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• Fungi isolated from concrete were able
to adapt to an alkaline environment.

• Urease-positive fungi mediated calcium
and strontium carbonate formation
through urea hydrolysis.

• Strontium could be sequestered into
calcium carbonate or co-precipitated
with calcium to form Sr(Sr, Ca)(CO3)2.

• Fungal carbonate formation has po-
tential for bioprotection of porous
structural materials and toxic metal
bioremediation.
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Biomineralization of CaCO3 by microorganisms is a well-documented process considered applicable to concrete
self-healing and metal bioremediation. Urea hydrolysis is the most widely explored and efficient pathway re-
garding concrete bioprotection. However, the potential of fungi has received relatively little attention compared
to bacteria. In this work, we show that Fusarium cerealis, Phoma herbarum andMucor hiemalis, isolated from con-
crete, could produce 828.6–941.3 mg L−1 ammonium‑nitrogen in liquid media through urea hydrolysis indicat-
ing significant urease activity, and could grow in moderate (pH 8.3) or even extremely alkaline (pH 10.6)
conditions. After culture in media containing 50 mM CaCl2, at least 48.8% Ca2+ was removed from solution by
the selected fungi as calcite. The accumulation of Ca by the biomass was around 83.64–114.21 mg g−1. In
addition, all fungi could mediate strontium carbonate formation with F. cerealis processing the highest ability
for Sr removal, with ~61% added Sr being removed from solution. Scanning electron microscopy showed
carbonate biominerals were encrusted on hyphae or aggregated in fungal pellets. When equivalent
concentrations of Ca2+ and Sr2+ were supplemented to the media, CaCO3 with incorporated Sr formed with
F. cerealis and M. hiemalis, and Sr(Sr, Ca)(CO3)2 with P. herbarum. Our results demonstrate the potential of
fungi in providing carbonate coatings for concrete surfaces and simultaneous immobilization of Sr. We
anticipate our work will promote further practical field research on porous cementitious materials protection
by fungi and immobilization of potentially toxic metals frommetal-laden ingredients, such as fly ash and granu-
lated ground blast furnace slag.
Crown Copyright © 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With rapid population growth and urbanization, concrete is globally
the most commonly utilized artificial building substance (Alonso et al.,
2018). To improve the performance of concrete and make use of
waste resources, different materials, e.g., fly ash (FA) and ground gran-
ulated blast furnace slag (GGBS), can be incorporated (Babu and Kumar,
2000; Oner and Akyuz, 2007; Swaroop et al., 2013; Arivalagan, 2014).
Fly ash, produced at coal-fired power plants, has cementitious proper-
ties when blended with cement and water (Ahmaruzzaman, 2010).
The behaviour of concrete is enhancedwith addition of fly ash (typically
15–30% is replaced with fly ash), including mechanical and durability
characteristics, and reduces the water demand (Jiang and Malhotra,
2000; Atiş, 2005; Bagheri et al., 2013). However, a variety of potentially
toxic metals are found in fly ash, such as zinc (Zn), strontium (Sr), and
barium (Ba). The concentration of Sr in fly ash can be over
1000 mg kg −1 dry weight (unpublished data). Sr is a mobile alkaline
earth metal, belonging to the same group in the Periodic Table as Ca.
Sr can be accumulated by organisms and showsdiverse effects including
some that affect human health (Cam et al., 2016; Mehta et al., 2019).
90Sr and 89Sr are primary polluting radionuclides arising from nuclear
waste and discharges (Hu et al., 2010).

Due to cost-effectiveness, ready availability, and durability, cementi-
tious materials, such as Portland cement, are the most widely used
structural materials for repositories, engineered barriers, waste con-
tainers, and backfill material (Aimoz et al., 2013; Jang et al., 2016). How-
ever, long-term performance and mobilization of toxic metals have
raised concerns (Shi and Fernández-Jiménez, 2006; Fomina et al.,
2007; Papadokostaki and Savidou, 2009; Müllauer et al., 2015). Con-
crete faces constant deterioration pressure owing to different physical,
chemical, and biological factors, e.g. freeze-thawing cycles, chloride
ingress, and acid attack from microbial activities (Liu et al., 2020b).
However, the cost for concrete maintenance is estimated to be around
130 €.m−3, which is twice that of the construction cost (Silva et al.,
2015; Castro Alonso et al., 2019). It is therefore desirable to find ap-
proaches that can relieve environmental pressure and the costs of re-
pair. It is widely accepted that durability is closely related to porosity
which determines the permeation of aggressive deteriorative agents
such as chlorides and CO2 (De Beer et al., 2005; Safiuddin and Hearn,
2005). The deposition of biominerals to form a protective surface layer
on concrete could protect the porous surface from water ingress, as
well as entry of chlorides, acids, gases (Costa and Appleton, 1999;
Brenna et al., 2013).

The application of calcite precipitation to concrete before the occur-
rence of cracks and crevices could be resource- and budget-saving. Bio-
mineralization is the process of mineral formation mediated by
biological activities (Mann, 1988; Lowenstam and Weiner, 1989; Han
et al., 2020). Some microbial biomineralization processes are carried
out via microbially-Induced CaCO3 precipitation (MICP) where the
involved microorganisms alter their surrounding microenvironment
through metabolism and create favourable conditions for carbonate
precipitation (Sarda et al., 2009; Li et al., 2014; Cam et al., 2016; Jin
et al., 2018). The dominant metabolic pathways involved in MICP in-
clude components of the nitrogen cycle (Görgen et al., 2021), such as
urea hydrolysis (Li et al., 2014, 2015), amino acid ammonification (Lee
and Park, 2018; Krause et al., 2018), denitrification (Pham et al., 2018;
Görgen et al., 2021), dissimilatory sulfate reduction (Braissant et al.,
2007; Görgen et al., 2021), and cyanobacterial photosynthesis
(Castanier et al., 1999; Couradeau et al., 2012; Mehta et al., 2019). Of
these processes, urea hydrolysis has been widely explored in the con-
text of metal immobilization and concrete repair (Stocks-Fischer et al.,
1999; Achal and Pan, 2011; Al Qabany et al., 2012; Phillips et al.,
2013a; Xu et al., 2018; Raveh-Amit and Tsesarsky, 2020). Urea is hydro-
lyzed to ammonia and carbamate in the presence of urease (Eq. (1)).
Carbamate is hydrolyzed spontaneously into ammonia and carbonic
acid (Eq. (2)). Bicarbonate results as a result of H2CO3 equilibration in
2

the system (Eq. (3)). The formation of OH− also induces an increase in
pH (Eq. (4)). Consequently, calcite precipitation results if Ca2+ is
present (Eq. (5)):

