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a b s t r a c t 

Fungi are able to permanently damage cultural heritage buildings and stone monuments. Protection 

against these biodeteriogen fungi is challenging because it may require the use of drastic techniques 

to remove fungal colonies and chemicals, which can cause further damage, especially on mural paintings. 

Natural biocides are less damaging, greener, and safer and mainly include essential oils and plant-derived 

substances. Studies on the applicability of purified antifungal proteins in the conservation of cultural her- 

itage buildings are lacking. In this study, we isolated mold mycoflora from the biodeteriorated inner walls 

of the Calvinist church of Kézdialbis (Kézdialbis, Romania) and investigated the in vitro antifungal efficacy 

of Neosartorya ( Aspergillus ) fischeri antifungal proteins, NFAP and NFAP2 against them. Antifungal suscep- 

tibility testing revealed that these proteins inhibited the growth of the most commonly isolated indoor 

biodeteriogen fungi from the site ( Aspergillus creber, Aureobasidium pullulans, Cladosporium sp. , Penicillium 

chrysogenum, and Parengyodontium album ) and not common ones ( Mucor hiemalis, Sarocladium kiliense ) 

with different spectra and efficacies. A phytopathogen and an entomopathogen species ( Pseudopithomyces 

chartarum and Beauveria pseudobassiana , respectively ) were also isolated and described first as fungal 

biodeteriogens of the inner walls. Among them, P. chartarum was susceptible to NFAP2. Next, we tested 

the applicability of NFAP and NFAP2 in protecting cultural heritage buildings in a wall model experi- 

ment against A. creber . Topical application of both antifungal proteins significantly decreased the area 

infected by fungi. Scanning electron microscopy of the wall models showed that A. creber had reduced 

growth and conidiation in the presence of NFAP and NFAP2. This inhibitory activity was maintained for 

a long time. Strong UV irradiation decreased the protective effect of both proteins in the wall model. 

Taking into account these results, the high stability of NFAP and NFAP2 in harsh environments, and their 

bulk recombinant producibility, we suggest that both can be used in the protection and posttreatment of 

painted walls of cultural heritage buildings to clean up mural painting or to inhibit mold recolonization 

after mechanical, physical, or chemical decontamination. 

© 2024 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cultural heritage is a unique and irreplaceable bridge between 

he past and the future; therefore, preserving it is unquestion- 

bly important. For this reason, it is essential to identify agents 

hat cause deterioration and eliminate them in a targeted man- 

er, which do not cause further damage to objects of cultural 

eritage [1] . The biodeterioration of cultural heritage, when liv- 

ng organisms cause undesirable degradation, is a significant prob- 

em globally [2–4] . Microorganisms (bacteria, archaea, fungi, algae, 

nd lichens) are considered the main causative agents [5] , which 

an damage objects of cultural heritage, such as artworks, build- 

ngs, murals, sculptures, and monuments. These microorganisms 

an grow on various substrates, such as textile [6] , paper [7] , wood 

7–9] , mural painting [10–13] , and stone [ 3 , 5 ]. Among these mi-

roorganisms (especially microscopic fungi) are considered the 

ain biodeteriogens of stones and wall paintings [ 5 , 10 , 13 , 14 ].

hese materials represent extreme habitats as they are low in 

utrients and have low water activity. Nevertheless, fungi colo- 

ize them due to their high adaptation capacity to harsh envi- 

onmental conditions and utilize all organic and inorganic compo- 

ents of stone and mural artworks as nutrients [ 14 , 15 ]. The fun-

al biodeteriogens of stone monuments can be divided into two 

ajor morphological and ecological groups according to the en- 

ironmental conditions under which they grow on the surface: 

) Hyphomycetes, including species belonging to the mold gen- 

ra Alternaria, Cladosporium, Epicoccum, Aureobasidium , and Phoma , 

re dominant in moderate or humid climates, and 2) black yeasts 

 Hortaea, Sarcinomyces, Coniosporium, Capnobotryella, Exophiala , and 

rimmatostroma ) are dominant in arid and semiarid environ- 

ents [15] . These fungi destroy stone and wall both mechanically 

nd chemically, penetrating their materials and mortars, causing 

reakup and fragmentation [ 2 , 5 ]. Secretion of pigments and other 

oloring agents into the environment leads to chromatic variations 

f the monument surface and significantly decreases its esthetic 

alue [3] . 

