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ABSTRACT

Microbially induced calcite precipitation (MICP) offers promising solutions for sustainable, low-cement infrastructure materials.
While it is known how urea catabolism leads to biomineralisation, the non-ureolytic pathways of MICP are less clear. This lim-
its the use of the latter in biotechnology, despite its clear benefit of avoiding toxic ammonia release. To address this knowledge
gap, the present study explored the interdependence between carbon source utilisation and non-ureolytic MICP. We show that
acetate can serve as the carbon source driving calcite formation in several environmental Bacillaceae isolates. This effect was
particularly clear in a Solibacillus silvestris strain, which could precipitate almost all provided calcium when provided with a 2:1
acetate-to-calcium molar ratio, and we show that this process was independent of active cell growth. Genome sequencing and
gene expression analyses revealed an apparent link between acetate catabolism and calcite precipitation in this species, sug-
gesting MICP may be a calcium stress response. Development of a simple genetic system for S. silvestris led to the deletion of a
proposed calcium binding protein, although this showed minimal effects on MICP. Taken together, this study provides insights
into the physiological processes leading to non-ureolytic MICP, paving the way for targeted optimisation of biomineralisation for
sustainable materials development.

1 | Introduction useful lifespan of cement-based infrastructure are therefore

highly desirable from both an environmental and a sustainabil-

The construction industry is, after transport, the second largest
contributor to our current carbon emissions, with cement pro-
duction alone contributing approximately 8% of anthropogenic
CO, release (Farfan et al. 2019). Alternative means of either
replacing cement in construction materials or expanding the

ity viewpoint. The ability of many bacteria to precipitate cal-
cium carbonate in the form of calcite has been gaining interest
over recent years for its potential use in construction materials
(Castro-Alonso et al. 2019; Justo-Reinoso et al. 2021; Seifan
and Berenjian 2018). Calcite is the main component mineral of
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natural limestone; hence its production by bacteria may offer a
green route to low-cement or cement-free materials.

One application of microbially induced calcite precipitation
(MICP) that has seen considerable progress over the past decade
is so-called ‘self-healing’ concrete. While concrete is extremely
strong under compression and very durable under ideal condi-
tions, many environmental stresses or bending strains can lead
to the formation of microcracks. These cracks increase water
permeability, leading to corrosion of steel reinforcements and
reducing the service life of structures (Richardson et al. 2020;
Seifan and Berenjian 2018). In self-healing concrete, bacteria
are encapsulated, usually in spore form, and added directly to
the concrete during casting, together with nutrients and often
calcium salts (Alazhari et al. 2018; Seifan and Berenjian 2018;
Richardson et al. 2020; Justo-Reinoso et al. 2021; Bagga
et al. 2023). Once cracks occur, the encapsulating material of
the bacteria breaks to release the cells, while the ingress of water
dissolves the nutrients and triggers spore germination. The for-
mation of calcite by the activated bacteria eventually seals the
crack and restores the water-tightness of the material to prevent
further damage (Alazhari et al. 2018; Seifan and Berenjian 2018;
Richardson et al. 2020; Justo-Reinoso et al. 2021).

Other potential applications of MICP include consolidation of
soils, bioremediation of environmental heavy metal or radionu-
clide contaminations, or the development of Engineered Living
Materials (Srubar 2021; Fu et al. 2023; Dikshit et al. 2022; Kumar
et al. 2023). The diversity of technologies that are seeking to
exploit the ability of bacteria to form water-insoluble minerals
highlights the potential of MICP for the development of sustain-
able future materials. Despite the intensity of biotechnological
research and development of MICP-based applications, we have
a surprisingly limited understanding of the molecular mecha-
nism that facilitates biomineralisation. Such knowledge will,
however, be required to select the best-suited bacterial species
and optimise the applications for maximal mineral formation.

The majority of applications using MICP to date have been fo-
cussed on ureolytic bacteria. Here, the enzyme urease cataly-
ses the hydrolysis of urea to ammonia and carbonic acid. The
ammonia causes a strong increase in pH, which shifts the car-
bonate equilibrium from carbonic acid to carbonate ions. In the
presence of Ca?* ions, the availability of carbonate and the high
pH values lead to precipitation of insoluble calcium carbonate
(Hoffmann et al. 2021). Mineral precipitation resulting from
ureolysis therefore has been described as a ‘passive’ process,
based on induced chemical changes in the macroenvironment
surrounding the bacteria (Castanier et al. 1999). While ureoly-
sis leads to fast and strong biomineralisation, the production of
two moles of ammonia per mole of urea can lead to excessive ni-
trogen loading in the environment and toxic effects on animals,
particularly in aquatic ecosystems (European Environment
Agency 2019).

An alternative MICP mechanism that has seen promising devel-
opments, particularly in self-healing concrete, does not require
the presence of urea and is usually simply described as ‘non-
ureolytic’, reflecting our limited understanding of the drivers of
biomineralisation. While this form of MICP occurs more slowly
than the ureolytic process, non-ureolytic bacteria have been

used successfully in self-healing concrete (Jonkers et al. 2010;
Justo-Reinoso et al. 2021; Bagga et al. 2023). Moreover, we could
show that several non-ureolytic bacteria isolated from limestone
environments were capable of the same high yields of MICP as
their ureolytic counterparts (Reeksting et al. 2020). When tested
for self-healing of cracked cement mortars, they gave a compa-
rable, if not better, performance, showing their feasibility for in-
dustrial application (Reeksting et al. 2020).

Broadly, MICP in non-ureolytic bacteria is thought to rely on car-
bon dioxide evolved from bacterial metabolism of organic car-
bon compounds. In aqueous conditions, the resulting presence
of dissolved inorganic carbon (DIC), that is, the sum of carbonic
acid, bicarbonate and carbonate ions, can cause the formation of
calcium carbonate when high concentrations of calcium ions are
provided (Equations 1-3) (Hoffmann et al. 2021; Schreiberova
et al. 2019; Mondal and Ghosh 2019).

CO, + H,0 — H,CO, )
H,CO, < HCO,™ + H* @
Ca®* + HCO,™ — CaCO, + H* ©)

It has also been proposed that active maintenance of a physiolog-
ical calcium balance in the bacteria could play a role (Hammes
and Verstraete 2002). Intracellular calcium concentrations are
estimated to be in the range of 0.1-0.3uM, which is 1000-fold
less than typically found outside the cell, especially in MICP
conditions (Norris et al. 1996; Dominguez 2004). In such high
calcium environments, passive influx will lead to an accumu-
lation of intracellular calcium. This is potentially damaging to
the bacteria, which likely counteract the influx by using active
exporters, for example, Ca?*-ATPases, to reduce intracellular
calcium concentrations to physiological levels. It has been theo-
rised that such active export could lead to a localised accumula-
tion of calcium ions near the cell surface, where they could react
with the DIC from the bacterium's carbon metabolism to form
calcium carbonate minerals (Hammes and Verstraete 2002).

Taking these contributing components of bacterial metabo-
lism together shows that non-ureolytic MICP is a much more
complex process than ureolytic MICP. To understand how bio-
mineralisation occurs and to design effective applications, it is
essential to gain detailed mechanistic insights. This involves
studying the metabolic properties of non-ureolytic MICP bacte-
ria. Additionally, it is important to understand how carbon and
calcium metabolism are linked to mineral formation, both on a
physiological and genetic level.

In this study, we set out to address this question by investigat-
ing the links between carbon metabolism and MICP in a subset
of our previously isolated environmental, non-ureolytic MICP
strains (Reeksting et al. 2020). Development of a defined me-
dium based on acetate as the main carbon source allowed us
to show that, in some species, carbon catabolism indeed was
directly correlated with calcium carbonate formation. Whole
genome sequencing of five isolates was used to identify candi-
date genes that may be involved in a physiological link between
carbon metabolism, calcium detoxification and MICP. For the
most MICP-active isolate, Solibacillus silvestris CGN12, we
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could show that calcium addition caused increased expression
of genes for both acetate metabolism and calcium detoxifica-
tion. To investigate this further, an initial system for the genetic
modification of S. silvestris CGN12 was developed to delete a pu-
tative calcium binding protein and assess its impact on MICP.
Overall, our data provide insights into the mechanisms of non-
ureolytic MICP and experimental evidence that carbon catab-
olism and potentially calcium detoxification directly influence
biomineralisation.

2 | Results

2.1 | Calcium Carbonate Precipitation Using
Acetate as a Carbon Source

From a metabolic perspective, ureolytic MICP is straightforward
to understand, being largely linked to the hydrolysis of urea to
carbonate and ammonia through the activity of the enzyme
urease (Stocks-Fischer et al. 1999). For non-ureolytic MICP, the
metabolic mechanisms leading to biomineralisation are far less
clear. Past studies have mainly used yeast extract-based media
for assessing the ability for MICP and the quantity of calcite
minerals formed during the growth of non-ureolytic bacteria,
for example, the model MICP species Alkalihalobacillus pseudo-
firmus (formerly Bacillus pseudofirmus) and Sutcliffiella cohnii
(formerly Bacillus cohnii) (Justo-Reinoso et al. 2021). While
growth in such complex media leads to reliable production of
biomass and, in the presence of calcium ions, calcite formation,
it does not provide insights into specific metabolic pathways
used by the bacteria, for example, linking carbon metabolism to
calcite formation.

