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Abstract

Fungi-mediated self-healing concrete is a novel approach that promotes the precipitation of calcium carbonate (CaCOj3) on
fungal hyphae to heal the cracks in concrete. In this study, we set out to explore the potential of fungal species isolated from a
limestone cave by investigating their ability to precipitate CaCO3 and to survive and grow in conditions relevant to concrete.
Isolated strains belonging to the genera Botryotrichum sp., Trichoderma sp. and Mortierella sp. proved to be promising
candidates for fungi-mediated self-healing concrete attributed to their growth properties and CaCO3 precipitation capabilities
in the presence of cement.
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Figure 1. Screening limestone cave fungi as potential candidates for self-healing concrete: graphical abstract and
experimental results:

(A) Graphical abstract of the research: first, filamentous fungal strains were isolated from a limestone cave using different
growth media, the isolates were then genotypically characterized followed by a literature study and experimental urease
activity test. Based on these results, a selection of strains was examined in conditions relevant to concrete to assess their
potential as self-healing agents. The selected strains were assessed on their ability to grow next to cement and their ability to
precipitate CaCOj5 in liquid media with and without the addition of cement. The experimental results were analysed both
visually and by means of scanning electron microscopy (SEM). (B) Growth of the isolates next to cement by Botryotrichum
sp. SVS002, Cladosporium sp. SVS003, Mortierella sp. SVS004 and Trichoderma sp. SVS008. (C) SEM images (JSM-IT300
InTouchScope™) of fungal hyphae and CaCOj5 crystals in modified AP1 medium amended with 50 mM CaCly: Botryotrichum
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sp. SVS002, Cladosporium sp. SVS003, Mortierella sp. SVS005 and Penicillium sp. SVS007. (D) Pictures and SEM images
(Phenom Desktop) of fungal biomass with precipitated CaCOs3 layers on top of a cement slab: formed by Penicillium sp.
SVS006 and by Trichoderma sp. SVS008.

Description

Concrete is a construction material susceptible to crack formation, leading to reinforcement corrosion and material
degradation. Calcite, here further referred to as calcium carbonate (CaCO3), is autogenously present in concrete and is
therefore a compatible self-healing product (Seifan et al., 2016). Microbially induced calcite precipitation (MICP) is a
biomineralization technique that enables self-healing of cracks thereby extending the lifespan of concrete (Castro-Alonso et
al., 2019; De Muynck et al., 2010; Fahimizadeh et al., 2020; Wiktor and Jonkers, 2016; Wu et al., 2012). Various microbial
species have a native ability to precipitate CaCOj3 on their cell surfaces through biomineralization (Fahimizadeh et al., 2020;
Van Wylick et al., 2021). The ureolytic MICP pathway involves the formation of calcium precipitates due to the catalysis of
urea to ammonium, caused by the production of the urease enzyme, in turn increasing the local pH of the medium (Menon et
al., 2019). Carbonates that are produced from the urea then react with calcium included in the medium to form CaCOj
(Fahimizadeh et al., 2020).

The use of bacteria for MICP-mediated self-healing of concrete has already been extensively investigated: it is used in practice
and enables healing of cracks of up to 1 mm (Basilisk, n.d.). However, research on the use of fungi as self-healing agents has
only recently emerged (Luo et al., 2018; Menon et al., 2019; Zhang et al., 2021; Zhao et al., 2022). Filamentous fungi form a
promising alternative due to an extensive network-like hyphal growth, thereby providing more abundant biomineral nucleation
sites as compared to bacterial self-healing agents. This could potentially aid in a faster healing of larger-sized cracks and in a
better protective performance of the self-healed concrete. Also, certain fungal species are adapted to growing in harsh
environmental conditions, ensuring biological activity in the concrete environment, the latter being characterized by a high
alkalinity and by nutritional scarcity. An additional advantage is offered by native biosorption and bioremediation capabilities
of fungi, for example with regards to heavy metals that are also relevant for concrete applications.