Over the years, several different indirect and direct methods 

ave been developed for the conservation of cultural heritage and 

he removal of microbial colonies (including microscopic fungi) 

rom infected sites. Indirect methods are based on the control of 

nvironmental conditions, such as humidity, temperature, and nu- 

rients, to inhibit fungal colonization. These methods are always 

oupled with a direct method, which generally uses mechanical, 

hysical, or chemical tools to remove microbial colonies from the 

nfected object [16] . Mechanical methods including application of 

acuum cleaners, scalpels, spatulas, or lasers often fail, because 

hey cannot completely remove microbial colonies from the con- 

aminated surface [17] . Physical methods, such as low-frequency 

lectrical systems, heat, and ultraviolet (UV) or gamma irradia- 

ion, are also unable to completely remove microorganisms from 

onuments. Additionally, they have undesirable effects, for ex- 

mple, UV irradiation can be dangerous for the user [17] . The 

ost effective and widely used method for the conservation and 

econtamination of cultural heritage involves the surface appli- 

ation of biocides, such as Algophase, anatase, and Glifene SL 

17] . These biocides eliminate and inhibit growth of microorgan- 

sms [ 16 , 17 ]; however, they are neither economical nor conve- 

ient, because they lose efficacy over time and must be reap- 

lied. Repetitive application of biocides can further damage her- 

tage objects, be harmful to human health and the environment, 

nd result in the emergence of resistant fungal species [18] . There- 

ore, several biocides have recently been withdrawn from the mar- 

et [16] , generating a substantial demand for new and safe cul- 

ural heritage conservation strategies. Natural substances represent 

romising alternatives; some have been proven to be effective, 
195
uch as essential oils [19] , juglone [20] , capsaicin [21] , secondary 

etabolites of lichens, and compounds produced by microorgan- 

sms ( e.g. , biosurfactant lipopeptides, Trichoderma harzianum cell 

ltrates) [18] . 

Mold-secreted antifungal proteins (AFPs) represent promising 

ompounds to fight against human and plant pathogenic fungi 

 22 , 23 ]. The mold, Neosartorya ( Aspergillus ) fischeri NRRL 181, se-

retes two small, cysteine-rich, cationic and highly stable AFPs, 

amely NFAP and NFAP2 (Supplementary Table 1). Both inhibit 

old growth in vitro [24–26] and are considered as safe as topical 

rugs and biofungicides [25–28] . Their beneficial characteristics, 

uch as water solubility, as well as high stability against protease 

egradation and in extreme environmental conditions [ 29 , 30 ], in- 

icate that they can be safely used as topical fungicides in aqueous 

olution to protect buildings of cultural heritage. 

. Research aims 

In this study, we investigated the potential of NFAP and NFAP2 

n protecting cultural heritage buildings against mold contamina- 

ion. We isolated and identified fungal biodeteriogens from the in- 

er painted walls of the Calvinist church of Kézdialbis (Romania) 

nd investigated their in vitro susceptibility to NFAP and NFAP2. In 

ddition, we tested the protective effect of both proteins against 

old contamination in wall model experiments. According to our 

esults, both peptides inhibited the growth of some isolated biode- 

eriorating fungi in the investigated concentration range, and appli- 

ation of their aqueous solution on the surface of the wall model 

ignificantly reduced the infected area. These results indicate that 

queous solutions of both AFPs can be considered for protection or 

osttreatment of painted walls of cultural heritage buildings to in- 

ibit mold (re)colonization after mechanical, physical, or chemical 

econtamination. 

. Materials and methods 

.1. Sampling site and sampling 

The fungal samples were taken from the Calvinist church of 

ézdialbis, Romania (45 ° 56′ 06′′ N, 26 ° 00′ 21′′ E), which was 

uilt in the 1330s, based on the excavated baptismal font. The 

hurch has undergone several reconstructions and expansions over 

he centuries, and the arch ribs from the 16th century and the 

rnamental wall paintings from the 17th century are still visible. 

his monument is one of the well-preserved examples of Calvinist 

hurch interiors painted from the Protestant Reformation period in 

urope [31] . 

Fungal samples were isolated with sterile cotton swabs from 

he discolored inner walls ( Fig. 1 ); inoculated into cryotubes con- 

aining malt extract agar slants (MEA; Sigma-Aldrich, St. Louis, MO, 

SA), supplemented with antibiotic cocktails ampicillin, strepto- 

ycin, kanamycin, tetracycline; 100 μg mL−1 of each; and incu- 

ated at 25 °C for 10 days. The fungi were streaked on MEA plates 

upplemented with the same antibiotic cocktail and incubated at 

5 °C for 7 days. Fungal suspensions were prepared from individual 

ungal colonies in spore buffer [0.9% (m/v%) NaCl and 0.01% (v/v%) 

ween 80]. Then 5 μL of the suspensions were spotted onto the 

enter of MEA and potato dextrose agar (PDA, Sigma-Aldrich, St. 

ouis, MO, USA) plates and incubated at 25 °C for 7 days for mi- 

roscopic investigation. The isolates were maintained on MEA and 

DA agar slants at 4 °C. All isolated and identified fungi were de- 

osited in the Szeged Microbiology Collection (SZMC; Szeged, Hun- 

ary) under the strain numbers indicated in Table 1 . 
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Fig. 1. Delineation and fungal contamination of the inner walls of the Calvinist church of Kézdialbis. Locations of sampling sites (a-t) are indicated with red asterisks. 