CO NH2ð Þ2 þH2O !urease NH2COOHþNH3 ð1Þ

NH2COOHþH2O ! NH3 þH2CO3 ð2Þ

H2CO3↔Hþ þHCO2−
3 ð3Þ

NH3 þH2O ! NHþ
4 þ OH− ð4Þ

Ca2þ þ CO2−
3 ! CaCO3 ð5Þ

MICP has been investigated in several applications to improve or
amend building materials (Cuthbert et al., 2013; Phillips et al., 2013a,
2016; Li et al., 2017), cementing porous materials or sand (Chu et al.,
2012, 2014; Cheng et al., 2017), environmental remediation (Li et al.,
2014; Johnstone et al., 2016) and CO2 sequestration (Phillips et al.,
2013b). Most studies on biodeposition based on MICP have focussed
on ureolytic bacteria (Wang et al., 2016). Bacillus sphaericus was able
to produce CaCO3 precipitation on limestone, which offered protection
from water ingress (Dick et al., 2006). B. sphaericus was also applied to
concrete blocks and showed beneficial effects on the substrate, such as
durability improvement through decreasing surface permeation and
chloride migration (De Muynck et al., 2008). Apart from water
penetration, surface coatings have also been examined for corrosion
resistance to acids (Qian et al., 2009). Bacillus subtilis can precipitate
carbonates and protect porous materials from corrosion (Tiano et al.,
1999; Pei et al., 2013). Fungi are also competitive alternatives for the
development of surface treatment technology, and several studies
have investigated a number of fungal species for application in self-
healing concrete (Luo et al., 2018; Menon et al., 2019). Filamentous
fungi may provide abundant mineral nucleation sites compared with
bacteria (Jin et al., 2018), which implies a better protective perfor-
mance. Fungi are adaptable to harsh environments and can scavenge
nutrients from the atmosphere and rainwater and grow on rocks, ce-
ment, and mortar (Gadd, 2007, 2017). Fungi also show high efficiency
in biomineral formation through MICP, e.g. Neurospora crassa and Can-
dida ethanolica (Li et al., 2014; Bindschedler et al., 2016; Wong et al.,
2020), and surface treatment of concrete blocks with a yeast improved
compressive strength (Wong et al., 2020). Fungi, therefore, could func-
tion as a protective biocoating agent for porous materials through colo-
nization and biomineral precipitation. However, little is known about
fungal adaptability to the harsh environment of the concrete matrix
and the application of fungal-induced carbonate precipitation (FICP)
to concrete. In addition, the significance and fate of potentially harmful
metals, such as Sr that may be a component of added cementitious ma-
terials such as fly ash, during FICP remain unclear. The aim of this work
was therefore to examine promising fungal strains isolated from con-
crete, and their biomineralization behaviour in the presence of calcium
and/or strontium, to provide further understanding of potential applica-
tions for mineral biodeposition to concrete surfaces for bioprotection.

2. Materials and methods

2.1. Isolation and screening of fungi from concrete

Concrete samples were collected from different locations on the
main campus of the University of Dundee, Dundee, Scotland (56°27′
29.7″N 2°59′01.7″W). Specimens of fungi colonizing concrete were col-
lected using a flame-sterilized metal spoon and sterile sampling bags
and immediately transported to the laboratory. The following ap-
proaches were applied for fungal isolation: direct inoculation, the
concrete platemethod, and the agar adhesionmethod. For direct inocu-
lation, concrete particles were sprinkled onto the surface ofmalt extract
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agar (MEA) media (Sigma Aldrich, St. Louis, MO, USA). For the concrete
plate method, ground concrete powder (~120 mg) was scattered in a
sterile Petri dish, and then MEA, cooled to about 45 °C, was poured
into the plate and gently mixed. For the agar adhesion method,
solid MEA media was cut aseptically into 1cm2 blocks which were
pressed onto the colonized area of concrete and then removed and
inoculated on new MEA plates. All plates were incubated at 25 °C in
the dark for five days, and resulting fungal colonies were selected
and transferred into pure culture on MEA. Urea-positive fungi were
selected using Christensen's urea agar (CUA) medium which is com-
posed of 85 mM NaCl, 15 mM KH2PO4, 330 mM urea, 3.4 mM phenol
red, 0.1% (w/v) peptone, 5.5 mM D-glucose and 1.5% (w/v) agar No.1
(Oxoid, Basingstoke, UK). Phenol red functions as a pH indicator, and
the colour changes from yellow to bright pink with increasing pH.
Isolated fungi were maintained on MEA agar media at 25 °C in the
dark.

2.2. Molecular identification of urease-positive fungi isolated from concrete

Isolated fungiwere inoculated in 1.5mlmalt extract (ME) liquidme-
dium in Eppendorf tubes for 2 days at 125 rpm in the dark. Fungi bio-
mass was then were transferred to a new tube containing 500 μL DNA
lysis buffer (50 mM Tris-HCl pH = 8.0, 1 mM EDTA, 150 mM NaCl,
and 1% SDS), vortexed twice atmaximum speed for 3min and then cen-
trifuged (15,700 ×g, 5 min). 400 μL supernatant was transferred into a
new microfuge tube. 400 μL isopropanol was then mixed thoroughly
by shaking. The tubes were centrifuged (15,700 ×g, 5 min) and the su-
pernatant was discarded. 400 μL 70% ethanol was added to the pellet
and, after mixing, was centrifuged at the same speed for 5 min. The su-
pernatant was then pipetted off and the remaining ethanol was left to
volatilize for 5 min. 30 μL sterile Milli-Q water was then added into
the tube which was then stored at −20 °C prior to the polymerase
chain reaction (PCR). The DNA was quantified using a NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
Fungal DNA was amplified using ITS 1F (5’-CTTGGTCATTTAGAGGAAG
TAA-3′) and ITS 4(5’-TCCTCCGCTTATTGATATGC-3′) primers. Amplifica-
tion was performed in a volume of 200 μl tube containing 100 ng DNA
template, 5 μl 10 × PCR buffer, 1 μl dNTP mix, 2.5 μl ITS IF and ITS 4
primers, and 0.25 μl Taq polymerase. Amplification conditions were
3 min at 94 °C, followed by 32 cycles of 30s at 94 °C, 30s at 55 °C and
1 min at 72 °C. The annealing temperature for isolates UreaC11,
UreaC19, and UreaC2–1 was 52 °C. The fungal ITS sequences obtained
were compared to National Centre for Biotechnology Information
using the BLAST program. Jukes-Cantor was chosen to be the genetic
distance model, and neighbour algorithms were used to construct the
phylogenetic tree, respectively, with the MEGA-X programme.