Despite the enormous phylogenetic diversity of filamentous fungi, only a limited number of species has been tested for their
applicability in self-healing concrete applications (Van Wylick et al., 2021). These were selected either based on extensive
prior biological knowledge and genetic tools, such as the model species Aspergillus nidulans, Trichoderma reesei and
Neurospora crassa (Luo et al., 2018; Menon et al., 2019; Zhao et al., 2022), or upon isolation from an anthropogenic concrete
environment (Zhao et al., 2022). In this work, we have selected a limestone cave as a natural habitat for fungi that have a
propensity of performing well in self-healing concrete. Indeed, the alkaline, dry and oligotrophic conditions of a limestone
cave closely resemble the conditions in a concrete environment. A graphical abstract is provided to clarify the general concept
and methodology of this study (Figure 1A).

First, fungal strains were isolated from a limestone cave by using six types of growth media (Table 1) to ensure that every
strain would sufficiently grow on at least one medium. These growth media differed in their nutrient concentrations (nutrient-
rich versus nutrient-poor) and pH value (acidic versus alkaline). The isolated strains were phylogenetically classified on a
genus level using sequencing of an internal transcribed spacer (ITS) region in ribosomal DNA, which is a fast evolving
genomic region that varies among species and genera (White et al., 1990). Based on this molecular identification, it was found
that the isolates belong to thirteen different genera/species: Akanthomyces sp., Aspergillus sp., Botryotrichum sp., Chaetomium
sp., Cladosporium sp., Geomyces sp., Ilyonectria robusta, Mortierella sp., Mucor racemosus, Trichoderma sp., Penicillium
sp., Pseudogymnoascus sp. and Verticillium sp. The urease activity of all species was assessed with Modified Christensen’s
agar medium. Together with a literature study, with non-pathogenicity as main criterium, a selection of isolates was made for a
further experimental study (Table 2). As a positive control, these experiments were also performed for Neurospora crassa, a
fungal model species for which a potential for self-healing concrete had already been demonstrated (Li et al, 2014; Zhao et al,
2022).

The selected isolates were studied for their capability to grow adjacent to one-week-cured cement paste, which indicates their
tolerance to grow in conditions relevant for a concrete environment (Figure 1B, Table 2, Extended data 1). The strains
Trichoderma sp. SVS008, Botryotrichum sp. SVS002 and Mortierella sp. SVS005 were able to grow very well closely to a
one-week-cured cement paste slab. Mortierella sp. SVS004 showed good growth as well, although this was localized less
close to the cement paste. The growth of Penicillium sp. SVS006 was limited yet went in the direction of the cement layer.
Finally, the strains Aspergillus sp. SVS001, Cladosporium sp. SVS003 and Penicillium sp. SVS007 grew poorly, and their
growth was restricted to the opposite side of the cement layer.

Next, the selected isolates were tested for their ability to precipitate CaCOj3 in liquid medium in absence and presence of a
cement paste piece. CaCOsg precipitation was witnessed for all the strains (Table 2, Figure 1C-D), including the positive
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control (Extended data file 1). Scanning electron microscopy (SEM) showed that the CaCOg crystal morphology varied
among the different species (Figure 1C). These differences might be linked to the varying pH values of the medium after the
two-week growth period, which ranged between 7.33 and 9.18, with the starting pH being 5.5 (Table 2). Another possible
explanation for these differences in crystal morphologies are morphological or physiological differences between the selected
fungi. Upon incubating the selected strains and N. crassa in liquid medium in the presence of a cement paste piece, a layer of
fungal biomass with precipitated CaCO3 was formed on top of the cement through biomineralization (Table 2, Figure 1D,
Extended data file 1). This indicates the ability of the fungi to become attached to the cement. The corresponding SEM
images show how the fungal hyphae are encrusted by the CaCOg3 crystals, as they serve as a nucleation site for the
precipitation (Figure 1D).