Bold red letters indicate the identified fungi from the inner walls: Beauveria pseudobassiana (a), Sarocladium kiliense (b), Sarocladium kiliense (f), Mucor sp. (g), Aspergillus 

creber (h) , Cladosporium sp. (i), Penicillium chrysogenum , Aspergillus ( jensenii ) creber, and Parengyodontium album (l), Aspergillus ( jensenii ) cereber and Parengyodontium album 

(m), Cladosporium sp. (n), Parengyodontium album (o), Cladosporium sp. (q), Pseudopithomyces chartarum, Aureobasidium pullulans (r), Parengyodontium album (s), Aspergillus 

(jensenii) creber, Cladosporium sp. (t). Source of the delineation: Cova Design Studio, 20 0 0.; Sepsiszentgyörgy, Romania. 

Table 1 

Identified fungi from the contaminated inner walls of the Calvinist church of Kézdialbis, based on the similarity of partial DNA sequence of the internal transcribed region 

(ITS1–5.8S rRNA-ITS2) and DNA-directed RNA polymerase II subunit 2 (RPB2) encoding genes with those available in the GenBank of the National Center for Biotechnology 

Information (NCBI). 

Species ITS1-5.8S rRNA-ITS2 sequences RPB2 sequences 

SZMC Acc. No.1 Query cover Per. Ident. Acc. No.2 Acc. No.1 Query cover Per. Ident. Acc. No.2 

Aspergillus creber 28230 OR564025 99% 99.62% ON790425.1 OR608346 98% 99.72% LN898915.1 

Aspergillus (jensenii) creber ∗ 28229 OR564023 99% 99.81% MH725588.1 OR608347 96% 100% LN898928.1 

Aureobasidium pullulans 28233 OR569671 99% 99.05% KR912256.1 OR608345 100% 99.91% DQ470906.1 

Beauveria pseudobassiana 28226 OR544477 98% 99.63% ON479319.1 OR555873 98% 99.84% MN523620.1 

Cladosporium ( allicinum ) sp. ∗∗ 28228 OR564027 98% 100% OM237215.1 OR612086 91% 98.90% MF951411.1 

Cladosporium ( cladosporioides ) sp. ∗∗ 28227 OR544489 96% 99.81% OK149113.1 OR612085 76% 96.20% KX288432.1 

Mucor ( hiemalis ) sp. ∗∗ 28234 OR564030 99% 97% OQ975663.1 OR612087 100% 92.74% EF014398.1 

Parengyodontium album 28231 OR564024 98% 100% OL457280.1 OR612033 n.d. n.d. OL904994.1 

Penicillium chrysogenum 28235 OR564029 98% 100% KR011762.1 OR607646 100% 100% JF909937.1 

Pseudopithomyces chartarum 28232 OR569668 99% 98.56% KF876827.1 OR607645 96% 100% OU641536.1 

Sarocladium kiliense 28362 OR564028 99% 99.63% MZ818340.1 OR612032 99% 100% OQ454241.1 

Acc. No1 : accession number of the deposited partial gene sequence of the isolated mold, Acc. No2 : accession number of the gene showing the highest similarity in NCBI 

GeneBank, Per. Ident.: sequence identity in percentage, SZMC: Szeged Microbiology Collection (University of Szeged, Szeged, Hungary). n.d.: not determined due to unverified 

sequence is available in NCBI GenBank. 
∗ : According to a recent taxonomic revision, Aspergillus jensenii is a synonym of Aspergillus creber [54] . 
∗∗ : On the basis of the relatively low query cover and/or sequence identity, we speculate that Cladosporium spp. and Mucor sp. represent undescribed species. 
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.2. Light microscopy 

The micromorphologies of isolated fungi grown on MEA and 

DA agar plates were investigated and visualized using a light 

icroscope (Olympus BX53, Olympus Life Science, Hamburg, Ger- 

any) and photographed with an Olympus XC50 CCD color camera 

Olympus Life Science, Hamburg, Germany) using a non-invasive 

dhesive tape method. Lactophenol cotton blue solution [5 μL, 20% 

v/v%) glycerol, 40% (v/v%) water, 40% (m/v%) phenol, 0.2% (m/v%) 

otton blue, 40% (v/v%) lactic acid] was dropped onto microscope 

lides and an adhesive tape, which was touched to the surface of 

he fungal colonies with conidiophores, was placed on it and cov- 

red with cover glass. 