To address this, we set out to develop a more defined growth
medium that would allow meaningful comparisons between
the performance of model species and uncharacterised envi-
ronmental strains during growth on a specific carbon source.
We focussed on the non-ureolytic environmental species
from a previously assembled strain collection, most of which
belonged to the genus Bacillus or close relatives (Reeksting
et al. 2020). Furthermore, we based the growth medium on the
composition of CSE medium, a chemically defined medium
commonly used to grow B. subtilis (Commichau et al. 2008),
but with modifications as detailed in the Methods section. In
brief, the medium contained a low amount of yeast extract
to serve as a source for essential amino acids, vitamins and
trace elements. As the carbon source, we selected acetate be-
cause this, as well as lactate, are the only two defined car-
bon sources routinely used in the application of non-ureolytic
MICP in cementitious materials and would therefore ensure
material compatibility (Justo-Reinoso et al. 2021). Initial ge-
nomic analysis suggested that not all of our isolates would be
able to use lactate as a carbon source, leading us to select ac-
etate. We named the final medium YA (for yeast extract and
acetate) or YAC (yeast extract, acetate, calcium) medium. For
routine assays, sodium acetate was provided at a concentra-
tion of 100 mM, with additional provision of 100 mM calcium
nitrate where MICP was to be tested.

In preliminary tests, this medium was able to support robust
growth of many of the initially selected isolates. Of these, we

TABLE 1 | Overview of environmental isolates used for MICP

analysis.
Temperature
Strain Species?® preference Reference
BA32 Metabacillus Mesophilic (Reeksting
dongyingensis et al. 2020)
BA41 Brevibacillus
choshinensis
BA42 Brevibacillus
frigoritolerans
BA43 Bacillus
idriensis
CG7-2 Lysinibacillus
varians
CGN12 Solibacillus
silvestris
CGN14  Jeotgalibacillus
sp.
PD1-1 Bacillus
licheniformis
UBN2 Bacillus
frigoritolerans
UBN3 Solibacillus
isronensis
Psy5 Peribacillus Psychrotrophic ~ This study
simplex

2Identified via 16S rDNA sequencing or available full genome sequences.

chose 10 for further analysis (Table 1). These bacteria all showed
mesophilic growth at 30°C. For some applications of MICP out-
side the laboratory, it is, however, likely that bacteria with a lower
temperature growth optimum are required. To this end, we re-
peated the isolation procedure described previously (Reeksting
et al. 2020), but incubated the cultures at 7.5°C. One of the iso-
lates obtained from this (strain Psy5), which could grow well in
YA medium and showed robust psychrotrophic growth between
7.5°C and 20°C, was selected for further analysis and included
in our list of study species (Table 1). Finally, we included the two
model species for non-ureolytic MICP, A. pseudofirmus and S.
cohnii, for comparison and to provide a performance baseline.

For this selection of 13 strains, we assessed which species were
capable of MICP using 100 mM acetate as a carbon source. The
mesophilic isolates as well as A. pseudofirmus and S. cohnii
were grown at 30°C for 6 days, while the psychrotrophic bac-
terium Psy5 was grown at 10°C for 12days due to its slower
growth rate. After this time, the amount of precipitated cal-
cium carbonate was quantified. This showed that all tested
species could precipitate calcium carbonate under the chosen
growth conditions (Figure 1A). The amount of calcium car-
bonate formed ranged from 20 mM in isolate CGN14 to 60 mM
in isolate Psy5, with the two model species falling approxi-
mately in the middle of this range. Comparing these values
to the theoretical maximal formation of calcium carbonate
(100 mM), based on the amount of calcium salt provided in the
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FIGURE 1 | Comparison of calcium carbonate precipitation in YAC medium. A. pseudofirmus, S. cohnii and 11 environmental isolates were
grown in YAC medium containing 100 mM calcium nitrate and either (A) 100mM or (B) 200 mM sodium acetate. All cultures were grown for 6 days
at 30°C except Psy5, which was grown at 10°C for 12days, at which time the calcium carbonate precipitate was harvested and quantified. Numbers
above the columns show the mean of calcium carbonate in mM harvested from 2 to 3 biological repeats. Error bars are the standard deviation of the
mean. Results of statistical comparison of data in panel B to data in panel A for each strain by Student's ¢-test are shown as * for p<0.05 and ** for
p<0.005. The horizontal line visualises the theoretical maximum of calcium carbonate precipitation based on 100mM available calcium nitrate.

Results are shown as the mean and standard deviation from three biological repeats.

growth medium, showed that only about half of the calcium
became biomineralised in these experiments. This suggested
that MICP activity was limited by an unknown factor under
the chosen conditions.

A likely candidate for the limiting factor was the provision of
the carbon source, because metabolic activity under aerobic
conditions should convert acetate to CO,, resulting in an in-
creased concentration of DIC, one of the requirements for cal-
cium carbonate formation (Talaiekhozan et al. 2013). To test if
this was the case, the concentration of acetate was doubled, and
the experiment was repeated under otherwise identical condi-
tions (Figure 1B). Upon doubling the acetate concentration in
the medium, the environmental strains BA32, CGN12 and Psy5
showed a strong and significant increase in calcium carbonate
production, precipitating all of the available calcium. The strains
PD1-1 and UBN2 also showed a moderate increase in calcium
carbonate production, while the remaining strains did not show
a significant increase.

Apart from demonstrating that the MICP efficiency in the
initial experiment for some strains indeed had been limited
by the provision of the carbon source, these results showed
that increasing the acetate concentration had different effects
across the bacteria tested. In CGN12, BA32 and Psy5, dou-
bling the acetate concentration doubled the MICP yield, sug-
gesting a directly proportional relationship between carbon
source and biomineralisation. At the other extreme, MICP by
BA43 and S. cohnii was not affected by changing the acetate
concentration. In these species, it appears that MICP was not
immediately linked to the breakdown of this carbon source,
even though in all tested cultures no acetate was detectable by
the end of the experiment, showing that the organisms were
able to consume the provided carbon source. Elucidating the
exact reasons for this was beyond the scope of this study, but
it is plausible that the precipitation activity of each species

might be improved by optimising the provision of nutrients
depending on specific needs.

2.2 | Acetate Metabolism as a Means
of Controlling Calcite Precipitation

To further explore the relationship between acetate concentra-
tion and calcium carbonate precipitation, we decided to focus
on the three strongest precipitators, CGN12, BA32 and Psy5,
as well as the better-understood model species A. pseudofirmus
and S. cohnii. HPLC analysis of culture supernatants from day 6
post-inoculation (12 days for Psy5), as in the experiments shown
in Figure 1, had not shown any detectable acetate remaining,
indicating the carbon source had been consumed completely at
some point during the incubation time. Hence, we reduced the
growth time to 3days (6 days for Psy5) so that the rate of acetate
utilisation could be determined.

Precipitation profiles were produced at different calcium nitrate
concentrations (either 50 or 100mM) while keeping the acetate
concentration fixed at 100mM. As a general trend, changing
only the calcium nitrate concentration appeared to have lit-
tle effect on the precipitation of calcium carbonate (compare
black hatched to black solid bars in Figure 2A). To test if ac-
etate was again the limiting factor, we doubled the amount of
acetate (200mM; Figure 2A, blue bars). Increasing the acetate
concentration in the presence of 50mM calcium salt had no
effect (compare blue hatched to black hatched bars), showing
that here MICP was limited by the provision of calcium ions.
For A. pseudofirmus, S. cohnii and Psy5 grown in the presence
of 100mM calcium nitrate, there were no obvious changes in
precipitation patterns compared to the lower acetate concen-
tration (Figure 2A, blue vs. black bars). However, for BA32 and
CGN12, doubling the acetate concentration led to increased
precipitation at higher calcium concentrations. This effect was
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Comparison of calcium carbonate precipitation and acetate consumption between strains. Strains were grown in YAC medium

with varied concentrations of acetate and calcium for 3days at 30°C for all strains except Psy5, which was grown for 6 days at 10°C. A100=100mM,

A200=200mM sodium acetate; C50 =50mM, C100=100mM calcium nitrate. (A) Quantification of calcium carbonate precipitation at the end of

the experiment. Horizontal lines indicate the theoretical maximal calcium carbonate precipitation at 50 mM (thin dashed line) and 100mM (thick

dashed line) calcium nitrate. (B) Acetate consumption (in mM) by the end of the experiment determined via HPLC analysis. Horizontal lines indicate

the theoretical maximum amount of acetate utilisation at 100 mM (thin dashed line) or 200mM (thick dashed line) initial sodium acetate provision.
Results are shown as the mean and standard deviation from three biological repeats.

most pronounced for CGN12, where the amount of precipitated
calcium carbonate almost doubled with the increase in ace-
tate (Figure 2A, blue hatched vs. blue solid bars). These data
confirmed that there was a direct connection between acetate
provision, calcium concentration and the amount of calcium
carbonate biomineralisation in CGN12 and BA32.

To directly link the increases in precipitation with acetate con-
sumption, acetate usage by each species under the chosen con-
ditions was determined (Figure 2B). S. cohnii showed similar
levels of acetate utilisation at 100 and 200mM, not increasing
usage in response to higher acetate levels, and also calcium
concentration had no impact on acetate consumption. Acetate
utilisation in A. pseudofirmus increased slightly, but not propor-
tionally, when more acetate was available (Figure 2B, orange vs.
black bars). At lower acetate concentrations, calcium showed
a slight inhibitory effect on acetate consumption by this bac-
terium (83 vs. 63mM used); however, this effect was not pres-
ent at the higher acetate concentration (107 vs. 108 mM used).
When provided with 100 mM acetate, CGN12 consumed almost

all of the available acetate (96 mM used), which was unaffected
by different calcium concentrations. By doubling the avail-
able acetate, acetate usage was nearly doubled (163 mM used),
showing that this species’ metabolism was exclusively limited
by carbon source provision in the YA medium. Increasing the
calcium concentration led to a further small increase in acetate
consumption by CGN12 (184 mM used). BA32 showed a similar
pattern of usage to CGN12, degrading almost all of the available
acetate (89-96mM used) when 100mM was provided. Similar
to CGN12, at the higher acetate concentration, doubling the
calcium concentration also stimulated acetate consumption by
BA32 (106 vs. 145mM used).