Conclusion

Our work has demonstrated that strains Botryotrichum sp. SVS002, Trichoderma sp. SVS008 and Mortierella sp. SVS004 and
SVS005 showed the highest potential for the application, as they proved to be tolerant to environments relevant to concrete
and were able to precipitate CaCO3 on cement paste. Apart from these experimental results, a literature study confirmed that
these species possess the characteristics to make them suitable candidates for the self-healing concrete applications.
Botryotrichum sp. is phylogenetically closely related to Chaetomium sp., of which some species are adapted to live in alkaline
conditions with a pH value of up to 12 which is atypical for fungi and beneficial for the application (Chinnarajan et al., 2010;
Ravindran and Naveenan, 2011). Trichoderma sp. has already been studied in the field of self-healing concrete (Luo et al.,
2018; Menon et al., 2019), giving it a head start in future research. The strain isolated in this study may have advantages over
the already studied Trichoderma reesei given that it was isolated from an alkaline and oligotrophic environment. Finally,
Mortierella sp. also performed well in the functional tests and has been previously proposed as a good candidate for self-
healing concrete (Van Wylick et al., 2021) thanks to its presence and activity in moonmilk (Park et al., 2020). Overall, our
findings suggest that if microorganisms are used in industrial settings, candidate species selection should take place in
environments where the species have evolved to have the desirable characteristics for the application.

Methods

Sampling and isolation of fungal strains

Samples were collected in a limestone cave in Riemst, Belgium (50° 47" 25" N, 5° 37' 02" E) by scraping fresh mycelium
using sterilized tweezers and transporting them in sterile tubes on ice. Subsequently, samples were used to inoculate the
following solid growth media: Modified Melin-Norkrans (MMN) medium, modified Fries medium, modified Dichloran
Chloramphenicol Rose Bengal (DCRB) medium, potato dextrose agar (PDA) medium, malt extract agar (MEA) medium and
MEA+0.5% Ca(OH), medium (Table 1). Plates were incubated in the dark at room temperature and observed every 24 hours.
At the first signs of visible growth, the mycelial colony was recovered and used to re-inoculate a fresh MEA plate. In this way,
all isolates were obtained over a period of maximally 28 days. To preserve the isolated fungal strains, mycelium discs with a 5-
mm diameter were taken from the colonies and transferred into sterile 2 mL tubes with 1 mL distilled water and placed in a
-20°C freezer. Neurospora crassa (WT FGSC #2489, Fungal Genetics Stock Centre (FGSC), Kansas, U.S.A.) was included as
a positive control in the study. This strain was maintained on MEA medium at 30°C with 12-hour light/dark cycles.

Molecular identification of fungal isolates

Fungal biomass was taken from cultures that were grown on MEA plates with cellophane films to avoid agar contamination
and crushed using a mortar and pestle and liquid nitrogen. Next, the material was dissolved in Tris-EDTA (TE) buffer and
DNA was extracted using a chloroform/phenol extraction procedure at -20°C. DNA was quantified using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific) and amplified by polymerase chain reaction (PCR). Each 25-pl PCR reaction
mixture was composed of 12.5 pl KAPA HiFi master mix (Roche Diagnostics), 10-20 ng template DNA and 30 pmol of each
primer. The primers used were ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’),
which amplify a section of the large subunit ribosomal DNA of approximately 600 base pairs that is often used for
phylogenetic determination (Bellemain et al., 2010). PCR conditions were as follows: 3 minutes at 95°C, followed by 40
cycles of 2 minutes at 98°C, 15 seconds at 58°C and 50 seconds at 72°C and finally followed by 5 minutes at 72°C. PCR
samples were analyzed by agarose gel electrophoresis, followed by DNA gel purification using the Wizard SV Gel and PCR
Clean-Up System (Promega) according to manufacturer’s instructions and finally dissolving the purified PCR fragment in 30
pl of RNase-free H,O. Next, the ITS fragments were Sanger-sequenced (Eurofins Genomics) and the obtained sequences were
compared to the National Biotechnology Information Centre (NCBI) database using BLAST to determine fungal species that
have similar DNA sequences.

Urease activity test
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Modified Christensen’s agar medium (Table 1) was used to assess the urease enzymatic activity of the isolates. Thymol blue
was used, which has a colour transition from yellow to blue at pH values 8.0-9.6. The pH of the medium increases due to the
production of ammonium (NH,") when urea is broken down by the fungi, causing the change in colour (Martuscelli et al.,
2020). However, weak urease activity might remain undetected as a smaller increase in pH will not lead to a colour transition.