.3. Genomic DNA extraction 

To extract genomic DNA, the fungi were grown in 20 mL of 

otato dextrose broth (PDB; Sigma-Aldrich, St. Louis, MO, USA) at 

5 °C for 7 days with continuous shaking at 160 rpm. Mycelia were 

arvested by filtration and frozen at −80 °C. The frozen mycelia 

ere crushed with sterile sand in a 1:1 ratio with a pestle in a 

icrocentrifuge tube, mixed with 300 μL of 10% (m/v%) N -lauryl 

arcosine and 1 μL of 10 mg mL−1 RNase A (Thermo Fisher Scien- 

ific, Waltham, MA, United States), vortexed for 2 min, incubated at 

5 °C for 10 min and at 4 °C for 10 min, mixed with 300 μL of 5 M

odium acetate, vortexed for 1 min, and centrifuged at 13,400 × g 

or 15 min at 4 °C. The supernatant was transferred to a new mi- 

rocentrifuge tube and mixed with 500 μL of ice-cold 70% (v/v%) 

sopropanol. The tube was inverted 10 times, incubated at room 

emperature for 10 min, and centrifuged at 13,400 × g for 20 min 

t 4 °C. The supernatant was removed and 500 μL of ice cold 70% 

thanol (v/v%) was added to the pellet. The tube was centrifuged 

t 13,400 × g for 5 min at 4 °C. The supernatant was removed, 

nd the DNA pellet was dried and dissolved in 30 μL of molecular 

rade water. 

.4. Molecular identification of fungal isolates 

The isolated fungi were identified at the species or genus 

evel based on the DNA sequence of the internal transcribed 

pacer region (ITS; ITS1–5.8S rRNA-ITS2) and partial DNA-directed 

NA polymerase II subunit 2 (RPB2) amplified using primer pairs 

TS1: 5′ -TCCGTAGGTGAACCTGCGG-3′ (Tm: 61.0 °C) and ITS4: 5′ - 
CCTCCGCTTATTGATATGC-3′ (Tm: 55.3 °C) [32] ; and RPB2–3bF: 
′ -GGWGGWTAYTTYATATYAATGG-3′ (Tm: 55.3 °C) and fRPB2–7cR: 
′ -CCCATRGCTTGYTTRCCCAT-3′ (Tm: 58.3 °C) [33] , respectively. The 

ompositions of the PCR mixtures are listed in Supplementary Ta- 

le 2. The PCR conditions were denaturation at 98 °C for 3 min; 

0 cycles of denaturation at 98 °C for 30 s, annealing at 54 °C 

or 30 s, and extension at 72 °C for 1 min; and final extension at

2 °C for 5 min. The PCR products were purified with a PCR and

NA Cleanup Kit (New England Biolabs, Ipswich, MA, USA), accord- 

ng to the manufacturer’s instructions, and subjected to Sanger se- 

uencing (Eurofins Genomics; Ebersberg, Germany). The obtained 

equences were compared with sequences available in the Gen- 

ank of the National Center for Biotechnology Information (NCBI) 

sing the Basic Local Alignment Search Tool. The identification cri- 

erion at the species level was at least 96% of the query coverage 

nd identity of the molecular markers studied. All obtained se- 

uences were deposited in the NCBI GenBank under the accession 

umbers indicated in Table 1 . 

.5. Antifungal protein production 

Recombinant NFAP and NFAP2 were produced in a Penicillium 

hrysogenum -based expression system and purified by cation ex- 
197
hange chromatography, as described [ 34 , 35 ]. Briefly, P. chryso- 

enum strains transformed with the NFAP or NFAP2 expression 

lasmid were cultured in P. chrysogenum minimal medium [(2% 

ucrose, 0.3% NaNO3 , 0.05% KCl, 0.05% MgSO4 × 7 H2 O, 0.005% 

eSO4 × 7 H2 O (w/v%), 0.25% 1 M potassium phosphate buffer 

H 5.8, 0.01% trace element solution (v/v%); trace element solu- 

ion: 0.1% FeSO4 × 7 H2 O, 0.9% ZnSO4 × 7 H2 O, 0.4% CuSO4 × 5 

2 O, 0.01% MnSO4 × H2 O, 0.01% H3 BO3 , 0.01% Na2 MoO4 × 2 H2 O 

w/v%)] for 96 h at 25 °C with continuous shaking at 160 rpm. 

fter incubation, recombinant proteins were purified from the 

ell-free and ultrafiltrated supernatant (Ultracell30 kDa Ultrafiltar- 

ion Discs, regenerated cellulose; Millipore, Billerica, MA, USA) by 

ation exchange chromatography on Bio-ScaleTM Mini Macro-Prep 

 High S column (Bio-Rad Laboratories, Hercules, CA, USA) us- 

ng the NGC Chromatography System (Bio-Rad Laboratories, Her- 

ules, CA, USA). To reach maximum purity ( ∼100%), semiprepara- 

ive reversed-phase high-performance liquid chromatography was 

sed, as described [28] . 