These data supported our earlier observation that calcium pre-
cipitation by BA32 and CGN12 was directly driven by acetate
consumption, while in the other species further aspects must be
involved that are not easily explained with C- and Ca?*-source
availability. Particularly in CGN12, it appeared that optimal bio-
mineralisation required a two-fold molar excess of acetate over
calcium. A possible explanation for this seemingly fixed ratio
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could be the provision of DIC from acetate metabolism, which
can then react with available calcium ions to form calcium car-
bonate minerals. This point is discussed further below.

Interestingly, Psy5, which had shown a clear acetate-dependency
of biomineralisation when tested over the original 12-day period
(Figure 1), did not demonstrate such an effect over the shorter
incubation period used here. When provided with 100mM cal-
cium salt, it only produced about half the amount of theoretically
possible mineral, regardless of how much acetate was provided
(Figure 2A). Consistent with this, quantification of acetate
consumption also showed no change between the four growth
conditions (Figure 2B). It is likely that the lower incubation
temperature and much slower growth of this species impacted
its metabolism and biomineralisation in a way that halving the
incubation period did not allow the completion of either acetate
consumption or calcium carbonate formation.

To further investigate the links between acetate metabolism
and calcium carbonate biomineralisation, we focused on the
environmental isolate CGN12 and the model species A. pseudo-
firmus for the rest of this study. The rationale for this selection
was that CGN12 showed the strongest link between acetate
consumption and MICP, while A. pseudofirmus at least showed
a small increase in biomineralisation at the elevated acetate
concentration.

2.3 | Differences in Precipitation Kinetics
Between Species

To gain a better understanding of the link between acetate
metabolism and biomineralisation on a temporal scale, we
next determined the precipitation kinetics for CGN12 and A.
pseudofimus. Both species were inoculated into YAC medium
containing 100mM calcium nitrate and either 100 or 200 mM
sodium acetate, and cell growth as colony forming units per
mL~! (CFU/mL), remaining acetate concentration and amount
of precipitated calcium carbonate were determined after 1, 2, 3
or 6days of incubation (Figure 3).

100 mM Acetate

In agreement with our previous observations, CGN12 pre-
cipitated calcium carbonate depending on the available ace-
tate, reaching maximal levels when all acetate was consumed
(Figure 3, orange symbols). This was after 2days in the cultures
with 100mM acetate, after which precipitate amounts no lon-
ger increased. At the higher acetate concentration, the sub-
strate was only fully consumed by Day 6, and accordingly, more
mineral precipitate was formed until that time point. For A.
pseudofirmus, acetate consumption was generally slower than
for CGN12, requiring 3days to consume the 100mM concen-
tration, and residual amounts were still detectable after 6days
when 200mM were initially provided (Figure 3, grey symbols).
As with CGN12, mineral production reached the highest levels
at the time point where acetate was completely consumed, al-
though overall lower levels of biomineralisation were observed
(approx. 40% of the theoretical maximum) with no increase ob-
served at higher starting acetate concentrations, consistent with
the earlier assays.

Because acetate serves as a general carbon source in the me-
dium, we needed to ensure that the apparent beneficial effect of
acetate on calcium precipitation by CGN12 was not simply due
to a general improvement of growth when more carbon source
was available. To this end, we determined the Monod constant
for CGN12 growth on acetate, that is, the concentration that
supported the half-maximal exponential growth rate, akin to
Michaelis—-Menten kinetics of enzymes (Pirt 1975). This resulted
in values of K;=69mM (Monod-constant) and x,;,,=1.04h™"
(maximal theoretical growth rate) (Figure S1), showing that
both 100 and 200 mM acetate were considerably higher than the
Monod constant, and only a marginal increase in growth should
be expected from this change in concentration.

Interestingly, in both species, cell growth (detected as viable cell
counts) plateaued already after Day 1 of incubation, at a time
when acetate was still available and still being consumed. Cell
growth was therefore limited by something other than the car-
bon source, while biomineralisation in CGN12 appeared only to
be determined by the availability of sufficient acetate. Consistent
with this observation, in both species, biomineralisation was
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FIGURE3 | Precipitation kinetics of A. pseudofirmus and CGN12. Viable cell counts (CFU/mL), calcium carbonate precipitation and acetate con-
sumption for A. pseudofirmus and CGN12 grown in YAC medium at different concentrations of sodium acetate were monitored over 6days at 30°C

with shaking (140 rpm). The concentration of calcium nitrate was fixed at 100mM. Data are shown as mean and standard deviation of the mean for

three biological replicates.
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minimal after 1day and continued to increase with longer in-
cubation. This showed that mineral formation was linked to
acetate catabolic activity, but not active cell growth, which is
addressed in more detail next.

2.4 | Acetate Drives MICP in Stationary Phase
Cells of S. silvestris CGN12

The observation that the majority of calcium carbonate forma-
tion occurred during the stationary growth phase of CGN12
next prompted us to investigate biomineralisation specifically
in this growth phase. This setup would allow us to track only
acetate consumption and mineral formation, while cell counts
and therefore biomass were held approximately constant. To
this end, we inoculated five parallel small flask cultures with
CGN12, each containing 50mL of YA medium (180 mM sodium
acetate), and allowed the cultures to reach the stationary phase
after 24h of incubation. At this point, 100mM calcium nitrate
was added to each flask and incubation continued for another
24h. For each time point, one entire culture was harvested to
quantify precipitated calcium carbonate, viable cell counts
(CFU/mL) and the remaining soluble calcium and acetate con-
centrations (Figure 4).

As seen before in the precipitation kinetics tests, at entry into the
stationary phase (24h time point), the majority of the provided
acetate remained, and acetate consumption proceeded at a steady
rate over the following 24h, while cell counts remained stable
(Figure 4, orange and black symbols). Interestingly, the concentra-
tion of soluble calcium showed a similarly steady decrease over the
incubation period as for acetate. At the same time, we observed a
gradual increase in insoluble CaCO, mineral (Figure 4, blue open
and closed symbols). The appearance of the mineral accurately
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FIGURE 4 | Acetate-driven biomineralization in stationary phase
cells of S. silvestris CGN12. Cells were grown in five parallel flasks in
YA medium with 180 mM acetate for 24 h to reach stationary phase. At
this point, 100mM calcium nitrate was added aseptically, and the cul-
tures were incubated for a further 24h. At4, 8, 12 and 24 h after the ad-
dition of calcium nitrate, one entire flask was harvested and precipitat-
ed calcium carbonate, viable cells (CFU/mL), and the concentrations of
soluble calcium and acetate were quantified. Results are shown as mean
and standard deviation from two biological repeats.

accounted for the amount of soluble calcium that had disappeared
from the medium, with between 92% and 97% of total calcium re-
covered at each time point. As a negative control, an uninoculated
control flask was also tested for precipitation after the addition of
calcium nitrate. The slightly alkaline pH of the medium resulted
in the production of 1.6mM (£0.1) calcium carbonate over the
same 24 h period, which was negligible compared to the biological
formation of mineral in the bacterial cultures.

The consistent rate of reduction in both acetate and soluble
calcium concentrations during the time-course of this experi-
ment suggested that the bulk of the provided acetate was needed
during the stationary phase and that at least some of the carbon
from acetate degradation likely went towards calcium carbonate
production via the formation of DIC.

2.5 | The Yeast Extract Component of YAC
Medium Does Not Significantly Contribute to
Biomineralisation

So far, we had assumed that the yeast extract in the growth
medium did not significantly contribute to DIC provision. To
confirm this, the individual contributions of acetate or yeast ex-
tract to the precipitation of calcium carbonate were assessed in
resting cell assays with CGN12. This format was necessary be-
cause CGN12 was unable to grow in the defined medium when
yeast extract was omitted, but it could maintain viability if cells
pre-grown in YA medium were resuspended to high densities
(OD¢,,=4) in a solution that corresponded to YAC medium
(50mM calcium nitrate) but missing the yeast extract compo-
nent. Following incubation for 3days, cell viability was deter-
mined as CFU/mL, acetate consumption quantified by HPLC,
and the precipitate harvested and quantified (Table 2).

When the cells were provided with calcium nitrate and yeast ex-
tract but no acetate, no precipitation was observed after 3days,
demonstrating that neither the small amount of yeast extract
present in the YAC medium nor carbon dioxide from the atmo-
sphere was contributing relevant amounts of DIC for calcium
carbonate precipitation. Hence, under the conditions tested,
CGN12 appears to only use the carbon from acetate metabolism
for calcium carbonate precipitation.

Where acetate was present, CGN12 was able to consume the en-
tire provided carbon source during the 3days of incubation. This
acetate consumption did not result in further cell growth because
viable counts were slightly lower than where no acetate was pro-
vided (Table 2). Instead, acetate again appeared to be the limiting
factor for the precipitation of the provided calcium nitrate, closely
recapitulating the earlier results from cells actively grown in YAC
medium. As before, a twofold molar excess of acetate over calcium
was required for complete precipitation because at 50mM acetate,
only approximately half the calcium was recovered as CaCO,,
whereas it was nearly completely precipitated at 100mM acetate
(Table 2). Further comparison of CaCO, production to acetate con-
sumption showed that under both conditions the ratio of carbonate
to acetate was almost identical at 0.48 (Table 2). Given that acetate
is a C,-compound, this implies that approximately 25% of the car-
bon from acetate seemed to go consistently towards mineral for-
mation, regardless of the initial amount of acetate provided.
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TABLE 2 | Resting cell precipitation assay of CGN12 under different concentrations of acetate.

Average cell count at end CaCO, produced Acetate utilised Stoichiometry
Acetate (mM)? of assay (CFU/mL)® (mM) (mM) (CaCO,: acetate)
ob 4.50E+08 0.0 (+0.0) 0.0 (+0.0) —
50 1.30E+08 23.8 (£1.5) 49.1 (£3.0) 0.48 (+0.01)
100 3.00E+07 47.5 (+0.5) 102.4 (£5.1) 0.47 (£0.02)

2Medium composition corresponded to YAC medium with 50 mM calcium nitrate but without the yeast extract component.

YA base medium with 0.2% yeast extract provided as the sole carbon source.