2.3. Fungal growth in alkaline conditions

Moderate and extremely alkaline pH conditions were examined to
assess the tolerance or adaptation of selected fungi to the strongly alka-
line environment of concrete during the hydration process. MEA media
buffered at pH 8.34±0.06with 0.09MNaHCO3 and 0.01MNa2CO3, and
MEA media buffered at pH 10.60 ± 0.02 with 5 M NaHCO3 and 0.25 M
Na2CO3, were compared with control MEA media which had an initial
pH 5.58 ± 0.10. A 6 mm diameter fungal plug, taken from an actively
growing colony onMEA using a sterile cork borer, inoculated in the cen-
tre of the agar plate after a sterilized 90 mm cellophanemembrane was
placed on the surface. Cellophanemembranes, whichwere used to sep-
arate fungal biomass from the agar, were sterilized at 115 °C for 15 min
(3 times) in fresh Milli-Q water prior to cultivation. Plates were incu-
bated at 25 °C in the dark. Diameters in mutually orthogonal directions
of the colonies were measured at predetermined times until the plates
were entirely covered with biomass. The biomass was then harvested
by peeling from the cellophane membrane and dried at 105 °C in the
oven to constant weight.
3

2.4. Cultivation of urease-hydrolysing fungi on modified AP1 media

Modified AP1 media (defined as mAP1 below) comprised 40 mM
urea (CO(NH2)2) (Sigma-Aldrich, St. Louis, USA), 3.7 mM KH2PO4

(Acros, New Jersey, USA), 0.8 mM MgSO4·7H2O (BDH, Poole, UK),
0.2 mM CaCl2·6H2O (BDH, Poole, UK), 1.7 mM NaCl (Sigma-Aldrich,
St. Louis, USA), 9 × 10−3 mM FeCl3·6H2O (Sigma-Aldrich, St. Louis,
USA), and trace metals 1.4 × 10−2 mM ZnSO4·7H2O (BDH, Poole, UK),
1.8 × 10−2 mM MnSO4·4H2O (Sigma-Aldrich, St. Louis, USA), and
1.6 × 10−3 mM CuSO4·5H2O (BDH, Poole, UK), 111 mM D-glucose
(VWR, Lutterworth, UK); 15 g L−1 agar No.1 (Oxoid, Basingstoke, UK)
was applied additionally in mAP1 agar media.

Selected urease-positive fungi were inoculated into mAP1 agar
media with addition of Ca or/and Sr stock solution to a final concentra-
tion of 50 mM or 25 mM each for precipitation of corresponding min-
erals, with the inclusion of 0.2 mM CaCl2 in control mAP1 media. All
salt solutions were sterilized separately andmixed with D-glucose solu-
tion after cooling. For agar media, sterile salt solutions were added
when the D-glucose and agar mixture cooled to around 50 °C. Urea
stock solution was added after membrane filter sterilization through
0.2 μm pore size cellulose acetate membrane filters (Sartorius Stedim
Biotech, Goettingen, Germany). The initial medium pH was adjusted
to pH 5.50 ± 0.01 using 1 M NaOH after autoclaving. A sterile dialysis
membrane was placed on the agar surface before inoculation to facili-
tate separation of the fungal biomass from the agar after growth. After
minerals were observed in the agar by light microscopy, the pH of the
mediawasmeasured using anOrion 3 Star benchtop pHmeter (Thermo
Fisher Scientific, Loughborough, UK) fitted with a flat tip electrode
(VWR, USA). Minerals under colonies were extracted by gently homog-
enizing the agar with approximately 50 ml Milli-Q water at 80 °C in a
crystallizing dish. Crystals were collected after settling and rinsed at
least three times with Milli-Q water.

2.5. Urease activity

In liquid media, Fungal growth was determined as the dry weight of
biomass in 100 ml mAP1 media after filter paper filtration (Whatman,
Maidstone, UK) and drying to constant weight at 105 °C. For measure-
ment of the ammonium concentration during growth of selected fungi
to evaluate extracellular urease activities. 40 μL-aliquots of spent
biomass-free culture supernatant were pipetted into individual micro-
plate wells. 50 μL 0.19 mol L−1 trisodium citrate (pH = 7.0) was added
to each well and allowed to react for 1 min. Afterwards, 50 μL of PPS-
nitroprusside (0.122 M 2-hydroxybiphenyl sodium salt tetrahydrate and
5 × 10−5 M Na2Fe(CN)5NO·2H2O) was pipetted into the mixture,
followed by 20 μL of buffered sodium hypochlorite, and then diluted
with 100 μL Milli-Q water. Buffered hypochlorite reagent comprised
0.061 M Na3PO4 and 0.7 M sodium hypochlorite solution (Domestos,
Surrey, UK): the pH was adjusted to pH 13 using 2 M NaOH. After
reacting for 45 min, the absorbance at 660 nm was measured using a
microplate reader (BioTek Instruments Inc.,Winooski, VT, USA). Standard
ammonium nitrogen solutions were used as working standards at con-
centrations from 0 to 20.0 mg L−1 (Rhine et al., 1998).

