absorption are unknown; if these were known, it might be possible to
engineer spores to adsorb even more REEs; and (ii) whether inactivated spores that
cannot germinate will adsorb REEs, although this seems likely. If the latter is true, then
the spores could be reused many times over. Altogether, this seminal work suggests the

FIG 2 Images of cracked and healed mortars treated with wild-type and modified bacteria. Spores of B.
subtilis with the biosilicification gene were incorporated into a cracked mortar on day 0, and the cracked
mortar was incubated with a rich bacterial growth medium for 28 days. (A and B) T-B. subtilis, B. subtilis
carrying the biosilicification gene; (C and D) control, no bacterial treatment; (E and F) B. subtilis, wild type.
(All images are reprinted from reference 80 with permission of the publisher [copyright 2015, Royal
Society of Chemistry].)
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possibility for a unique system for biosorption of REEs, especially in contrast to the
extreme harsh conditions associated with traditional mining.

In addition to biosorption of REEs, use of B. subtilis spores has also been explored in
bioremediation of heavy metal-contaminated environments (88, 89). Heavy metal
contamination is a serious environmental pollution problem due to the nonbiodegrad-
ability and subsequent accumulation of heavy metals in living organisms to toxic levels
(88). Various physical and chemical strategies have been investigated to clear toxic
metals in polluted environments (90), but most of these strategies are costly or not
environmentally friendly. Bioremediation using a microbial biomass as a biosorbent to
bind and accumulate heavy metals has drawn broad attention, but the biosorption
capacity of such biomass is limited. To address this problem, Hinc et al. reported an
improved nickel bioremediation method by genetically fusing an 18-histidine-residue
array with the C terminus of B. subtilis spore coat protein CotB, in which the histidine
residues serve as metal ion chelators (91). This work found that spores carrying the
chelators exhibited higher nickel binding efficiency than wild-type spores, and the
metal binding capacity correlated with the quantities of spores but was relatively
independent of pH and temperature. While it is potentially attractive to consider use of
spores to extract heavy metals from contaminated areas, given the high abundance of
heavy metals in such areas, it may be challenging to scale up the system from a
practical perspective. In contrast, the scarcity of REEs and their high economic value
may make spores a practical tool to extract REEs from natural sources.

FIG 3 TEM micrographs of B. subtilis spores incubated with or without Tb3�. Spores incubated without (A and C)
or with (B and D) Tb3� were examined by TEM. Panels C and D show higher magnifications than panels A and B
(87). TEM, transmission electron microscopy; Ct, spore coat; Sm, spore matrix. The composition of Sm has not yet
been well defined, but it is hypothesized to contain both proteins and carbohydrates (87). White arrows indicate
the spore coat, and black arrows denote electron-dense areas where Tb3� is adsorbed. (All images are reprinted
from reference 87 with permission.)
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CONCLUSION

In summary, this review has highlighted key advances in the application of B. subtilis
spores in different areas of biotechnology, from traditional recombinant protein ex-
pression to emerging biomaterials and applications such as engineered living materials,
self-healing concrete, and biosorption. In particular, the resistance of spores to various
environmental stresses may confer greater stability of enzymes and antigens, and
it may provide the advantages of facile purification and the recycling of immobi-
lized enzymes. In certain applications, it will also be imperative to prevent spores
from germinating. For example, if spores were to be used for enzyme display and
the spores recycled, spontaneous spore germination must be blocked, or enzymes
will be lost from the spore after germination and the germinated spores will also
likely be lost as well. Molecules released from germinating spores can also trigger
germination of nearby spores as well (92). Notably, using spores inactivated by heat
may not be applicable to enzyme display, since most enzymes cannot tolerate the
temperatures required to inactivate spores. In contrast, when using spores to
administer vaccines, through either genetic fusion or passive absorption, germina-
tion may even be essential, depending on the specific route of inoculation. For
example, by comparing two studies from the Cutting group, it was found that
germination is required for immunization efficacy in oral delivery but not in
intranasal delivery (54, 93).

In the case of using spore-forming bacteria to repair cracks in the concrete, most, if
not all studies have incorporated spores into the concrete to prolong its viability in
harsh conditions. Thus, it is essential to keep spores from germinating before the
occurrence of cracking. However, once repair is needed, nutrients must be provided to
allow spores to form vegetative cells, which subsequently promote calcium carbonate
precipitation in the cracks. In this sense, induction of germination is necessary for
self-healing of cracks. On the other hand, the concept of using bacteria to heal cracks
in concrete is a scientifically intriguing process and could pave the way for sustainable
buildings by applying appropriate self-healing and ecofriendly bacteria in appropriate
composite materials. However, there are many challenges to overcome in this area,
including the filling of large cracks and safety considerations associated with maintain-
ing concrete’s required compressive strength. For biosorption of metal ions such as
REEs, it may also be necessary to block germination when spores are used in harsh
conditions. Additionally, further engineering efforts to improve the selectivity and
capacity of spores for specific ions could greatly increase the capacity and selectivity of
spores’ REE adsorption.

Finally, merging interdisciplinary sciences such as synthetic biology and engineering
materials could make spores viable options for the development of multifunctional
living materials equipped with diverse functionalities. Overall, ongoing progress in the
field of different engineering disciplines seems likely to further the use of spores as a
highly versatile platform for a variety of technological applications.
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