Growth of isolated fungal strains in the presence of cement

To test microbial growth in conditions relevant to a concrete environment, an experimental setup was designed employing
cement paste. This paste was made by mixing 7 g of sterilized cement (CEM III:B 42.5N N-LH/SR LA, Holcim) with
sterilized water (cement/water ratio of 0.5). Next, the paste was poured into a 90-mm sized Petri dish in such a way that half of
the plate was covered. After a curing period of seven days at room temperature the other half of the Petri dish was filled with
MEA (Table 1). The part with the growth medium was inoculated with a 5-mm diameter mycelial disc of each isolated fungal
strain. The Petri dishes were incubated at 30°C for 21 days. Afterwards the growing behaviour was visually assessed based on
the ability of the fungi to grow towards to the concrete.

CaCOg precipitation test

For all tested isolates, a spore solution was prepared by scraping spores from solid culture medium and dissolving these in
sterilized water. The CaCOj5 precipitation experiment was adopted from (Li et al., 2014) with minor modifications. Liquid
modified AP1 medium (Table 1) was prepared, transferred to a 100 mL Erlenmeyer flask and inoculated by adding 1 mL
spore solution. Cultures were incubated in a shaker-incubator at 120 rpm and 30°C for two weeks. Additionally, the influence
of a seven-day cured cement paste piece of approximately 1.30 g present in the liquid medium was explored.

Scanning electron microscopy and energy dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy (EDX) were used to visualize the
morphology of the precipitated CaCOj5 crystals and to characterize their composition. The fungal biomass was first retrieved
from the Erlenmeyer flasks after two weeks of incubation. The biomass was killed with 70% ethanol and dried in the oven.
Once completely dry the samples were crushed to a powder, mounted on the sample carriers with carbon tape and then
analysed with SEM-EDX. Two different SEM-EDX devices were used: Phenom Desktop and JSM-IT300 InTouchScope™
with accelerating voltages of respectively 10 kV and 15 kV.

Tables

Table 1. Different growth media used in this work.

Medium |Recipe pH | Reference

Media used for isolation of environmental fungi

10 g.L ! glucose, 3 g.L"! malt extract agar, 0.05 g.L ™" CaCl,, 0.025 g.L "' NaCl, 0.25 g.L"! (Rossi and
MMN (NH,),POy, 0.50 g.L "1 KH,PO,, 0.15 g.L"! MgSO,*7H,0, 100 pg.L! thiamine HCI, 25  |5.8 | Oliveira,
mg.L! FeCly 2011)

1.0 g.L'! (NHy),.tartate, 0.1 g.L™! MgSO,4.7H0, 30.0 mg.L™! KH, PO, 26 mg.L!
CaCly*2H,0, 20 mg.L~! NaCl, 100 mg.L-! KCl, 15 mg.L"! H3BO3, 5.75 mg.L™!
ZnS04*7H,0, 1.25 mg.L™! CuS04*5H,0, 8.5 mg.L! MnSO4*H,0, 0.2 mg

;ﬁﬁlﬁed (NH,)gMo-0,,4*4H,0, 20 mg.L"! FeCl3*6H,0, 6 g.L "' D-glucose, 10 g.L"! agar, 10 ml.L-! [4.8 |ATCC
vitamin solution with composition: 1 g.L."! myo-inositol, 10 mg.L"! thiamine.HCI, 2.5 mg.L"
1 biotin, 10 mg.L"! pyrodoxine, 10 mg.L"! riboflavin, 10 mg.L ! nicotinamide, 10 mg.L"! p-
aminobenzoic acid, 10 rng.L'1 Ca-pantothenate
Oxoid,
Modified |5.0 g.L! peptone, 10.0 g.L ™! glucose, 1.0 g.L "} KH,POy, 0.002 g.L "t Mg(S0y), 15.0 g.L £ ¢ | Thermo
DCBR agar " | Fisher

Scientific
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Aryal,

PDA 200.0 g.L"! potatoes (infusion form), 20.0 g.L-! dextrose, 15.0 g.L"! agar 5.6 goi};l
MEA 20.0 g.L-! malt extract, 10.0 g.L."! agar 5.5 | This work
MEA +
0.5% 20.0 g.L-! malt extract, 5.0 g.L "' Ca(OH),, 10.0 g.L " agar 9.7 | This work
Ca(OH),
Urease activity test
Modified 1 1 1 13 - .
Christensen 1 g.L™" glucose, 1 g.L™* peptone, 12 mg.L™* thymol blue, 2 g.1"* disodium phosphate, 2 g.L 6.8 (Christensen,
agar 1 sodium chloride, 20 g.L ™! urea ,15 g.L ! agar | 1946)
CaCOsg precipitation media