2.6. Measurement of pH and metal concentrations

The pH of media was measured using an Orion 3 STAR Benchtop pH
meter (Thermos Fisher Scientific, Waltham, MA, USA) both before and
after cultivation for 30 days in the dark in mAP1 agar media with or
without addition of Ca2+ or/and Sr2+. Fungal biomass grown in liquid
media was centrifuged (4500 ×g, 30 min) and then resuspended in
100 ml Milli-Q water and recentrifuged at the same speed, eventually
drying at 105 °C to constant weight. 50 mg dry biomass was digested
in 3 ml mixed concentrated acid solution (HNO3: HCl = 2:1) at 140 °C
until the liquid became clear. The solution was transferred to 50 ml
volumetric flasks, diluted with 1% nitric acid to volume and then
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filtered using 0.02 μm pore size membrane filters (Sartorius Stedim
Biotech, Goettingen, Germany). Concentrations of calcium and stron-
tium both in biomass digests and supernatants were quantified using
an AAnalyst 400 atomic absorption spectrophotometer (PerkinElmer
Instruments, Waltham, MA, USA).

2.7. Scanning electron microscopy (SEM) and energy-dispersive X-ray
analysis (EDXA)

Harvested fungal pellets were fixed in 2.5% (v=vaq) glutaraldehyde in
5mMPIPES buffer, pH 7.2 after washed inMilli-Qwater. Afterwards, pel-
lets were washed twice using 5 mM PIPES for 15 min. The biomass was
dehydrated using graded ethanol solutions: 30%, 50%, 70%, 100% (v=vH2O)

for 30 min each before drying in a CO2 critical point dryer (BAL-TEX
company, Los Angeles, CA, USA). X-ray diffraction data were recorded
on a Hiltonbrooks X-ray diffractometer (HiltonBrooks Ltd., Crewe, UK)
using a monochromatic CuKα source and curved graphite, single-crystal
chronometer (30 mA, 40 kV). Samples were analyzed over the range 3-
60o 2Ө at a scan rate of 1 degree/min in 0.1-degree increments. FTIR spec-
tra were obtained using a Fourier Transform Infrared Spectrometer in
conjunction with diamond Attenuated Total Reflectance (Burker Vertex
70, Bruker Optics Inc., Ettlingen, Germany). All spectra were acquired in
awavelength range from 370 to 4000 cm−1, with 4 cm−1 spectral resolu-
tion. SEM images were obtained using a JEOL JSM 7400F field-emission
SEM (JEOL Ltd., Tokyo, Japan) equipped with an EDS system (Oxford
Instruments Inca, Abingdon, Oxfordshire, UK). The dried precipitate or
biomass was mounted on carbon adhesive tape on Al stubs for elemental
composition analysis carried out using EDXA prior to coating with a
10 nm layer of gold and platinum using a Cressington 208HR sputter
coater (Cressington Scientific Instruments Ltd., Watford, England, UK)
for SEM observation.

2.8. Statistical analysis

Origin 2021 was used for data analysis, and all cultivation experi-
ments were performed in triplicate, unless stated otherwise.

3. Results

3.1. Sample sites

Concrete fragments were obtained from walls at the University of
Dundee campus, where clear manifestation of fungal growth was ob-
served, the uncolonized warm yellow surface becoming blackened
(Fig. S1a, b). The concrete mainly comprised albite, quartz, larnite
(unhydrated cement clinker), muscovite, and calcite, and small
amounts of ettringite, portlandite, and clinochlore (Table S1, Fig. S1c).
Scanning electron microscopy (SEM) revealed fungal hyphae on the
concrete, with some hyphae apparently penetrating into the substrate
(indicated by arrows in Fig. S1b).

3.2. Screening and identification of fungi isolated from concrete

After growth and isolation on MEA media, 23 strains with distinct
morphological features were selected for further study. 12 isolates
were further identified as urease-positive and, of these, five isolates ex-
hibited prominent calcium carbonate precipitation abilities when
grown in mAP1 media amended with 50 mM CaCl2. Based on
ribosomal DNA internal transcribed spacer (rDNA ITS) gene sequencing,
related strainswere chosen for construction of a neighbour-joiningphy-
logenetic tree (Fig. 1). The fungal isolates showed high homologies
(78–100% identity) with the following species according to ITS gene se-
quencing, which was further confirmed by phylogenetic tree analysis.
The five strains with clear biomineralization ability were Fusarium
cerealis (designated as UreaC2–1), Arthrinium arundinis (UreaC6),
4

Phoma herbarum (UreaC11, UreaC17), Mucor hiemalis (UreaC19), and
a Mucor sp. (UreaC20). Three strains (UreaC2-1, UreaC11, UreaC19,
marked with asterisks in Fig. 1) were selected for subsequent
experiments due to their conspicuous calcite precipitation ability.

3.3. Growth of fungi in an alkaline environment

As the pH of concrete undergoes dramatic changes during
the hydration process, fungal tolerance to alkalinity was evaluated
on moderate and high alkaline media. F. cerealis, along with
P. herbarum andM. hiemalis, appeared to be resilient to moderate al-
kalinity (pH 8.3, Fig. 2a). F. cerealis and M. hiemalis grew faster than
P. herbarum. M. hiemalis was non-tolerant and growth was not ob-
served on strongly alkaline media (pH 10.6). F. cerealis and
P. herbarum were negatively affected by high alkalinity and growth
rates were significantly decreased (Fig. 2b). To further clarify
growth responses, tolerance indices (TI), calculated from the dry
weight of treated biomass at pH 10.6 and the control biomass
(pH 5.5), of the alkalitolerant isolates were calculated (Table S2).
Differences in TI were consistent with growth rates, with biomass
production showing an obvious decrease in the presence of strong
alkalinity. The tolerance index of F. cerealis was ~46%, indicating
that alkalinity considerably inhibited mycelial development. In con-
trast, biomass production by P. herbarum showed only a minor de-
crease (~15.6%), revealing that the high pH had little influence on
growth.

3.4. Urease activity

Growth of selected fungi in mAP1media is shown as the dry weight
of total biomass in theflask (Fig. 2c). Amarked increase in biomass yield
can be seen in the early stages of incubation, giving a peak at day 3 for
M. hiemalis, and day 9 for F. cerealis and P.herbarum. Biomass yield
showed a decline after the peaks presumably due to autolysis. The con-
centration of ammonium in mAP1 media released from urea decompo-
sition showed a significant increase, giving rise to a high carbonate
content. Analysis of the urea decomposition capacities of the fungi, de-
rived from polynomial fitting showed a logarithmic increase of
ammonium-N before reaching a plateau after ~20 days incubation
(Fig. 2d). All isolates showed high urease activity with F. cerealis show-
ing the highest ammonium production of 941.3 mg L−1. Corresponding
value of ammonium for P. herbarum and M. hiemalis were 828.6 and
871.5 mg L−1, respectively. Such changes did not occur in the abiotic
controls.