.6. Antifungal susceptibility testing 

Broth microdilution susceptibility test was performed accord- 

ng to Tóth et al. (2016) [30] . The test was carried out in low-

ationic medium [LCM: 0.5% glucose, 0.25% yeast extract, 0.0125% 

eptone (w/v%)] to determine the minimum inhibitory concentra- 

ions (MICs) of NFAP and NFAP2 against all isolated fungal species. 

riefly, 100 μL of NFAP or NFAP2 (3.125–50 μg mL–1 , twofold dilu- 

ions in LCM) were mixed with 100 μL of 2 × 105 conidia mL–1 in 

CM in the wells of a flat bottom 96-well microtiter plate (TC Plate 

6 Well, Suspension, F; Sarstedt, Nümbrecht, Germany). The plates 

ere incubated without shaking at 25 °C for 72 h. Absorbance 

OD620 ) was measured with a microtiter plate reader (Thermo 

lectron Multiskan Ascent Microplate Reader; Thermo Fisher Scien- 

ific, Waltham, MA, United States). MIC was defined as the lowest 

oncentration of an AFP that reduces fungal growth to ≤5% com- 

ared to the untreated control (set to 100%). Susceptibility tests 

ere repeated at least two times, including two technical repli- 

ates. 

.7. Wall model 

To prepare the wall model, 10 g of Glatt skim coat powder 

Ceresit, CT 127; Henkel, Düsseldorf, Germany) were mixed with 

.5 mL of distilled water. Then 1 g of this solution was plastered 

n a 2.5 × 2.5 cm square region of a microscope slide. Its sur- 

ace was painted with 0.5 mL of white wall paint (Dulux Absolute 

hite; AkzoNobel Coatings Zrt., Budapest, Hungary). The prepared 

odel was sterilized with UV irradiation under a laminar flow ger- 

icide lamp (Hera Safe; Thermo Electron Corporation, Waltham, 

A, USA) for 25 min. Subsequently, 3 × 200 μL PDB was streaked 

nd dried on the surface. Then 10 μL of 2 × 106 conidia mL−1 of 

spergillus creber conidial suspension (diluted in PDB) was dropped 

n the middle of the wall model. To treat the wall model with AFPs, 

 3 × 100 μL of 16 × MIC NFAP or NFAP2 solution (100 μg mL–1 )

n water was sprayed onto the surface and dried before dropping 

he conidial suspension. To mimic the humid condition and cold 

ridge of the walls where fungi preferably grow, the wall models 

ere laid on wet paper towels and incubated at room temperature 

21 °C–25 °C) for 10 days in a closed plastic box above ice contain- 

ng transparent polystyrene box (Supplementary Fig. 1). The wall 

odels were subjected to image analysis to measure the size of the 

nfected area and scanning electron microscopy (SEM). This exper- 

ment was repeated three times with three technical replications. 

To demonstrate the long-term protective effect of NFAP and 

FAP2, five-five representati ve wall models from the above exper- 
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ment was further incubated for three months in a transparent 

lastic box on the laboratory table at room temperature. 

To investigate the aging effect of UV irradiation on the protec- 

ive effect of NFAP and NFAP2, wall models were exposed to UV 

rradiation for 30 min with a distance of 25 cm under the germi- 

ide lamp of a laminar flow box (Hera Safe; Thermo Electron Cor- 

oration, Waltham, MA, USA) immediately after application of the 

roteins on the surface, then were infected and incubated for 10 

ays as described above. This experiment was repeated two times 

ith three technical replicates. 

.8. Image analysis 

The percentage of fungus-infected area in the images of the 

all models was calculated using the Analyze Particles tool of Im- 

geJ3 software [36] after conversion to an 8-bit image and applying 

he auto threshold (Max Entropy) to convert the fungal colonies to 

lack spots. 

.9. Scanning electron microscopy 

Representative parts of the mural wall models were cut and 

xed with 2.5% (v/v%) glutaraldehyde and 0.05 M cacodylate buffer 

pH = 7.2) in phosphate buffered saline (PBS; pH = 7.4) at 4 °C 

vernight; dehydrated with a graded series of ethanol [30%, 50%, 

0%, 80% (v/v%)] each at 4 °C for 24 h; and stored in 100% (v/v%)

thanol at 4 °C overnight. Then they were dried with a Quorum 

850 critical point dryer (Quorum Technologies, Laughton, UK), fol- 

owed by a 12 nm gold coating, and observed under a JEOL JSM- 

100F/LV (JEOL USA , Peabody, MA , USA) field emission scanning 

lectron microscope (JEOL Ltd., Tokyo, Japan). 

.10. Statistical analysis 

A paired t -test was used to calculate significant differences 

 p < 0.05) between fungus-infected areas of AFP-treated and un- 

reated wall models (Statistics Kingdom online platform, 2023.; 

ttps://www.statskingdom.com/paired- t- test- calculator.html ). 