“Cells were resuspended to a starting OD, =4, corresponding to viable cell counts of approximately 5x 108 to 2x 10 cfu/mL on Day 0. The end-point of the assay was

Day 3.

2.6 | Acetate as the Main Carbon Source in
Self-Healing Concrete

As MICP in CGN12 can be driven by the provision of acetate in
laboratory culture, we next wanted to test if acetate could be used
as the main carbon source in an applied setting. To this end, the
performance of CGN12 and the non-ureolytic model MICP bacte-
rium A. pseudofirmus were assessed in self-healing cement mor-
tars using the previously established standard procedure (Tan
et al. 2023). In brief, spores were produced for each strain and then
encapsulated in lightweight aggregate as described in materials
and methods. Encapsulated spores were cast into mortars with so-
dium acetate, calcium nitrate and trace amounts of yeast extract as
nutrients dissolved in the mixing water, with concentrations cor-
responding to YAC medium composition. Mortars containing the
same nutrients but no added spores (‘Control’) and plain mortars
containing neither nutrients nor bacteria (‘Reference’) were pro-
duced for comparison. Once hardened, mortars were cured and
then cracked under 3-point bending to obtain a target crack width
of ~0.5mm. Following this, they were semi-submerged in tap
water at room temperature and the self-healing process monitored
over 8weeks (Figure 5A).

Autogenous healing in the reference mortars containing stan-
dard components only was minimal, with 1%-3% crack area
reduction over the 56-day period. Some self-healing (23%-25%)
was observed in the control mortars, where nutrients but no
bacteria were added. This is a common observation in these ex-
periments, as self-healing is not tested under sterile conditions,
and environmental bacteria are likely to facilitate low levels of
healing using the nutrients and additional calcium ions pro-
vided (Tan et al. 2020). Mortars containing A. pseudofirmus
spores showed a lower percentage of crack healing than the con-
trol mortars (13% after 56days), consistent with the low MICP
activity of this strain when grown on acetate as the main car-
bon source. In contrast, CGN12 displayed greater crack healing
than the control after 7days (39%), although this subsequently
reduced to 23% after 56 days (Figure 5A,B).

While quantification of the decrease in crack area between sam-
ples is a useful tool for monitoring the early stages of crack heal-
ing, it can only give visual information of the crack surface but
cannot account for healing product formed at the depth of the
crack (He et al. 2023). The main aim of using biomineralisation
in self-healing concrete is to re-establish the water tightness of
the structure, which is lost when microcracks form, in turn lead-
ing to corrosion of internal steel reinforcements and eventually

structural failure. To assess self-healing performance, water
flow assays can test the restoration of watertightness in cracked
mortars, which can be mediated by healing product at both crack
surface and deeper in the fissure. When we tested our mortars
after 30 and 56days of healing, reference mortars (which con-
tained no nutrients, calcium or spores) showed almost no recov-
ery of watertightness of 1%-3% (Figure 5C), consistent with the
crack area reduction data. Control mortars, which contained
nutrients and calcium but no spores, showed up to 27% recov-
ery of watertightness after 56days, likely due to the activity of
environmental bacteria, as mentioned above. While mortars
containing A. pseudofirmus spores showed a high degree of vari-
ability between duplicates and only barely surpassed the control
specimens, samples containing CGN12 achieved the greatest re-
covery of water tightness, averaging 69% after 30days and 70%
after 56 days (Figure 5C).

Taken together, these results show that CGN12 can provide self-
healing properties and restoration of water tightness when cast
into cement mortars and provided with acetate as the main car-
bon source.

2.7 | The Genetic Basis for Variation in Calcite
Precipitation Between Species

The experimental evidence presented so far suggested that non-
ureolytic MICP, at least in some bacteria, is driven by cellular
metabolism of carbon sources such as acetate. To explore if the
differences between species observed in the precipitation assays
could be explained by differences in the metabolic enzymes
each species possessed, a targeted genomic comparison was per-
formed. For this, we primarily focused on genes that were an-
notated as being involved in acetate metabolism. Additionally,
we were interested in genes encoding putative calcium binding
domains that could be exposed on the cell surface and might in-
fluence MICP, positively or negatively, via either creating a local
calcium enrichment or sequestration of calcium ions.

To this end, we returned to the five strains from our initial set
that showed a positive effect on MICP via increasing the acetate
concentration: CGN12, BA32, PD1-1, UBN2 and Psy5 (Figure 1).
Genomic sequences for these strains were obtained through a
combination of Illumina short-read sequencing and Oxford
Nanopore long-read sequencing. The high-fidelity short-read se-
quences were assembled using the long-read sequences as scaf-
folds, leading to nearly closed (2-12 contigs) draft genomes for

8 0of 19

Environmental Microbiology, 2025

85USD17 SUOLULLOD BAITER.D 3|ed!jdde 3Ly Aq peusenob @8 sap1e YO (88N J0 S9N 104 ARIQIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWRIALIOD" AB] 1M ARRIq1[BU1IUO//SHRL) SUORIPUOD PUe SWIB 1 8U) 89S *[9202/90/92] U0 ARIqIT8uUIUO AW ‘ZURIN SPUIONQIGSEISBAIUN A £600L 0262-297T/TTTT OT/I0P/WO00"A8|IM AXe1d U1 JUO'S UMD [-0.0IWI01IAUS//SURY WO PAPEOIUMOQ ‘Y ‘S2OZ ‘0262297 T



A
5 o
= P
3 3
B c
%
<1009 2 Day 7 §1OO_Day7
g 80 H Day 56 2 go- I Day 56 g9 70
g 60 = 60
. 39 T 60-
3 23 %° E
Z 404 < 40-
S 11 13 R
S 20 3 20—
Q 1 3 3 1 3
> 0 4 04
2
0@ &0\ \{9 ;\(1/ OQJ \O\ 09 ,\(1/
QO 2 QS s X
« & S & & & &i\\‘@ &
? o ? o
‘Q‘b ‘QG)
» »

FIGURE5 | CGN12 efficiently seals cracks in mortar prisms. (A) Crack closure in control and CGN12-containing mortars with acetate provided

as the main carbon source. Pictures were taken as a top-down view onto the surface of the specimen. A representative mortar sample is shown im-
mediately after cracking and then after 7 and 56 days of healing. Digital rendering of the crack areas is shown to the right of each sample with the cal-
culated percentage in crack area reduction shown above. Cracks were marked with blue pen to allow the same region to be monitored over time. Due
to the limited imaging area of the microscope, images were manually assembled from multiple photographs of overlapping sections of the specimen.
(B) Crack healing in mortars shown by average % area reduction of cracks from digitally rendered images of duplicate samples. (C) Crack healing in
mortars shown by average % recovery of watertightness determined by water flow tests in duplicate samples. Each dataset in panels B and C contains
reference samples (no nutrients, calcium or spores), control samples (nutrients and calcium, but no spores) and samples containing nutrients, calcium

and either A. pseudofirmus or CGN12 spores.

these new isolates (Table S3). Published sequences for A. pseudo-
firmus and S. cohnii were obtained from NCBI (https://www.
ncbi.nlm.nih.gov/) for comparison.

To analyse the gene content for acetate metabolism, we focused
on genes encoding the enzymes of the tricarboxylic acid (TCA)
cycle, as well as the enzymes needed to activate acetate for entry
into the TCA cycle (Figure 6A). For each of the seven species
analysed, we identified the presence or absence of the gene using
the KEGG database and determined the copy number for each
gene (Table 3, Table S4). In all analysed genomes, genes for the
core metabolic pathway for acetate degradation via the TCA cycle
were consistently present. All genomes included 2-3 copies of a
gene encoding Acetyl-CoA-Synthase (ACS, EC 6.2.1.1), needed
to feed acetate into the TCA cycle for degradation. Interestingly,
however, the genome of CGN12 also contained a gene for an
ADP-forming ACS (EC 6.2.1.13), which is normally only found
in archaea. At the same time, its genome was the only one to lack

genes for the enzymes phosphate transacetylase (PTA) and ace-
tate kinase (ACK), encoding the enzymes used by most bacteria
to produce acetate as a metabolic end product. These differences
may suggest the presence of a unique acetate metabolism in this
strain.

Another observation in the acetate metabolic genes was the
presence of a gene encoding a putative succinyl-CoA:acetate
CoA transferase (SAT, EC 2.8.3.18) in several of the analysed
species (Figure 6A, Table 3, Table S4). This enzyme is in-
volved in heterotrophic growth on acetate using a modified
TCA cycle where conversion of succinyl-CoA to succinate is
coupled to activation of acetate to acetyl-CoA in a single enzy-
matic reaction and with the expenditure of only a single ATP-
equivalent (Pettinato et al. 2022). S. cohnii, Psy5 and UBN2
both possess one copy of such a gene, while CGN12 harbours
two, highlighting yet another unique feature of its acetate
metabolic genes.
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In addition to acetate metabolism, we were also interested
in the differences in calcium binding proteins between our
strains. Table 4 and Table S5 show the copy number and
locus tags, respectively, of genes for selected calcium binding
proteins: Excalibur domain proteins, which have a calcium
binding motif but an unknown function (Rigden et al. 2003),
as well as an F-type and a P-type calcium binding ATPase
thought to be involved in calcium homeostasis through ex-
port (Norris et al. 1996). All analysed species possess a single
copy of each gene encoding the two calcium ATPases. Genes
coding for an Excalibur domain protein are present in BA32,
CGN12, PD1_1 and UBNZ2, but such a gene is absent from A.
pseudofirmus, S. cohnii and Psy5. Thus, in addition to differ-
ences in acetate metabolism, we also detected notable differ-
ences in calcium binding proteins that are likely to be surface
exposed. Given that acetate metabolism provides DIC, and
calcium binding proteins may affect the local concentration of
calcium ions near the cell surface, it is conceivable that these
genomic differences contribute to the differing MICP proper-
ties of the analysed strains.