3.5. pH changes in media after growth of Fusarium cerealis, Phoma
herbarum, and Mucor hiemalis

In MICP, hydrolysis of urea results in the release of ammonium
and carbonate, resulting in alkalization of the culture media, mani-
fest as a marked increase in pH (Table S3). The fungal species used
in this study were cultured in urea-containing CaCl2 amended agar
for the precipitation of carbonates, with initial pH 5.5. A significant
increase in pH over the control culture containing 0.2 mM CaCl2 to
pH 8.14–8.96 by the different species indicated the release of
alkalinity during ureolysis. M. hiemalis showed the highest
increase to pH 8.96, with the lowest pH increase showed by
F. cerealis to pH 8.14 after 30 days of incubation. However, on
addition of CaCl2 to a final concentration of 50 mM, the final pH
values were around pH 7.33–8.59, which were slightly lower
compared with the control. Similar variations occurred when
50 mM SrCl2 and a mixture of 25 mM (each) CaCl2 and SrCl2
were added into the media. It can be concluded that the formation
of carbonate correlated with the decreased final pH. M. hiemalis
always showed the highest alkalinity in comparison with
P. herbarum and F. cerealis.



Fig. 1. Phylogenetic tree of the five isolated fungi which possessed a pronounced ability for calcium carbonate precipitation. Accession numbers of the sequences retrieved from GenBank
are given in the brackets. Only bootstrap values higher than 50% are shown at the nodes.
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3.6. Precipitation of carbonate minerals

3.6.1. Formation of CaCO3

After incubating, F. cerealis, P. herbarum, and M. hiemalis in mAP1
agarmedia amendedwith 50mMcalcium chloride for 30 days,minerals
of various sizes andmorphologies appeared in the agar. After extraction
from the agar, crystalswere analyzed by SEM in conjunctionwith EDXA.
Various morphological characteristics were shown by the minerals
formed by P. herbarum on mAP1 media amended with 50 mM calcium:
capsular, rosette-shaped, and irregular cylinders (Fig. 3a-c). Compared
with minerals precipitated under colonies of P. herbarum, the minerals
induced byM. hiemalis also showed variousmorphologies, an additional
shape being as irregular hexagonal prisms (Fig. 3e). Spherical crystals
with coarse surfaces were produced by F. cerealis (Fig. 3h) as well as
hexagonal prisms and prismoid structures with pointed tips (Fig. 3g,
i). Although diverse morphologies were shown, EDXA spectra indicated
that all minerals contained similar elements: Ca, O, and C (Fig. 4a). To
further identify and characterise the minerals, precipitates were ana-
lyzed by X-ray diffraction (XRD) (Fig. 4b). XRD patterns obtained
showed that minerals produced by F. cerealis, P. herbarum and
M. hiemalis in the presence of CaCl2 and urea fitted perfectly with
5

standard calcite. However, the peak intensities for P. herbarum
minerals were weaker than those for F. cerealis and M. hiemalis.
Fourier transform infrared spectroscopy (FTIR) was also applied to
inform about composition (Fig. 4c). Typically, vibration frequencies (in
cm−1) of carbonate ion both in amorphous and crystalline forms of
calcium carbonate are located at ~1060(ν1), ~850 (ν2), ~1400 (ν3),
and ~ 700 (ν4) (Andersen and Brecevic, 1991). All these bands were
easily detected in the spectra. The ν4 of M. hiemalis was found to be
split into 2 small peaks centred at 713 and 665 cm−1, which confirm
the presence of carbonate. The broad band between 3500 and
3200 cm−1 confirms the presence of hydrous components in the
minerals formed by M. hiemalis (Michel et al., 2008). The peak centred
at 2889 cm−1 was attributed to the anti-symmetric stretching of ali-
phatic C\\H from CH2 groups, which may arise from the residues of
the cellulose membranes applied to the agar medium surfaces for
better removal of the biomass.

3.6.2. Formation of SrCO3

Theminerals formed through fungal biomineralization in agar plates
containing Sr2+ (50mM)were also analyzed by SEM(Fig. S2) andEDXA
(Fig. S3a). SEM revealed spherical crystalline deposits of various sizes



Fig. 2.Growth and urease activity of selected fungi. Colony expansion at (a) pH8.3; (b) pH 10.6. Solid symbols represent fungi grown on control MEAmedia (pH ~5.58). Open symbols are
fungi grown on MEA modified with NaHCO3 and Na2CO3 (pH_8.3 or 10.6). (c) dry weight of biomass and (d) urea hydrolysis activity expressed as NH4

+-N release in AP1 liquid media
amended with 40 mM urea by the different fungal species incubated at 125 rpm and 25 °C in the dark. ▽: Fusarium cerealis; ○: Phoma herbarum; △: Mucor hiemalis. All fungi were
grown in the dark at 25 °C for suitable periods. At least 3 measurements were made. Standard deviation (S.D.) is represented by error bars which are not shown when smaller than
the symbols. At least three replicate measurements were made.
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formed by M. hiemalis, P. herbarum, and F. cerealis (Fig. S2a, c, e). EDXA
spectra showed that Sr, O, and C were the component elements. XRD
identified the produced crystals as strontianite (SrCO3).

3.6.3. Formation of minerals in the presence of 25 mM CaCl2 and 25 mM
SrCl2

SEM revealed that the precipitates formed byM. hiemalis in the pres-
ence of mixed CaCl2 and SrCl2 (25 mM each) comprised small particles
with a size range around100–150 μm(Fig. 5a, b). Forminerals extracted
under F. cerealis (Fig. 5f-h), there appeared to be three distinctmorphol-
ogies: spheres, irregular cylinders, and rosettes. Triangular aggregates
were also found on the surfaces of spheres. Compared with the above-
mentioned mineral precipitates, the deposits induced by P. herbarum
showed unique cylindrical minerals with porous surfaces (Fig. 5e)
with a majority of spheres of varying sizes. Traces of hyphaewere occa-
sionally observed on the spheroids (Fig. 5d).