. Results and discussion 

.1. Fungal biodeteriogens in the inner walls of the Calvinist church 

f Kézdialbis 

The mold mycoflora of biodeteriorated inner walls of the 

alvinist church of Kézdialbis was monitored ( Fig. 1 ). In total, 

5 mold samples were collected from contaminated and discol- 

red corners. Of the collected samples, 18 isolates grew on MEA 

lants in cryotubes under the applied incubation conditions. The 

esults of molecular identification based on sequencing of ITS1–

.8S rRNA-ITS2 and partial RPB2 indicated that the 18 isolates rep- 

esent 11 species belonging to nine genera ( Table 1 ). The macro- 

nd micromorphology of the isolated fungi supported the results 

f the molecular identification method (Supplementary Figs. 2−5). 

ost isolated species are common indoor fungi and are known 

s biodeteriogens of cultural heritage, such as A. creber [ 37 , 38 ],

ureobasidium pullulans [ 39 , 40 ], Cladosporium allicinum, Cladospo- 

ium cladosporoides [ 41 , 42 , 43 ], and P. chrysogenum [ 44 , 45 ]. Parengy-

dontium album has frequently been reported to be a biodete- 

iogen of indoor environments of cultural heritage [46] . Mucor 

iemalis [ 47 , 48 ] and Sarocladium kiliense [49] are not common in-

oor fungi, but are described as members of the microflora of 

old-contaminated heritage objects. Pseudopithomyces chartarum, 

 plant pathogenic species [50] and not a frequent indoor mold 

51] , has not been isolated from fungus-infected inner walls of 

ultural heritage buildings until this study (Supplementary Figs. 
198
−5j). Beauveria pseudobassiana is an important entomopathogenic 

ungus [52] that has not been described as an indoor and biode- 

eriogen mold. To our knowledge, this is the first report on B. 

seudobassiana in the literature (Supplementary Figs. 2−5d). This 

pecies probably entered the church through pine wood furniture 

nd colonized the inner wall. Based on the relatively low percent 

f the query cover or sequence identity, we hypothesize that the 

solated Cladosporium spp. are not C. allicinum or C. cladosporoides 

nd the Mucor sp. is not M. hiemalis ( Table 1 ), and they may rep-

esent undescribed species. However, further characterization and 

hylogenetic studies are needed to support this hypothesis. We re- 

er to them as Cladosporium sp. and Mucor sp. in the paper. 

.2. Susceptibility of isolated biodeteriogen fungi to NFAP and NFAP2 

The susceptibilities of the isolated and identified biodeteriogen 

ungi to 3.125–50 μg mL−1 NFAP and NFAP2 were tested using a 

roth microdilution assay. The MIC values of NFAP were in the 

ange of 3.125 μg mL−1 to > 50 μg mL−1 , and P. album SZMC 28231

as the most susceptible (MIC: 3.125 μg mL−1 ). Total growth in- 

ibition was not observed for A. pullulans SZMC 28233, B. pseu- 

obassiana SZMC 28226, and Cladosporium sp. SZMC 28228 even 

t the highest concentration of NFAP (50 μg mL−1 ); however, it 

aused 47 ± 3%, 78 ± 2%, and 87 ± 5% growth inhibition, re- 

pectively. The MIC values of NFAP2 ranged from 6.25 μg mL−1 

o > 50 μg mL−1 . A. creber SZMC 28230 (MIC: 6.25 μg mL−1 ) was

ost and B. pseudobassiana SZMC 28226, P. chartarum SZMC 28232, 

nd P. chrysogenum SZMC 28235 were least susceptible to NFAP2. 

or these isolates, no reduction in fungal growth was observed at 

0 μg mL−1 NFAP2. This NFAP2 concentration did not cause full 

rowth inhibition of P. album SZMC 28231 and Mucor sp. SZMC 

8234; however, it reduced growth to 28 ± 6% and 32 ± 2%, re- 

pectively, compared with untreated controls . In summary, the an- 

ifungal spectrum of NFAP and NFAP2 is different with a small 

verlap ( A. creber SZMC 28230, Mucor sp. SZMC 28234, P. album 

ZMC 28231, and S. kiliense SZMC 28362), and neither could inhibit 

he growth of some isolated fungi, such as B. pseudobassiana SZMC 

8226, Cladosporium sp. SZMC 28228 and Cladsoporium sp. SZMC 

8227, in the concentration range investigated. The observed MIC 

alues are summarized in Table 2 . These results correspond to our 

usceptibility testing results on phytopathogenic fungi [26] , i.e. , the 

ntifungal spectra of NFAP and NFAP2 show differences with small 

verlap. The results of our susceptibility test extend to the in vitro 

ntifungal spectrum of NFAP and NFAP2, because neither has been 

nvestigated against isolated species. 