2.8 | The Effect of Calcium on the Gene Expression
of Metabolic Enzymes and Calcium Binding
Proteins

To better understand the role of the identified acetate metabo-
lism and calcium binding domain encoding genes for MICP in
CGN12, we determined the expression levels of some of these
genes under MICP-conditions using quantitative reverse tran-
scriptase PCR (QRT-PCR). As the earlier experiments had shown
that acetate-driven MICP by CGN12 occurs mostly in station-
ary phase, we here created the relevant condition by exposing
stationary-phase cells to a calcium stimulus (100mM calcium
nitrate) for 30min. Untreated cells served as the control. The
genes of interest were those encoding the two distinct types of
ACS enzymes (gene locus AB1K09_14095 for EC 6.2.1.1 and
locus AB1K09_11545 for EC 6.2.1.13), one of the genes encod-
ing an SAT (gene locus AB1K09_18240), the P-type Calcium
binding ATPase (gene locus AB1K09_00890) and one of the
Excalibur domain proteins. For the latter, the gene with locus tag
AB1K09_06620 was chosen, which contains only an Excalibur
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FIGURE 6 | Genomic comparisons of isolated species and changes in gene expression in CGN12. (A) Similarities and differences in how acetate

can feed into the TCA cycle in selected species. ACS, Acetyl-CoA-Synthetase, showing two types of the enzyme, one forming AMP and the other

forming ADP during the reaction; ACK, Acetate kinase; PTA, Phospho-transacetylase, SAT, Succinyl-CoA:Acetate CoA transferase. (B) Changes of

gene expression in CGN12 upon calcium challenge, determined by RT-qPCR. X-fold changes were calculated using the Pfaffl equation from biolog-

ical duplicates and using the rpoB’ gene as internal standard. Samples were taken before and 30 min after the addition of 100mM calcium nitrate to
stationary phase cells to mimic MICP conditions. *, p <0.01; **, p <0.0001; ns, not significant in two-sided Student's t-test.

TABLE 3 | Genomic comparison of the number of acetate and TCA cycle-related genes in the selected species.?

Acetyl-CoA Acetyl-CoA Succinyl-CoA:
synthetase synthetase Acetate Phosphate acetate CoA
Organism (AMP-forming) (ADP-forming) kinase acetyltransferase transferase
A. pseudofirmus 3 — 1 1 —
S. cohnii 3 — 1 1 1
BA32 2 — 1 1 —
CGN12 2 1 — — 2
PD1_1 3 — 1 1 —
Psy5 2 — 1 1 1
UBN2 2 — 1 1 1

2For details of the locus tag for each identified gene, please refer to Table S4.
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TABLE 4 | Genomic comparison of the number of selected calcium
homeostasis-related genes in the selected species.?

Excalibur F-type P-type
domain Ca%* Ca?*

Organism proteins ATPase ATPase
A. pseudofirmus — 1 1
S. cohnii — 1 1
BA32 2 1 1
CGN12 2 1 1
PD1_1 1 1 1
Psy5 — 1 1
UBN2 1 1 1

2For details of the locus tag for each identified gene, please refer to Table S5.

domain, whereas the second gene (AB1K09_02315) encodes a
protein with an Excalibur, S-layer homology and metallo-beta-
lactamase domains, which makes it more difficult to predict its
potential function. As a constitutively expressed reference gene,
the housekeeping gene rpoB’ encoding the ' subunit of RNA
polymerase was used.

As expected, addition of calcium led to an increase in expression
of the genes putatively involved in calcium export or binding,
with the level of the P-type calcium ATPase gene increasing
5.9-fold and the Excalibur domain gene 5.8-fold compared to
the untreated sample (Figure 6B). The upregulation of the ATP-
dependent calcium transporter upon calcium addition poten-
tially reflects a need of the cell to remove excess calcium ions
that passively entered the cytoplasm through active export. The
role of the Excalibur domain protein is less clear and is discussed
in more detail below.

Interestingly, both of the ACS-encoding genes showed an in-
crease in expression, 3.5 and 9.5 times higher, respectively, in the
treated condition compared to the untreated sample (Figure 6B).
The SAT, presumably involved in a modified TCA cycle, did not
show any significant increase in expression in the presence
of calcium and may therefore either play a minor or constitu-
tive housekeeping role in acetate degradation. These findings
suggest an increase in acetate catabolic activity in response to
calcium, which may be required to meet the increased energy
demand from the upregulation of the ATPase. Such an upreg-
ulation of acetate degradation could potentially explain the
slightly higher degree of acetate consumption we had observed
for CGN12 when grown in high-calcium conditions (Figure 2B).

2.9 | Deletion of the Putative Calcium-Binding
Excalibur Domain Protein in S. silvestris CGN12

Our RT-qPCR data showed a clear upregulation of a gene encod-
ing a putative calcium-binding Excalibur domain protein (locus
tag AB1K09_06620) upon a calcium stimulus. Structure predic-
tions using Alphafold 3 (Abramson et al. 2024) show that the pro-
tein almost exclusively consists of a calcium binding domain, in
which all residues of the typical binding motif of DxDxDGxxCE

are present and suitably oriented to bind the predicted Ca?* ion
ligand (Figure S2; Rigden et al. 2003). The protein sequence also
contains the two fully conserved cysteine residues that charac-
terise Excalibur-domains and likely act as structural constraints
through disulphide bond formation (Rigden et al. 2003). The N-
terminal end of the protein is predicted to be unstructured and
to contain a signal peptide, which is another common feature
of Excalibur-domain proteins (Figure S2C; Rigden et al. 2003).
The molecular function of this protein or indeed Excalibur do-
mains in general is not yet known, other than that this domain
typically occurs in surface-exposed proteins of bacteria and has
similarity to the typical calmodulin-like EF-hand Ca?* binding
domains (Rigden et al. 2003). The structure prediction of the
S. silvestris CGN12 Excalibur-domain protein therefore is con-
sistent with its annotation as an extracellular calcium binding
protein.

To further investigate this gene's putative role in MICP or cal-
cium homeostasis, we generated an unmarked deletion of the
excalibur gene (Aexc) in CGN12 via double homologous recombi-
nation. To this end, the well-established vector pMAD, possess-
ing a temperature-sensitive origin of replication and used for the
construction of unmarked gene deletions in B. subtilis (Arnaud
et al. 2004), was modified with an origin of transfer (oriT) from
plasmid pG2k-orit-gfp. The resulting plasmid, pMAD-oriT,
could replicate in CGN12, and the oriT addition facilitated con-
jugation from Escherichia coli donor strains to CGN12. Despite
the lower routine growth temperature of CGN12 (30°C) com-
pared to B. subtilis (37°C), the temperature shifts required to
control vector replication and thus the two homologous recom-
bination events leading to gene deletion could be applied with
minor modifications of the established protocols as described in
the methods section.

Once the Aexc strain had been obtained, we compared its
calcium carbonate precipitation to that of the parental wild
type. Overall, we did not observe a marked alteration in pre-
cipitation yields between the two strains at the previously
used calcium and acetate concentrations (Figure 7). We
did observe a small but reproducible shift in the CaCO,-to-
acetate stoichiometry from 0.47 +0.01 in WT to 0.54+0.01 in
the Aexc strain, indicating that the latter might form slightly
more calcium carbonate per acetate consumed than the wild
type. Given how consistent the stoichiometry was for CGN12
between repeat experiments and different growth conditions,
this 15% shift may be biologically meaningful and imply a role
of the Excalibur-domain protein in calcium binding, poten-
tially sequestering the ions and making them unavailable for
crystal formation. Further investigations of this protein will
be required to determine if it really contributes, positively or
negatively, to non-ureolytic MICP in CGN12 or other bacteria
with such genes.

3 | Discussion

MICP serves as an exciting approach for more sustainable
infrastructure materials. While ureolytic MICP is well un-
derstood, there is only little knowledge on the non-ureolytic
pathway(s) leading to biomineralisation. A recent review high-
lighted the improved sustainability and economic feasibility
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FIGURE 7 | Cells lacking the Excalibur domain protein are not af-
fected in MICP or acetate metabolism. Calcium carbonate precipitation
and acetate consumption were determined for wild-type CGN12 and the
Dexc deletion strain grown at different concentrations of sodium ace-
tate. The initial concentration of calcium nitrate was 100mM in stan-
dard YAC medium. Cells were grown over 6days at 30°C with shak-
ing (140rpm), and one entire flask culture was sacrificed for each time
course for quantification of precipitate formed and acetate remaining.
Dashed horizontal lines indicate the theoretical maximum calcium car-
bonate precipitation. Data are shown as mean and standard deviation of
the mean for two biological replicates.

non-ureolytic pathways may be able to offer (Fahimizadeh
et al. 2022), further underscoring their potential for biotech-
nological and materials science application. This study there-
fore aimed to give insights into the metabolic processes of
non-ureolytic MICP by investigating several environmental
isolates. We could show that in certain species, the provision
of acetate as a carbon source can be a major driver of min-
eral formation. Additionally, full genome sequencing, gene
expression analysis, and the development of basic molecular
techniques were used to shed some light on the underpin-
ning processes and genetic features that contribute to non-
ureolytic MICP.

Specifically, in the isolate S. silvestris CGN12, acetate con-
sumption was directly linked to MICP, even though only a
small proportion of the provided acetate was used by the
bacteria for cell growth. In fact, the majority of acetate con-
sumption occurred during the stationary growth phase, which
was also the phase in which detectable MICP took place.
Moreover, we observed a consistent carbonate-to-acetate
ratio of 0.47-0.48 in the precipitation assays, suggesting that
a quarter of the acetate-derived carbon was likely bound into
CaCO,, allowing S. silvestris CGN12 to precipitate almost all
of the supplied calcium, as long as enough acetate was avail-
able. It should be noted that without a detailed '3C carbon
flux analysis, we cannot yet determine if the carbon in the
mineral directly derives from acetate, or whether a more in-
direct mechanism is responsible for the fixed stoichiometry
we observed. Nevertheless, the consistent observation of the
same carbonate-to-acetate ratio regardless of the growth
conditions for S. silvestris CGN12 strongly suggests that this
factor is an intrinsic property of this bacterium'’s metabolism.
As discussed in more detail below, the only condition where
we could observe a small increase in the amount of carbonate
formed per acetate consumed was upon deletion of the gene
encoding an Excalibur-domain protein. While we do not yet
understand the molecular reasons for this observation, it may
indicate that deliberately improving this ratio, either through
targeted manipulation of existing strains or through specific

selection of isolates with a high carbonate yield per acetate (or
other carbon source) use, may be an effective means of opti-
mising MICP performance for application and industrial use.