Although the minerals varied in size and morphology, they shared a
common elemental composition. For minerals extracted under colonies
ofM. hiemalis on media amended with 25 mM CaCl2 and SrCl2, Ca, O, C,
and Sr were the dominant elements (Fig. 6a). For the minerals precipi-
tated by F. cerealis, trace Sr was detected besides Ca, O, and C (Fig. 6a).
In contrast, a large amount of Sr, together with Ca, O, C comprised min-
erals formed by P. herbarum (Fig. 6a). XRD revealed that the minerals
precipitated by F. cerealis and M. hiemalis were calcite (CaCO3), while
6

the trace Sr indicated by EDXA may be due to Sr partially replacing Ca
in the structure. For deposits from mAP1 media with the addition of
25 mM CaCl2 and SrCl2 after growth of P. herbarum, calcite was
present and, Sr(Sr, Ca)(CO3)2 was also identified (Fig. 6b).

3.7. Morphology of fungal hyphae

SEM images shown in Fig. 7 show fungal biomass cultivated in
50 mM Ca, 50 mM Sr, and 25 mM (each) Ca- and Sr-containing liquid
media, compared with control mAP1 liquid media. Control hyphae
were intact tubular structures with smooth surfaces (Fig. 7, first col-
umn). For F. cerealis cultured in 50 mM CaCl2, the hyphae were
enveloped by minerals (Fig. 7b). When cultivated in 50 mM SrCl2,
most of the hyphae became biomineralized, with particle aggregates
stacking on the surface (Fig. 7c). For biomass incubated with equal
concentrations of CaCl2 and SrCl2, minerals were associated with
hyphae (Fig. 7d). The accumulation of calcium carbonate was mainly
concentrated on the mycelial network of P. herbarum (Fig. 7f).
For P. herbarum grown with 50 mM SrCl2, granular minerals
were associated with the mycelium (Fig. 7g). The accumulation of
biominerals on F. cerealis (Fig. 7d) and P. herbarum (Fig. 7h) showed a
different distribution when incubated with 25 mM CaCl2 and SrCl2 in
mAP1. Minerals were mainly encrusted on the hyphae of F. cerealis
(Fig. 7b, c, d), while the precipitates formed by M. hiemalis primarily



Fig. 3. Scanning electron microscopy of minerals extracted frommAP1 agar medium amended with 50 mM CaCl2 after growth of (a-c) P. herbarum, (d-f)M. hiemalis, and (g-i) F. cerealis.
Scale bars: a, d, e, g = 100 μm; b, f = 10 μm; c, h, i_20 μm. Typical images are shown from several separate examinations.

J. Zhao, L. Csetenyi and G.M. Gadd Science of the Total Environment 816 (2022) 151501
formed in mycelial pellets in the form of granular aggregates when
challenged with 50 mM SrCl2 or 25 mM CaCl2 and SrCl2, with some
Sr-containing minerals being attached to the hyphae (Fig. 7k, l). In the
case of P. herbarum in Sr-containing media, the precipitation mainly
clustered on thin filaments (Fig. 7g, h).

3.8. Removal and accumulation of Ca and Sr

Fungal pellets were collected by centrifugation (4550 ×g, 30 min)
and dried after incubation for 30 days at 125 rpm in the dark. Ca and
Sr concentrations were measured both in the media supernatants and
in biomass extracts by atomic absorption spectrophotometry. In mAP1
media containing 25mMCa2+or 50mMSr2+ (abiotic control), the con-
centrations of Ca2+ and Sr2+ in the supernatant decreased by 0.53% and
0.33% (Table S4), respectively, in the absence of fungi after 30 days incu-
bation at 25 °C in the dark which implies that both Ca2+ and Sr2+ were
stable in the media and cultural conditions. Therefore, changes in M2+

(Ca or Sr) in the supernatant can be directly attributed to the activities
of the fungi. The concentrations of Ca2+ and/or Sr2+ in the supernatant
and fungal biomass are shown in Table 1. Ca or Sr removal from solution
by M. hiemalis was the lowest among all the three test fungi. In mAP1
media containing 50 mM CaCl2, P. herbarum possessed the highest Ca
removal ability and about 62.5% calcium was removed from solution.
The highest proportion of Sr (60.72%) was removed by F. cerealis
when cultivated with 50 mM SrCl2. When F. cerealis was incubated in
mAP1 media amended with the same concentrations of Ca and Sr
(25 mM), 49.8% Ca and 37.6% Sr were removed from solution.
Concerning metal removal by precipitation, P. herbarum biomass
7

showed the highest Ca accumulation, with 2.9 mmol g (dry wt) −1 Ca
being deposited. F. cerealis showed a high Sr precipitation ability of
~2.0 mmol g (dry wt)−1.

4. Discussion

Concretes are widely used building materials. During the hydration
process, the pH of concrete can reach up to pH 11 after which the sur-
face pH generally decreases to around pH 9. The survival of fungi in
such conditions depends on their tolerance to alkalinity. F. cerealis,
P. herbarum, and M. hiemalis were used in this study and isolated from
concrete exhibiting black coatings without any visual structural dam-
age. All species showed tolerance to moderate alkalinity (pH = 8.3).
Furthermore, F. cerealis and P. herbarum exhibited a high level of intrin-
sic resistance to extreme alkalinity, although growth was adversely af-
fected at pH 10.6. Moreover, these fungi showed ureolytic actively
which mediated extracellular carbonate precipitation, as well as
increasing the external pH, this can lower the energy barrier for nucle-
ation and provide favourable conditions for CaCO3 formation (Stocks-
Fischer et al., 1999; Görgen et al., 2021). The products of urea
hydrolysis can be utilized as a nitrogen source (ammonium) for
metabolic activities (Achal et al., 2009).