.3. Protective effect of NFAP and NFAP2 against A. creber in a wall 

odel 

The antifungal active tertiary structures of NFAP and NFAP2 are 

tabilized by three intramolecular disulfide bridges between cys- 

eine residues rendering them high stability under harsh environ- 

ental conditions (such as high temperature and a wide pH range) 

nd resistance against protease degradation [ 25 , 29 , 30 , 35 , 54 , 55 ].

he melting temperature of these proteins is above 70 °C, and 

fter thermal unfolding they are able to properly refold in min- 

tes at room temperature [ 30 , 54 , 55 ]. The remarkable antifungal

fficacy of NFAP and NFAP2 against isolated indoor biodeterio- 

en fungi together with the high stability mentioned above sug- 

ests their applicability as topical agents on inner walls to prevent 

old contamination ( Table 2 ). This hypothesis was tested in a wall 

odel where fungi can grow [13] . To this end, we made a wall

odel and infected it with A. creber SZMC 28230 , one of the most 

idespread indoor mold that can produce the mycotoxin sterigma- 

ocystin [37] and has a high biodeterioration ability [56] . A. creber 

https://www.statskingdom.com/paired-t-test-calculator.html


K. Dán, S. Kocsubé, L. Tóth et al. Journal of Cultural Heritage 67 (2024) 194–202

Table 2 

Minimum inhibitory concentrations of NFAP and NFAP2 against isolated and identified fungi from the contam- 

inated inner walls of the Calvinist church of Kézdialbis. 

Mold MIC (μg mL−1 ) 

NFAP NFAP2 

Aspergillus creber SZMC 28230 6.25 6.25 

Aspergillus ( jensenii ) creber ∗ SZMC 28229 > 50 50 

Aureobasidium pullulans SZMC 28233 > 50 (52 ± 7%) ∗∗ 50 

Beauveria pseudobassiana SZMC 28226 > 50 > 50 

Cladosporium ( cladosporioides ) sp. ∗∗ SZMC 28227 > 50 > 50 

Cladosporium ( allicinum ) sp. ∗∗ SZMC 28228 > 50 50 

Mucor ( hiemalis ) sp. ∗∗ SZMC 28234 > 50 (21 ± 8%) ∗∗ > 50 (32 ± 2%) ∗∗

Parengyodontium album SZMC 28231 3.125 > 50 (28 ± 2%) ∗∗

Penicillium chrysogenum SZMC 28235 12.5 > 50 

Pseudopithomyces chartarum SZMC 28232 6.25 > 50 

Sarocladium kiliense SZMC 28236 > 50 (12 ± 5%) ∗∗ 12.5 

MIC: Minimum inhibitory concentration, NFAP, NFAP2: Neosartorya ( Aspergillus ) fischeri NRRL 181 antifungal 

protein and antifungal protein 2, respectively. Growth percentages (mean ± SD) are indicated in brackets, when 

complete growth inhibition was not observed at 50 μg mL−1 AFP concentration. 
∗ According to a recent taxonomic revision, Aspergillus jensenii is a synonym of Aspergillus creber [53] . 
∗∗ Based on the relatively low query cover and/or sequence identity, we speculate that Cladosporium spp. 

and Mucor sp. represent undescribed species. ∗∗∗: To calculate the reduced growth, the absorbance (OD620 ) of 

untreated control was considered 100 % growth. 

Fig. 2. Representative pictures of the wall model contaminated with Aspergillus creber SZMC 28230 without (a) and with NFAP (b), or NFAP2 (c) treatment. NFAP and NFAP2: 

Neosartorya ( Aspergillus ) fischeri antifungal proteins 1 and 2, respectively. Scale bar: 0.5 cm. 
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b  
ZMC 28230 could colonize the surface of the model under the ap- 

lied incubation conditions ( Fig. 2 a). When the surface was treated 

ith an aqueous solution of NFAP or NFAP2 prior to infection, A. 

reber SZMC 28230 showed remarkably reduced growth ( Fig. 2 b 

nd c, respectively). Image analysis was performed to determine 

he percentage of fungus-infected area. NFAP significantly reduced 

he size of the infected area from 21.6 ± 10.7% to 8.2 ± 10.5% 

 p = 0.006762, t = −3.6221, n = 9, xd̄ = −13.4556, Sd = 11.1446),

hereas NFAP2 decreased the area from 9.5 ± 4.7% to 3.7 ± 3.1% 

 p = 0.002516, t = −4.3289, n = 9, xd̄ = −5.8111, Sd = 4.0272).