Overall, our findings on the link between acetate catabolism
and calcium carbonate formation are in accordance with previ-
ous reports that suggested that non-ureolytic MICP is governed
by DIC and the available calcium ions, as well as the presence
of nucleation sites (Hammes and Verstraete 2002; Hoffmann
et al. 2021). In our experimental setup, we reduced the possi-
bility of indirect CaCO, precipitation due to alkaline pH by
using a buffered medium. Together, these observations indicate
that non-ureolytic MICP can occur independently of active cell
growth, with acetate catabolism leading to DIC formation to
fuel the MICP process. This adds a new aspect to how heterotro-
phic pathways can lead to non-ureolytic MICP.

Comparing the different environmental isolates and laboratory
strains showed that the metabolic link between acetate con-
sumption and MICP was not universal among all non-ureolytic
MICP bacteria. The observed variations suggest that different
species may utilise alternative metabolic pathways or carbon
sources to drive DIC production, leading to MICP. Of note,
we here focussed exclusively on acetate as a potential carbon
source. Past studies of using non-ureolytic bacteria for applica-
tion in self-healing concrete have either used solely yeast extract
to provide growth nutrients to the bacteria or supplied acetate
or lactate salts as additional carbon sources (Justo-Reinoso
et al. 2021). For later use of the bacteria in a concrete-based ap-
plication, the carbon source must be compatible with cement
chemistry; hence, no carbon sources with limited evidence of
material compatibility were tested here. Our choice of acetate
over lactate was based on preliminary searches of available
genome sequences of strains related to our isolates, which in-
dicated that not all strains possessed lactate dehydrogenase
encoding genes and would thus not be able to use lactate as a
sole carbon source. Indeed, genome sequencing of S. silvestris
CGN12 later showed that this strain also lacked such a gene.
However, for the application of other bacteria in MICP-based
technologies, exploration of a potential means of driving MICP
with alternative carbon sources should be a valuable future re-
search direction. Understanding such metabolic nuances will be
crucial for the application of MICP technologies in the future
because it allows a precise design of nutrient provision to maxi-
mise mineral formation by a given bacterial strain.

Other pathways that have been shown to lead to non-ureolytic
MICP include sulphate reduction, methane oxidation, denitrifi-
cation and photosynthesis-driven MICP (Hoffmann et al. 2021).
However, many of these lead to byproducts that are either toxic
(e.g., hydrogen sulphide or ammonia) or cause metal corro-
sion, rendering them unsuitable for application in construction
materials, especially steel-reinforced concrete (Fahimizadeh
et al. 2022). The pathways considered suitable for application are
limited to denitrification, photosynthesis and oxidation of or-
ganic compounds. Denitrification, for example, by Pseudomonas
sp., has the advantage of functioning in low-O, environments,
and considerable progress has been made to understand the nu-
tritional requirements for optimal application of such bacteria,
for example, in soil consolidation or crack healing in concrete
(Ersan et al. 2015a, 2015b; Fahimizadeh et al. 2022). A potential
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drawback of denitrification-dependent MICP could be the pro-
duction of toxic N,O under some specific application conditions
(Fahimizadeh et al. 2022). Photosynthetic MICP requires light
and is therefore more suitable for applications like carbon cap-
ture or restoration of concrete surfaces than material-embedded
processes, for example, soil consolidation or healing of deeper
concrete cracks (Zhu et al. 2015; Fahimizadeh et al. 2022).
Acetate catabolism by S. silvestris CGN12 exemplifies a highly
efficient MICP pathway via oxidation of organic compounds. It
does not produce unwanted byproducts and is primarily gov-
erned by the availability of calcium ions and acetate. It requires
the presence of oxygen, but in aerobic environments, the meta-
bolic characteristics described in this study make this bacterium
a well-suited organism for application, for example, in self-
healing concrete as shown here, or in the future soil stabilisation
or even production of engineered living materials.

When testing S. silvestris CGN12 in an application-relevant con-
text, our data showed that acetate can serve as an effective nu-
trient for crack healing in cement mortars. While the variability
between replicate mortar specimens was quite high, particu-
larly in the tests for water flow after the healing process, this is
a common observation in the assessment of self-healing activity.
Variability can arise, for example, from slight differences in ini-
tial crack width, irregularities in crack surface or morphology or
deviations from perpendicularity of the cracks, which can affect
water flow (Tziviloglou et al. 2016). Of note, the variability was
highest in control mortars and those containing A. pseudofirmus
cells, neither of which showed effective healing with acetate as a
carbon source. Mortars with S. silvestris CGN12 gave consistent
values across the triplicates tested (Figure 5), demonstrating its
robust healing performance. Another relevant consideration is
the difference between crack area reduction (Figure 5B) and
restoration of water tightness (Figure 5C). The former can only
observe the immediate crack surface, while water tightness
assesses the properties also deep inside the crack. As seen for
mortars containing S. silvestris CGN12, crack surface area re-
duction may even decline again over prolonged healing time,
while the water tightness is maintained over the whole test pe-
riod. Apparent discrepancies between crack surface reduction
and actual healing performance have been observed before. It
has been proposed that the healing product may be distributed
randomly within the crack volume, depending on the distribu-
tion of healing agents, which may mean that less healing mate-
rial is at the crack surface, while partial crack closure further
down can still give increased durability (He et al. 2023). In our
experimental setup, it is also possible that the water flow tests on
Day 7 dislodged some healing product from the crack surface,
potentially allowing for improved healing to occur beneath the
surface between 7 and 56days. Importantly, however, the ob-
served loss of healing at the surface between Days 7 and 56 did
not compromise water resistance, which suggests that healing
within the crack by S. silvestris CGN12 remained intact.

The successful use of acetate as a nutrient in self-healing con-
crete is a significant step towards reducing the cost of self-
healing concrete using non-ureolytic bacteria by replacing the
majority of expensive yeast extract with the cheaper sodium
acetate. The use of acetate also avoids the drawbacks associ-
ated with more complex media, such as retarding effects on
cement hydration and potential adverse impacts on the final

material (Schreiberova et al. 2019). The sodium salt of acetate
is cost-effective and has been demonstrated to enhance the ri-
gidity of concrete by improving interfacial bonds between hy-
dration products and aggregates (Al-Kheetan et al. 2020). Our
results further show that physiological experiments in the lab-
oratory can provide useful insights to optimise the application
conditions for MICP-based technologies. Specific supply of
nutrients is, however, only one of the many facets that need to
be considered in improving the sustainability of our concrete
infrastructure. A recent life cycle analysis showed that, using
current technology, self-healing concrete with non-ureolytic
bacteria fed with yeast extract actually has a significant en-
vironmental impact, and this was largely driven by the use
of calcium nitrate (Justo-Reinoso et al. 2023). A key require-
ment to lower a construct's whole-life carbon footprint, and
also to improve scalability and economic viability, will be to
only use self-healing material in the precise locations where
it is needed, that is, the cover zone (Justo-Reinoso et al. 2023;
He et al. 2024). Given our results on using a defined acetate:-
calcium ratio for crack healing by S. silvestris CGN12, there
might be further scope for reducing costs and environmental
impact by replacing not only yeast extract but also calcium
nitrate with the single component calcium acetate. Such infor-
mation on nutritional requirements for MICP was previously
identified as a knowledge gap in improving sustainability
and economic feasibility of biological self-healing concrete
(Fahimizadeh et al. 2022). A comprehensive life cycle analy-
sis considering nutrient provision for the bacteria via calcium
acetate, combined with alterations of the materials and con-
struction design process, would be a valuable future undertak-
ing to fully assess the environmental and economic impact of
such a self-healing technology.

Genomic comparison between our isolates to better understand
the differences in acetate metabolism and its link to MICP re-
vealed an intriguing difference in the pathway feeding acetate
into the TCA cycle in the genome of CGN12. In bacteria, ace-
tate activation to acetyl-CoA usually occurs via the enzyme
Acetyl-CoA-Synthase (EC 6.2.1.1), which uses the energy from
ATP hydrolysis to AMP and pyrophosphate to produce acetyl-
CoA. This reaction is considered irreversible under physiolog-
ical conditions, and bacteria producing acetate as a metabolic
end-product or during overflow metabolism generally employ
the two sequential reactions of phosphate transacetylase (PTA),
converting acetyl-CoA to acetyl phosphate, and then acetate ki-
nase (ACK), converting acetyl phosphate to acetate, with con-
comitant generation of ATP. Curiously, CGN12 does not possess
genes encoding these two enzymes, but instead harbours a gene
encoding an ADP-forming ACS (EC 6.2.1.13). This enzyme is
almost exclusively found in archaea such as Thermococcus and
in some protists, but only seldom in bacteria (Schonheit and
Schiifer 1995; Reeves et al. 1977; Parizzi et al. 2012; Awano et al.
2014). It catalyses the reversible conversion between acetate and
acetyl-CoA and can therefore be used both in acetate production
and consumption, although in Archaea it is mostly linked to the
former (Schonheit and Schéfer 1995). The strong induction of
the ADP-forming enzyme we observed in CGN12 under calcium
exposure suggests that its role under these conditions is likely
catabolic, that is, activation of acetate to acetyl-CoA, in contrast
to reports from other bacteria that may be using the enzyme
predominantly in the reverse direction (Parizzi et al. 2012). The
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unusual presence of two different ACS, but no ACK or PTA in
CGN12, as well as the presence of two succinyl-CoA:acetate
CoA transferase (SAT) encoding genes, may indicate that ace-
tate metabolism generally plays a unique role in the physiology
of this bacterium, possibly beginning to shed some light on its
efficient MICP ability using acetate as the carbon source. It will
be interesting to monitor genome sequence information of other
high-performing MICP strains as they become available to see
if an unusual complement of acetate metabolic genes is more
widely correlated with high biomineralisation activity in the
presence of acetate.