Biomineralization refers to the process of mineral formation by or-
ganisms. Biominerals are diverse in theirmetal constituents and include
oxides, carbonates, phosphates, oxalates and sulfides (Gadd, 2010,
2017; Cam et al., 2016). Biomineralization processes have a significant
impact on biogeochemical cycles, for example, large-scale carbonate de-
position in the lithosphere (Mehta et al., 2019; Görgen et al., 2021). The



Fig. 4.Qualitative analysis ofminerals extracted frommAP1 agarmedia amendedwith 50mMCaCl2 after growth of selected fungi for 30 days at 25 °C in the dark. (a) Energy dispersive X-
ray analysis; (b) X-ray diffraction (XRD); (c) Fourier transform infrared spectroscopy (FTIR). P.: P. herbarum;M.:M. hiemalis; F.: F. cerealis. Typical spectra/ XRDpattern are shown fromone
of several determinations.
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biomineralizationmechanisms can be distinguished as twomain types:
biologically-controlled mineralization (BCM), where the biomineraliza-
tion is regulated by specific genes of the biomineralizing organism, and
biologically-inducedmineralization (BIM), where biomineral formation
results from physico-chemical changes in the environment as a result of
metabolism (Decho, 2010; Bindschedler et al., 2016). Biomineralization
can also occur on dead or inert biological matrices which can be termed
biologically-influenced biomineralization. In this study, calcium carbon-
ate formation by F. cerealis, P. herbarum, and M. hiemalis was based on
BIM, since the precipitation resulted from the release of carbonate and
increase of pH due to urea degradation by the isolated fungi. According
to previous research, biomineralization is ubiquitous among bacteria
(Mann et al., 1990; Schüler and Frankel, 1999; Lian et al., 2006). Poten-
tial biotechnological applications of bacteria have been widely studied
in relation to self-healing concrete (Jonkers et al., 2010; Reddy, 2013;
Seifan et al., 2016), stabilization of sand (Han et al., 2020), and bioreme-
diation (Achal et al., 2012; González et al., 2017). However, relatively
few studies of MICP are reported in fungi (Bindschedler et al., 2016)
8

although there are several pertinent examples in the literature. Aspergil-
lus nidulans was able to expand on concrete and promote CaCO3

formation (Menon et al., 2019). Trichoderma reesei and Fusarium
oxysporum were also considered to be a possible candidates for
application on concrete (Luo et al., 2018; Zhang et al., 2021). A urease-
positive fungus, Neurospora crassa, is capable of significant Ca, Cd (II),
or Ni (II) removal by corresponding carbonate formation (Li et al.,
2014, 2019). In addition, fungi isolated from calcareous soil,
Pestalotiopsis sp. and Myrothecium gramineum, exhibited MICP to form
calcite (Li et al., 2015). Highly alkaline tolerant fungi, Paecilomyces
inflatus, and Plectosphaerella cucumerina,were also isolated from calcar-
eous soil and associated with calcite formation (Pasquale et al., 2019).
Fungi therefore show promising potential in MICP applications. Their
growth pattern, and filamentous mycelial network allow exploration
of the environment and provide many nucleation sites for mineral pre-
cipitation on cellwalls (Jin et al., 2018). Chitin, an important component
of the fungal cell wall, is known for its ability in Ca2+ binding (Tokura
et al., 1983; Nishi et al., 1987; Gadd, 1993; Manoli et al., 1997). In this



Fig. 5. Scanning electronmicroscopy images ofminerals produced by (a, b)M. hiemalis, (c-e) P. herbarum, and (f-h) F. cerealis after inoculation onmAP1 agarmedia amendedwith 25mM
SrCl2 and CaCl2 at 25 °C for 30 days in the dark. Scale bars: a, c = 100 μm; b, d = 20 μm; e = 5 μm; f = 50 μm; g = 10 μm; h = 1 μm. Typical images are shown from several similar
examinations.
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study, F. cerealis, P. herbarum, andM. hiemaliswere all shown to have the
ability to form calcite through MICP. Around 49%–62% of the supplied
calcium was removed from solution as carbonate when challenged
with 50 mM CaCl2. Carbonate alkalinity can result from several other
fungal physiological activities, apart from ureolysis, such as nitrate
assimilation and oxalate degradation (Verrecchia et al., 2006; Hou
et al., 2011).

Differences in calcium carbonate morphologies were observed be-
tween species, even though identical experimental conditions were ap-
plied (Li et al., 2015). This might be due to variation in metabolites
secreted by the different fungal species, which create different chemical
environments for biomineralization. The incorporation of organic me-
tabolites, including secreted amino acids and proteins, will result in
changes in morphology during mineral nucleation and growth (De
Yoreo and Dove, 2004; Liu et al., 2019, 2020a). Apart frommorphology,
the size and crystallinity of biominerals can also be affected by organic
molecules (Rautaray et al., 2003; Sanyal et al., 2005; Cron et al., 2019;
Mansor and Xu, 2020). The wetting behaviour of CaCO3 is also highly
Fig. 6. Qualitative analysis of minerals extracted from mAP1 agar media amended with 25 mM
(a) Energydispersive X-ray analysis; (b) X-ray diffraction (XRD). P.: P. herbarum;M.:M. hiemalis
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related to its morphology (De Muynck et al., 2008). Usually, rough
surfaces indicate better resistance to wetting and, it was estimated
that a carbonate surface crust filled with small crystals would show
increased wettability than that of a crust filled with larger crystals (De
Muynck et al., 2008). The adsorption of cations to CaCO3 may improve
surface roughness, thereby enhancing its performance against water
ingress (Chen et al., 2006).

In thepresentwork,we also assessed the feasibility of ureolytic fungi
to promote carbonate formationwith strontium (Sr), which shares sim-
ilar characteristics with calcium as both are alkaline earth elements
(AEEs). It has been demonstrated previously that urease-positive fungi
have the ability to co-precipitate metal carbonates together with the
formation of calcite, such as lead, strontium, Cd, and chromium (Li
et al., 2015; Qian et al., 2017; Dhami et al., 2017). Pestalotiopsis sp. and
Myrothecium gramineum isolated from calcareous soils possessed an ex-
tensive capacity for strontium carbonate precipitation (Li et al., 2015).
Two calcifying ureolytic fungi species, Aspergillus sp. and Fusarium
oxysporum, isolated from a calcareous cave environment, were able to
CaCl2 and 25 mM SrCl2 after the growth of selected fungi for 30 days at 25 °C in the dark.
; F.: F. cerealis. Typical spectra/ XRDpatterns are shown fromone of several determinations.