111 mM D-glucose, 330 mM urea, 4 mM K,HPO4*3H50, 0.8 mM MgSO,4*7H,0, 2mM
Modified |NaCl, 9 x 103 mM FeCl3*6H,0, 50 mM CaCl, (Li et al

5.5 v

AP1 Trace metals: 1.4 x 102 mM ZnSO4*7 H,0, 1.8 x102 mM MnSO4*4H,0, 1.6 x 103 mM 2014)

CUSO4*5H20

Table 2. Overview of strains that were isolated from the limestone cave and selected for further study. Experimental
results of the strains’ urease activity, growth next to cement, CaCOj3 precipitation in liquid medium with corresponding pH
values and growth on cement in liquid medium are given. Relevant literature for the application is provided as well. Strains
appearing twice have been sampled at a different location in the cave. *Urease activity was not detected but could however be
present at low levels.

Growth CaCOg End pH Growth on

Isolated Urease e o .. .. s . .
. .. [nextto precipitation in liquid cement in liquid |Relevant literature

strain positive .. . . .

cement liquid medium medium | medium
Asperaillus (Gharieb et al., 1998;
s p S\gSOO 1 Yes Poor Yes 9.18 Yes Kristensen et al., 2021; Menon
p- et al., 2019)
Botryotrichum Yes Favorable |Yes 9.13 Yes (Trovao and Portugal, 2021)
sp. SVS002 ' gal
Cladosporium Yes Poor Yes 8.77 Yes (Martuscelli et al., 2020)
sp. SVS003 ’ v
Mortierella s
sp. SVS004 No Good Yes 8.41 Yes -

(Cacchio et al., 2014; Park et
Mortierell al., 2020; Xie et al., 2017)
ortierella

sp. SVS005 Yes Favorable |Yes 8.13 Yes
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Penicillium .
sp. SVS006 Yes Limited Yes 7.41 Yes . .
(Ertit Tastan, 2017; Kristensen

Penicilli et al., 2021)

enicillium
sp. SVS007 Yes Poor Yes 8.39 Yes
Trichoderma (Khushnood et al., 2022; Luo et
sp. SVS008 Yes Favorable |Yes 7.33 Yes al,, 2018)
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Extended Data

Description: Growth and CaCO3 properties of Neurospora crassa. Experiment B: growth next to cement; experiment C:
CaCO3 precipitation; experiment D: the addition of cement to the growth medium.. Resource Type: Image. File: Extended
data file 1.jpg. DOI: 10.22002/6y698-v7831

References

Aryal, S., 2015. Potato Dextrose Agar (PDA)- Principle, Uses, Procedure & Characteristics [WWW Document]. URL
https://microbiologyinfo.com/potato-dextrose-agar-pda-principle-uses-composition-procedure-and-colony-characteristics/
(accessed 12.5.22).

Basilisk, n.d. Basilisk Self-Healing Concrete. Basilisk. URL https://www.basiliskconcrete.com/en/ (accessed 11.18.20).

Bellemain E, Carlsen T, Brochmann C, Coissac E, Taberlet P, Kauserud H. 2010. ITS as an environmental DNA barcode for
fungi: an in silico approach reveals potential PCR biases. BMC Microbiol 10: 189. PubMed ID: 20618939

Cacchio, P, Ferrini, G., Ercole, C., Del Gallo, M., Lepidi, A., 2014. Biogenicity and Characterization of Moonmilk in the
Grotta Nera (Majella National Park, Abruzzi, Central Italy). Journal of Cave and Karst Studies 76, 88-103.
https://doi.org/10.4311/2012MB0275

Castro-Alonso, M.J., Montafiez-Hernandez, L.E., Sanchez-Mufioz, M.A., Macias Franco, M.R., Narayanasamy, R.,
Balagurusamy, N., 2019. Microbially Induced Calcium Carbonate Precipitation (MICP) and Its Potential in Bioconcrete:
Microbiological and Molecular Concepts. Front. Mater. 6. https://doi.org/10.3389/fmats.2019.00126