Intriguingly, in S. silvestris CGN12, exposure to high calcium
levels led to the upregulation not only of genes related to calcium
detoxification but also of those involved in acetate metabolism.
Together with our observation that under high calcium condi-
tions, CGN12 appears to consume slightly more acetate, this
may indicate a direct link between calcium stress and acetate
metabolism and may suggest that MICP serves as an active cal-
cium detoxification mechanism in this species. Such a mecha-
nism might be biologically plausible, given the natural habitat of
the bacterium, that is, calcium-rich limestone rock, from which
it was originally isolated (Reeksting et al. 2020).

Further support for this notion may be found in previous studies
in micro-algae, where it was found that extracellular precipitated
calcium could originate from within a microorganism, leading
the authors to propose that carbonatogenesis was an active
process involving ionic exchanges through the cell membrane
(McConnaughey and Whelan 1997; Castanier et al. 1999; Yates
and Robbins 1999). Consistent with this, we could show that a
gene encoding a calcium-binding P-type ATPase in S. silvestris
CGN12 was significantly upregulated upon calcium exposure.
These findings support a model in which excess intracellular
calcium is actively exported from the cell and, using CO, from
acetate metabolism, is incorporated into extracellular calcium
carbonate on the cell surface (Figure 8), consistent with the hy-
pothesis formulated by Hammes and Verstraete (2002). In how
far extracellular calcium binding sites are involved in MICP, and
whether they promote or hinder biomineralisation remains to be
fully explored. CGN12 possesses two proteins with a predicted
Excalibur calcium binding domain. Our original hypothesis
had been that presentation of calcium ions on the cell surface
by such proteins might aid in crystal nucleation. However, the
MICP yield of a strain lacking one of these proteins was almost
identical to the parent strain, with the main difference being a

small but reproducible increase in the carbonate-to-acetate ratio.
This apparent increase in the amount of carbonate formed per
acetate consumed went against our initial expectations, that is,
that loss of a calcium binding protein from the cell surface may
lead to reduced biomineralisation activity. This was based on
an assumption that immobilisation of calcium ions near the cell
surface may somehow contribute positively to crystal nucleation
or growth. Our observation of the opposite effect may indicate
that in the wild type the protein might rather sequester the cal-
cium, lowering ion availability and thus also lowering the MICP
efficiency. More detailed mechanistic studies will be needed to
answer these questions, including experimental validation that
the protein does indeed bind calcium on or near the cell surface,
which we currently only base on predictions of protein domain
architecture and presence of a typical extracellular calcium
binding EF-hand-like domain with the conserved binding motif
DxDxDGxxCE (Figure S2; Rigden et al. 2003). If successful, a
molecular understanding of the links between surface calcium
binding and biomineralisation could offer interesting routes to
modulating MICP kinetics.

To summarise, the direct link between carbon metabolism
and MICP in S. silvestris CGN12 reported here provides valu-
able insights into the physiological and molecular mecha-
nisms of non-ureolytic biocalcification. While not a universal
principle across all non-ureolytic MICP strains, knowledge
of this relationship offers a means to control MICP through
acetate provision, making it a powerful tool in biotechnolog-
ical applications. Moreover, we provide initial indications of
potential genetic determinants of MICP activity, paving the
way towards gaining a full understanding of non-ureolytic
biomineralisation.

4 | Materials and Methods
4.1 | Strains and Growth Conditions

All bacterial strains and plasmids used in this study are listed
in Table 1 and Table S1. Environmental strains were previously
isolated from limestone rock scrapings (Reeksting et al. 2020).
The psychrotrophic strain Psy5 was isolated as described but in-
cubated at 7.5°C.

For routine maintenance, cells were grown in LB pHS.2, ad-
justed with a final concentration of 20mM Tris-HCI pH9. E. coli

Acetate

</€{
y
<K'

\ y
A Y 3 -
a4 Passive influx ~

l g
\
~Q«*\\ Ct|Ve extl USion > @

v,

§

N |

ATP | COZ

L

FIGURE 8 | Model of non-ureolytic MICP in S. silvestris CGN12. Calcium enters the cell passively and needs to be actively exported. The energy

for this process is provided by acetate catabolism, which also produces CO, as a byproduct. The CO, in solution can react with calcium ions to form

CaCO,, using the bacterial cell surface as a nucleation site.
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strains were routinely grown in regular LB at 37°C with shaking
(140rpm).

For most experimental cultures, bacteria were grown in yeast
extract acetate (YA) medium containing 50mM Tris-HCl
pH?7.8, 0.2% wt/vol yeast extract, 0.5mM MgSO,, 0.01mM
MnSO, and unless otherwise stated, 100 mM sodium acetate.
The design of YA medium was based on the following ratio-
nale, using the B. subtilis medium CSE as the starting point
(Commichau et al. 2008): Metabolic predictions based on
species-level identifications by 16S rDNA sequencing obtained
in our previous study (Reeksting et al. 2020) suggested that
most of the strains would likely display some form of amino
acid auxotrophy, so we decided to include a small amount of
yeast extract (0.2%) to provide a source of not only nitrogen
but also essential amino acids, vitamins and trace elements.
The provision of some yeast extract also counteracted the
potential drawback of a fully defined medium composed of
many individual ingredients, which could make it impractical
for industrial-scale applications in the future. For a suitable
carbon source for non-ureolytic MICP, we considered that lac-
tate or acetate is already commonly used in applications and
therefore should be chemically compatible with cement-based
technologies (Justo-Reinoso et al. 2021). As not all bacteria
in our collection were likely able to use lactate as a carbon
source, again based on initial genomic analyses, acetate was
selected for the present study. For routine assays, sodium ac-
etate was provided at a concentration of 100 mM, with an ad-
ditional provision of 100 mM calcium nitrate where MICP was
to be tested.

4.2 | Endospore Production

Endospores of CGN12 and A. pseudofirmus were prepared in Difco
sporulation medium (DSM); 8gL~! nutrient broth, 13.41 mM KCI
and 0.49mM MgSO,, adjusted to pH 7.6 with NaOH. Prior to use,
1mM Ca(NO,),, 0.01mM MnCl, and 1uM FeSO, were added
from a filter-sterilised stock solution (Sonenshein et al. 1974).
Cultures grown in LB for 24h at 30°C with shaking (140rpm)
were used to inoculate 750 mL of sporulation medium to an OD
of 0.02. Cultures were grown for at least 48h before sporulation
was assessed using phase-contrast microscopy. When most cells
contained phase-bright endospores, cells were pelleted by centrif-
ugation (4000g, 10min at RT) and washed three times in 10mM
Tris-HCl pH9. Cells were treated with chlorhexidine digluco-
nate (0.3mgmL™!) for 30min to kill vegetative cells, and then the
wash steps were repeated. Spore pellets were frozen at —80°C and
freeze-dried under vacuum overnight.

4.3 | Precipitation Assays

Cultures grown for 24h in YA medium were used to inoculate
20mL YAC medium, containing 50-100mM calcium nitrate,
to an OD, of 0.02. Precipitation cultures were incubated with
shaking (140rpm) at 30°C. At the indicated time points, precip-
itate was harvested by centrifugation (500g, 5min at RT). The
supernatant containing the cells was discarded and the precip-
itate washed in distilled water until all remaining cells were
removed. The precipitate was dried at 50°C for 3days until the

weight remained constant. The amount of precipitate was de-
termined as the difference in weight of each empty tube before
harvesting and the post-drying weight. Separate flasks per time
point were set up so that at each time point (Days 0, 1, 2, 3 and
6 post inoculation) the calcium carbonate from a complete flask
could be harvested and quantified.

4.4 | Determination of Acetate Concentration
by HPLC

HPLC was performed on an Agilent 1260 Infinity at 65°C with
a Rezex ROA Organic Acid H* 8% column (Phenomenex). The
mobile phase was 5mM H,SO,, with a flow rate of 0.6 mL/min
over 25min. The primary detection wavelength was 215nm, and
the UV spectrum of each sample was collected. Samples were
passed through a 0.22 um filter and diluted 1:10 before 10 uL was
injected onto the column. Acetate for each sample was quan-
tified by comparing against a standard curve of samples with
known acetate concentrations.

4.5 | Determination of Soluble Calcium
Concentration

Samples were centrifuged at 4000g for 10min to remove cells.
The supernatant was passed through a 0.22um filter before
0.5mL was combined with 2mL of Patton-Reeder's solution
(0.105mM calconcarboxylic acid, VWR, in 0.73M NaOH) and
vortexed briefly to mix. The sample was titrated with 25mM
EDTA until the solution turned a permanent bright blue, in-
dicating that all calcium had been complexed. The volume of
EDTA required to reach the colour change was recorded and
used to calculate the concentration of calcium in the sample,
based on EDTA complexing calcium in a 1:1 M ratio.

4.6 | Whole Genome Sequencing

To extract genomic DNA, strains were grown for 24h in LB
pHS8.2. Cells were pelleted and genomic DNA extracted using
the Monarch Genomic DNA Purification Kit (New England
Biolabs). To obtain high molecular weight gDNA, after incuba-
tion with RNase A, sodium acetate was added to a final con-
centration of 300mM and the entire solution was mixed with
equal parts isopropanol. The precipitated DNA was then spooled
on a glass rod and transferred into 100 uL Tissue Lysis Buffer
mixed with 113uL 10mM Tris-HCI pHS8, before continuing
with DNA binding to the column and elution, as described by
the manufacturer.