Fig. 7. Scanning electron microscopy images of morphologies of (a-d) F. cerealis, (e-h) P. herbarum, and (i-l)M. hiemalis hyphae after incubation in (a, e, i) mAP1 liquid media without or
with 50mMCaCl2 (b, f, j), 50mMSrCl2 (c, g, k) and 25mMCaCl2 and 25mMSrCl2 (d, h, l). All fungiwere incubated for 30 days at 25 °C and 125rpm in thedark. Scale bars: a, i, j, k=10 μm;
b = 2 μm; the inserted segment in (j) =20 μm; c, d, e, f, g, h, l = 5 μm. Typical images are shown from several similar examples.
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sequester Sr along with calcium carbonate biomineralization (Dhami
et al., 2017). Here, F. cerealis, P. herbarum and M. hiemalis also showed
significant strontium carbonate production in the presence of SrCl2. All
species displayed considerable tolerance to strontium, and inhibition
of growth did not occur when grown with 50 mM Sr2+. Unlike the
multiple morphologies of biogenic calcium carbonate, only spheres
with varied sizes were observed using electron microscopy, their
formation also resulting from urea hydrolysis.

In the light of these results, it is suggested that carbonate-
precipitating fungi could be used in bioremediation to immobilize
strontium, radionuclides, and metals in fly ash. Bioleaching of metals
from fly ash by fungi has been studied previously (Wu and Ting, 2006;
Wang et al., 2009; Xu and Ting, 2009). For example, Aspergillus niger
was an efficient organism for metal mobilization, including Cd, Mn, Pb,
Zn, Cr, and Fe (Wang et al., 2009). Penicillium glabrum could remove
~3% Sr from fly ash, while Fusarium oxysporum could also remove Mo,
Ni, and Cu (Taştan, 2017). The MICP process can also contribute to im-
provement of the compressive strength of concrete incorporating fly
ash, which may improve durability (Chen et al., 2019; Chaparro et al.,
2021).

The process of Sr and Ca incorporation into carbonates generated by
urease-positive fungi was also explored in this study. Parkman et al.
(1998) found that strontium in the calcite lattice was arrayed as a
hexacoordinate structure. It has been suggested that the incorporation
of Sr into Ca carbonate could be effective in bioremediation (Ferris et al.,
1995; Warren et al., 2001; Fujita et al., 2004, Kumari et al., 2016). The
overall rate of calcite precipitation was the primary driving factor of the
degree of Sr integration, where faster precipitation resulted in greater Sr
assimilation (Fujita et al., 2004). Beyond the incorporation of Sr in calcite,
the co-precipitation of Sr and Ca was also noteworthy. For the minerals
precipitated by P. herbarum, a Sr and Ca-containing carbonate, Sr(Ca, Sr)
(CO3)2, was formed. The deviation in the diffraction pattern may result
from the substitution of Ca by Sr, as the latter is larger in atomic radius,
10
which can lead to a distorted arrangement (Li et al., 2015). The
assemblage of AEEs such as Ca, Ba, and Sr into carbonates through
biomineralization was exhibited by Gloeomargarita lithophora, a
cyanobacterium that can produce intracellular amorphous carbonates
which show core (Ca)-shell (Ba) structures (Cam et al., 2016; Blondeau
et al., 2018).

It is known that cell walls and extracellular polymeric substance
(EPS) can act as mineral nucleation sites (Ferris et al., 1986, 1987;
Konhauser, 1997; Obst et al., 2009).We infer that thefilaments (thinner
than fungal hyphae) which were observed in several electron micros-
copy images, appeared to be fungal polysaccharides (their filamentation
resulting from the fixation process) and these might localize precipita-
tion and prevent complete encrustation of hyphae so that metabolic ac-
tivities can continue (Chan et al., 2004; Mansor and Xu, 2020).

The deposition of carbonate precipitates on porous materials in the
built environment, such as concrete, can block pores and result in a re-
pellent coating against water ingress into the structure which is a main
factor affecting concrete durability and structural integrity (De Muynck
et al., 2008; Siddique and Chahal, 2011; Achal et al., 2013). Recycled
concrete modified by MICP showed lower water adsorption, higher
compressive strength, higher steel corrosion resistance, and less corro-
sion induced cracks (Zhao et al., 2021). Compared with certain organic
coating, calcium carbonate, as an inorganic coating material, showed
higher stability and resistance to corrosive factors (Pan et al., 2017). It
seems that MICP could be viewed as an environmentally-friendly solu-
tion to extend the lifespan of porous materials, with advantages over
many traditional technologies (Martuscelli et al., 2020).

Compared with bacteria, the role of fungi with regard to protective
biocoating applications has been understudied (Luo et al., 2018;
Menon et al., 2019). Many fungi have simple nutritional needs, are
easy to grow and manipulate, while sporulation may enable easy prep-
aration of spore inoculants. The ability of many to colonize and grow on
rocks, minerals, and mineral-based building materials and mediate
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biomineralization events, as well as metal tolerance, reinforces the fea-
sibility of fungi as bioagents for surface protection of concrete (Jin et al.,
2018; Luo et al., 2018; Menon et al., 2019; Zhang et al., 2021). The hy-
drophobic properties of fungal mycelium also aid water repellence
(Zhang et al., 2021).

In this work, the fungi, F. cerealis, P. herbarum andM. hiemalis, exhib-
ited significant urease activities and alkalinity tolerance. Calcium car-
bonate (CaCO3) or strontium carbonate (SrCO3) precipitation occurred
when the fungi were incubated in urea-containing media amended
with CaCl2 or SrCl2. The additional incorporation of Sr into calcite or
the co-precipitation of Sr and Ca when both Sr and Ca were present,
showed that these fungi could actively immobilize Ca and Sr into stable
forms. The ability of the selected fungi tomaintain alkalinity ensured ef-
ficient carbonate precipitation and indicated their potential for acting as
a biological agent to protect porous cementitiousmaterials and also im-
mobilize metals through carbonate formation. The results presented in
this study also showed that P. herbarumwas the most promising candi-
date, of the strains examined, for concrete applications with significant
tolerance towards alkalinity and strong urease activity.

Our results have demonstrated the potential of fungi in providing
carbonate coatings for concrete surfaces and simultaneous immobiliza-
tion of a potentially toxic metal, Sr. Future work is clearly necessary to
translate these findings to application in the field. This would include
risk assessment of fungal species to be used in terms of health and
safety, how the fungi, urea and any growth-promoting nutrients
would be applied, the long term stability of resulting biocoatings and
the efficacy of toxic metal immobilization should these be components
of added cementitious materials. We hope our results will stimulate
practical field research on porous cementitious material protection
and immobilization of constituent toxic metals by carbonate-
precipitating fungal systems.
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