Chinnarajan, R., Naveenan, T., Varatharajan, G.R., 2010. Optimization of alkaline cellulase production by the marine-derived
fungus Chaetomium sp. Using agricultural and industrial wastes as substrates. Botanica Marina 53, 275-282.
https://doi.org/10.1515/BOT.2010.026

Christensen WB. 1946. Urea Decomposition as a Means of Differentiating Proteus and Paracolon Cultures from Each Other
and from Salmonella and Shigella Types. J Bacteriol 52: 461-6. PubMed ID: 16561200

De Muynck, W., De Belie, N., Verstraete, W., 2010. Microbial carbonate precipitation in construction materials: A review.
Ecological Engineering, Special Issue: BioGeoCivil Engineering 36, 118—136. https://doi.org/10.1016/j.ecoleng.2009.02.006

Ertit Tagtan B. 2017. Clean up fly ash from coal burning plants by new isolated fungi Fusarium oxysporum and Penicillium
glabrum. J Environ Manage 200: 46-52. PubMed ID: 28554126

Fahimizadeh M, Diane Abeyratne A, Mae LS, Singh RKR, Pasbakhsh P. 2020. Biological Self-Healing of Cement Paste and
Mortar by Non-Ureolytic Bacteria Encapsulated in Alginate Hydrogel Capsules. Materials (Basel) 13: . PubMed ID: 32842561

Gharieb, M.M., Sayer, J.A., Gadd, G.M., 1998. Solubilization of natural gypsum (CaSO4.2H20) and the formation of calcium
oxalate by  Aspergillus niger and Serpula  himantioides. = Mycological = Research 102,  825-830.
https://doi.org/10.1017/S0953756297005510


https://portal.micropublication.org/uploads/dc4fe12dfe1ce5b7a0f1%3Cwbr/%3E0f19250e7df2.jpg
https://doi.org/10.22002/6y698-v7831
https://www.ncbi.nlm.nih.gov/pubmed/20618939
https://www.ncbi.nlm.nih.gov/pubmed/16561200
https://www.ncbi.nlm.nih.gov/pubmed/28554126
https://www.ncbi.nlm.nih.gov/pubmed/32842561

microPublication
BIOLOGY
5/16/2023 - Open Access

Khushnood, R.A., Ali, A.M., Faraz Bhatti, M., Ahmed Khan, H., 2022. Self-healing fungi concrete using potential strains
Rhizopus oryzae and Trichoderma longibrachiatum. Journal of Building Engineering 50, 104155.
https://doi.org/10.1016/j.jobe.2022.104155

Kristensen, S., Koch, A., Sheard, J., Thrane, U., 2021. Case study of fungal growth on newly cast concrete floors. Journal of
Physics: Conference Series 2069, 012016. https://doi.org/10.1088/1742-6596/2069/1/012016

Li Q, Csetenyi L, Gadd GM. 2014. Biomineralization of metal carbonates by Neurospora crassa. Environ Sci Technol 48:
14409-16. PubMed ID: 25423300

Luo, J., Chen, X., Crump, J., Zhou, H., Davies, D., Zhou, G., Zhang, Ni., Jin, C., 2018. Interactions of fungi with concrete:
significant importance for bio-based self-healing concrete. Construction and Building Materials 164, 275-285.
https://doi.org/10.1016/j.conbuildmat.2017.12.233

Martuscelli, C., Soares, C., Camdes, A., Lima, N., 2020. Potential of Fungi for Concrete Repair. Procedia Manufacturing, 13th
International Conference Interdisciplinarity in Engineering, INTER-ENG 2019, 3—4 October 2019, Targu Mures, Romania 46,
180-185. https://doi.org/10.1016/j.promfg.2020.03.027

Menon RR, Luo J, Chen X, Zhou H, Liu Z, Zhou G, Zhang N, Jin C. 2019. Screening of Fungi for Potential Application of
Self-Healing Concrete. Sci Rep 9: 2075. PubMed ID: 30765831

Park S, Cho YJ, Jung DY, Jo KN, Lee EJ, Lee JS. 2020. Microbial Diversity in Moonmilk of Baeg-nyong Cave, Korean CZO.
Front Microbiol 11: 613. PubMed ID: 32390967