Short read genomic sequences were obtained by Illumina se-
quencing (Microbial Genome Sequencing Centre, Pittsburgh,
PA, USA). Paired-end reads were assembled into contigs using
Shovill (https://github.com/tseemann/shovill). Genome an-
notation was performed using the NCBI Prokaryotic Genome
Annotation Pipeline (https://www.ncbi.nlm.nih.gov/genome/
annotation_prok/).

Sequencing libraries for long read sequencing of the strains
CGN12, BA32, PD1-1, UBN2 and Psy5 were generated from

150f 19

85USD17 SUOLULLOD BAITER.D 3|ed!jdde 3Ly Aq peusenob @8 sap1e YO (88N J0 S9N 104 ARIQIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWRIALIOD" AB] 1M ARRIq1[BU1IUO//SHRL) SUORIPUOD PUe SWIB 1 8U) 89S *[9202/90/92] U0 ARIqIT8uUIUO AW ‘ZURIN SPUIONQIGSEISBAIUN A £600L 0262-297T/TTTT OT/I0P/WO00"A8|IM AXe1d U1 JUO'S UMD [-0.0IWI01IAUS//SURY WO PAPEOIUMOQ ‘Y ‘S2OZ ‘0262297 T


https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2Ftseemann%2Fshovill&data=04%7C01%7Cpr1cemb%40bath.ac.uk%7C7287c41d452545df0e1b08d8cc7ca953%7C377e3d224ea1422db0ad8fcc89406b9e%7C0%7C0%7C637484183080168679%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=v%2B6YHJwROvLUtqc3vVC8Xr1rZ2m31WJbG5JFFoHNpjU%3D&reserved=0
https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
https://www.ncbi.nlm.nih.gov/genome/annotation_prok/

400ng high-molecular weight gDNA per strain using the
Oxford Nanopore Technologies Native Barcoding Kit 24
(SQK-NBD112.24) according to the manufacturers' protocol.
Quality control was performed using the Invitrogen Qubit 4
FLuorometer. Next, 11 fmol of sequencing library with an esti-
mated fragment size of 7.5kb was loaded onto an R10.4 MinION
flow cell (FLO-MIN112) and sequenced on a GridION X5 Mk1
for 72h using the ‘barcode balancing’ option. Subsequent base
calling was performed using Guppy v6.3.9 with super high accu-
racy (SUP) mode, resulting in 125-233k reads per strain.

Genome assembly was performed two-fold, with Unicycler
v0.5.0 (Wick et al. 2017) for short- and long-read hybrid as-
sembly and epi2me wf-bacterial-genomes v0.4.0 (Pedersen
and Quinlan 2018; Kolmogorov et al. 2019) for long reads only.
Quality and completeness of assemblies were evaluated using
common assembly metrics (number and size of scaffolds, N50,
N90) and BUSCO v5.0.0 in genome mode with Bacillales data-
base (Manni et al. 2021) and the best assembly for each strain
selected. Gene annotation was performed using Prokka v1.14.6
(Seemann 2014). Completeness of the annotation was assessed
by extracting all protein sequences of annotated genes and com-
paring them with BUSCO in protein mode.

4.7 | RT-qPCR

Stationary-phase cells were treated either with or without
100mM calcium nitrate for 30min. RNA was isolated using a
Total RNA Extraction kit (NEB #T2010). For reverse transcrip-
tion, 2 pug of the isolated RNA was used to synthesise cDNA from
random primers using a High Capacity cDNA RT Kit (Applied
Biosystems). LuminoCt SYBR Green qPCR Readymix (Sigma
Aldrich) was used for all gPCRs. Each reaction contained 10 uL
of Master Mix, 0.2uL of 100x ROX internal reference dye,
0.3uM of each primer, 4ul of diluted cDNA template and ul-
trapure water to a final volume of 20 L. qPCR was performed
on StepOnePlus Instrument (Applied Biosystems). The qPCR
cycle consisted of an initial enzyme activation step at 95°C for
20s, followed by 40 cycles of denaturation at 95°C for 3s and
annealing and extension at 60°C for 30s. A melt curve analy-
sis was performed by raising the temperature at the end of each
run by 0.3°C from 60°C to 95°C. Standard curves were created
for each primer set with qPCR, using a dilution series of pooled
cDNA from individually synthesised samples as a template. Fold
changes were calculated using the Pfaffl equation (Pfaffl 2001).

4.8 | Deletion of the Excalibur Protein-Encoding
Gene in S. silvestris CGN12

The temperature-sensitive oriT was amplified from pG2k-orit-
gfp using primers SG1073 and SG1073 (Table S2) and cloned into
PMAD using the BamHI restriction sites (Arnaud et al. 2004).
Genomic DNA was extracted from CGN12 (Genejet genomic
DNA extraction Kit, Thermo, USA). Flanking regions 1 kB
upstream and downstream of the Excalibur domain-encoding
gene (gene locus AB1K09_06620) were amplified using prim-
ers SG1229 and SG1230 (upstream) and SG1231 and SG1232
(downstream). Fragments were joined by Gibson Assembly
(NEBuilder) and ligated into pMAD-OriT using the Ncol

restriction sites. For the conjugation to CGN12, E. coli S17 con-
taining the plasmid was grown into stationary phase in LB me-
dium containing 100 ug/mL ampicillin. CGN12 was also grown
into stationary phase in LB pH 8.2 medium. S17 and CGN12 cells
were washed and combined in a 1:1 ratio in 20mL LB supple-
mented with 20mM MgCl,. Cells were incubated for 1h at 30°C
with shaking and then pelleted by centrifugation and spotted
onto LB agar plates containing 10mM MgCl,. Plates were in-
cubated at 30°C for 24 h. Cells were scraped off the agar plates,
resuspended in 1 mL LB pH 8.2 and serially diluted in 1:10 steps.
Dilutions were spotted in a volume of 20uL per spot onto LB
pH 8.2 agar containing MLS selection (0.5ug/mL Erythromycin
and 12.5ug/mL Lincomycin). Plates were incubated for 72h at
30°C and colonies patched onto fresh selection plates to confirm
growth. Presence of the plasmid in CGN12 was confirmed by
colony PCR with primers SG1072 and SG1073. Next, an over-
night culture was prepared in LB medium with MLS selection at
30°C. The following morning, 10mL LB with MLS selection was
inoculated to a starting OD, of 0.1 and incubated at 30°C for
2h. The temperature was then increased to 42°C for 5h. Serial
dilutions were then plated onto LB agar with MLS selection and
incubated at 42°C for 24 h. Colonies were selected and inoculated
into LB pH 8.2 without antibiotics and incubated for 6h at 30°C.
The temperature was then increased to 42°C for 3h. Dilutions
were plated onto LB pH 8.2 agar without selection and incubated
for 24h at 42°C. Colonies were replica-patched onto MLS and
non-MLS plates. MLS-sensitive colonies were checked for the
presence of the gene deletion by PCR using primers SG1229 and
SG1232. Positive clones were confirmed by sequencing of the
PCR product with primer SG14009.

4.9 | Strain and Genome Sequence Deposition

The five strains chosen for full genome sequencing were depos-
ited into the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ) collection (Germany) under the following
accession numbers: DSM 118343 (M. dongyingensis BA32), DSM
118343 (S. silvestris CGN12), DSM 118343 (P. simplex Psy5) and
DSM 118343 (P. frigoritolerans UBN2). B. licheniformis PD1_1
was already deposited as DSM 110495 (Reeksting et al. 2020).

The hybrid genome sequences were deposited into GenBank
with the following accession numbers: JBFEAO000000000
(M. dongyingensis BA32), JBFEANO000000000 (S. silves-
tris CGN12), JBFEAMO000000000 (B. licheniformis PD1_1),
JBFEAL000000000 (P. simplex Psy5) and JBFEAK000000000
(P. frigoritolerans UBN2).

4.10 | Preparation of Mortar Samples

Mortar prisms were prepared according to Reeksting
et al. (2020). Mortar prisms (65mm by 40 mm by 40 mm) were
cast in duplicate, in two separate layers. The first layer contained
(per 2 prisms), 177.8 g sand conforming to standard BS EN 196-1,
61.3g Portland limestone cement (CEM II/A-L 32.5R), 30.7g
water, 0.7 g yeast extract, 3.0g calcium nitrate and 2.4 g aerated
concrete granules. Spores (1.0 x 101 CFU) were resuspended in
2.83 g distilled water and soaked into the aerated concrete gran-
ules before drying and sealing with polyvinyl acetate (30% wt/
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wt). After 3h, the second, top layer was cast. The second layer
contained standard cement mortar (per 2 prisms: 184 g standard
sand, 61.32g cement and 30.7g water). Reference specimens
were cast in two layers but contained only standard cement mor-
tar in both layers. Specimens remained at room temperature for
24-48h before demoulding and subsequent curing for 28days
submerged in tap water. After curing, specimens were oven
dried at 50°C for 24 h. The top third of the prism was wrapped
with carbon fibre-reinforced polymer strips to enable genera-
tion of a crack of controlled width. A notch (1.5mm deep) was
sawn at midspan to serve as a crack initiation point. Specimens
were cracked by 3-point bending using a 30-kN Instron static
testing frame. A crack mouth opening displacement (CMOD)
gauge was used to measure crack width. Load was applied to
maintain a crack growth of 25um per minute, and loading was
stopped when the crack width was predicted to be 500 um wide
after load removal. A marker pen was used to indicate specific
crack sections to enable monitoring of the crack at the same site.
Following cracking, prisms were placed in tanks that were open
to the atmosphere and filled with tap water to 20 mm below the
top of the mortars and then incubated at room temperature for
2months. Visualisation of crack healing was monitored using a
Leica M205C light microscope, and images were taken of freshly
cracked mortars and after 1, 4 and 8 weeks of healing.
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