Ravindran, C., Naveenan, T., 2011. Adaptation of marine derived fungus Chaetomium globosum (NIOCC 36) to alkaline
stress using antioxidant properties. Process Biochemistry 46, 847-857. https://doi.org/10.1016/j.procbio.2010.12.005

Rossi MJ, Oliveira VL. 2011. Growth of the Ectomycorrhizal Fungus Pisolithus Microcarpus in different nutritional
conditions. Braz J Microbiol 42: 624-32. PubMed ID: 24031674

Seifan M, Samani AK, Berenjian A. 2016. Bioconcrete: next generation of self-healing concrete. Appl Microbiol Biotechnol
100: 2591-602. PubMed ID: 26825821

Trovao, J., Portugal, A., 2021. Current Knowledge on the Fungal Degradation Abilities Profiled through Biodeteriorative Plate
Essays. Applied Sciences 11, 4196. https://doi.org/10.3390/app11094196

Van Wylick A, Monclaro AV, Elsacker E, Vandelook S, Rahier H, De Laet L, Cannella D, Peeters E. 2021. A review on the
potential of filamentous fungi for microbial self-healing of concrete. Fungal Biol Biotechnol 8: 16. PubMed ID: 34794517

White, T., Bruns, T., Lee, S., Taylor, J., Innis, M., Gelfand, D., Sninsky, J., 1990. Amplification and Direct Sequencing of
Fungal Ribosomal RNA Genes for Phylogenetics, in: Pcr Protocols: A Guide to Methods and Applications,. pp. 315-322.

Wiktor, V., Jonkers, H.M., 2016. Bacteria-based concrete: from concept to market. Smart Materials and Structures 25, 084006.
https://doi.org/10.1088/0964-1726/25/8/084006

Wu, M., Johannesson, B., Geiker, M., 2012. A review: Self-healing in cementitious materials and engineered cementitious
composite as a self-healing material. Construction and Building Materials 28, 571-583.
https://doi.org/10.1016/j.conbuildmat.2011.08.086

Xie, J., Strobel, G., Xu, W.-F., Chen, J., Ren, H.-S., An, D.-J., Geary, B., 2017. Fungi as Architects of the Rimstone Dams in
Huanglong, NSD, Sichuan, China. Microbial Ecology 73, 29-38. https://doi.org/10.1007/s00248-016-0841-6

Zhang, X., Fan, X., Li, M., Samia, A., Yu, X. (Bill), 2021. Study on the behaviors of fungi-concrete surface interactions and
theoretical assessment of its potentials for durable concrete with fungal-mediated self-healing. Journal of Cleaner Production
292, 125870. https://doi.org/10.1016/j.jclepro.2021.125870

Funding: This work was supported by the Vrije Universiteit Brussel and funded by Research Foundation Flanders (FWO-
Vlaanderen) [FWO-SB PhD fellowships to Aurélie Van Wylick (Grant Number 1SA9721N)].

Author Contributions: Aurélie Van Wylick: methodology, writing - review editing, supervision. Simon Vandersanden:
writing - original draft, methodology, investigation. Karl Jonckheere: methodology, supervision. Hubert Rahier: funding
acquisition. Lars De Laet: funding acquisition. Eveline Peeters: writing - review editing, supervision, funding acquisition.

Reviewed By: Anonymous

History: Received February 6, 2023 Revision Received April 6, 2023 Accepted May 2, 2023 Published Online May 3, 2023


https://www.ncbi.nlm.nih.gov/pubmed/25423300
https://www.ncbi.nlm.nih.gov/pubmed/30765831
https://www.ncbi.nlm.nih.gov/pubmed/32390967
https://www.ncbi.nlm.nih.gov/pubmed/24031674
https://www.ncbi.nlm.nih.gov/pubmed/26825821
https://www.ncbi.nlm.nih.gov/pubmed/34794517

microPublication
BIOLOGY
5/16/2023 - Open Access

Copyright: © 2023 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Van Wylick, A; Vandersanden, S; Jonckheere, K; Rahier, H; De Laet, L; Peeters, E (2023). Screening fungal strains
isolated from a limestone cave on their ability to grow and precipitate CaCO3 in an environment relevant to concrete.
microPublication Biology. 10.17912/micropub.biology.000764



https://doi.org/10.17912/micropub.biology.000764