he long-term protective ability of NFAP and NFAP2 at room tem- 

erature and exposure to dim sunlight was demonstrated by the 

xperiment when five-five demonstrati ve wall models from the 

revious experiments were further incubated for three months on 

 laboratory table. After this long incubation period, both AFPs 

aintained protective ability as significant reduction in the fungus- 

nfected area was still observed (Supplementary Fig. 6.). This re- 

uction was 17.2% ±7.1% to 3.3% ±1.5% ( p = 0.01992, t = −3.7516, 

 = 5, x¯d = −13.9, Sd = 8.2849), and 7.1% ±3.8% to 0.9% ±0.7%

 p = 0.02844, t = −3.3548, n = 5, x¯d = −6.14, Sd = 4.0924) in the

ase of NFAP and NFAP2, respectively. To test the possible aging ef- 

ect of high-dose UV irradiation on the antifungal efficacy of NFAP 

nd NFAP2, wall models were irradiated with the germicide lamp 

f a laminar flow box. This treatment decreased the protective ef- 

ect of NFAP and NFAP2, and slight or no significant reduction was 
199
bserved in the fungus-infected area (Supplementary Fig. 7.). This 

eduction was 14.2 ±4.7% to 8.6% ±4.4% ( p = 0.04827, t = −2.5997, 

 = 6, x¯d = −5.5167, Sd = 5.1979) and 14.8% ±4.8% to 9 ±3.2% 

 p = 0.113, t = −1.9195, n = 6, x¯d = −5.7333, Sd = 7.3162) in

he case of NFAP and NFAP2, respectively. The percentages of in- 

ected areas calculated from independent experiments are shown 

n Supplementary Tables 3, 4, and 5. Several compounds of nat- 

ral origin ( e.g. , essential oils, plant extracts, secondary metabo- 

ites produced by microbes and lichen, and microbial enzymes) 

nd biocontrol microorganisms (bacteriophages and bacteria) have 

 high potential to control microbial deterioration of cultural her- 

tage sites. They represent alternatives that are safer for humans 

nd more environmentally friendly than chemical biocides [57] . In 

 comprehensive review of the literature, Fidanza et al. (2019) re- 

orted that natural biocides (mainly essential oils and plant sub- 

tances) can be used to conserve stone cultural heritage, but did 

ot report the applicability of purified AFPs [16] . Based on this re- 

iew and a literature search in the PubMed database in 2019–2023, 

e believe that our study is the first to report the potential use 

f AFPs in the conservation of heritage sites. However, an artificial 

ging experiment indicated that UV irradiation can decrease the 

rotective effect of NFAP and NFAP2 possibly by disrupting disul- 

de bridges that stabilize the antifungal active tertiary structure 

 54 , 55 ]. This phenomenon was demonstrated with other disulfide 

ond-stabilized proteins [ 58 , 59 ]. It has to be noted that such a



K. Dán, S. Kocsubé, L. Tóth et al. Journal of Cultural Heritage 67 (2024) 194–202

Fig. 3. Scanning electron microscopy of Aspergillus creber SZMC 28230 contamination on wall model. Untreated/uninfected (a), untreated/infected (b), NFAP- (c), and NFAP2- 

treated (d). NFAP and NFAP2 treatments were performed with 16 × MIC (100 μg mL−1 ). Scale bars: 100 ×: 100 μm, 500 × and 1000 ×: 10 μm. 
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trong UV irradiation by dim sunlight in an indoor environment 

annot be possible than that applied in the artificial aging experi- 

ent. In addition, relatively large amounts of NFAP and NFAP2 can 

e recombinantly produced using the fermentable, generally rec- 

gnized as safe fungus P. chrysogenum [ 35 , 16 ]. This can make their

ndustrial production economic in the near future. 

.4. Scanning electron microscopy analysis of wall models 

SEM analysis of the wall model was performed to investigate 

he antifungal effect of NFAP and NFAP2. The uninfected/untreated 

all model had a rough surface with small plaques ( Fig. 3 a). With-

ut AFP treatment, the contaminated areas of the model were colo- 

ized by A. creber . The fungus was able to develop a dense mycelial

etwork with several conidiophores ( Fig. 3 b). NFAP ( Fig. 3 c) and

FAP2 ( Fig. 3 d) treatment reduced the density of the mycelial net- 

ork and the number of conidiophores in the contaminated area 

 Fig. 3 c and d). In these samples, the rough surface of the wall
200
odel was visible, indicating the fungal growth inhibitory effects 

f NFAP and NFAP2 ( Fig. 3 c and d). 

. Conclusions 

In this study, we isolated fungal biodeteriogens from the inner 

alls of a cultural heritage church. The molecular identification 

nd macromorphological identification of these fungi indicated 

hat most isolates are indoor fungi and destroy cultural heritage 

uildings. Among them, two undescribed Cladosporium species 

ere detected. To our knowledge, this study is the first to report 

hat P. chartarum and B. pseudobassiana (a phytopathogenic and 

ntomopathogenic fungus, respectively) are biodeteriogen species 

hat grow on the inner walls of buildings. Extracellular AFPs from 

 . ( A .) fischeri (NFAP and NFAP2) inhibited the growth of the iso-

ated fungi with varying efficacy. NFAP and NFAP2 significantly re- 

uced A. creber contamination in a wall model experiment, how- 

ver, strong UV irradiation decreased their protective effect. Based 
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n these results, we propose that NFAP and NFAP2, highly stable 

roteins in harsh environments, can have high potency as natural 

iocides for the protection and conservation of inner walls of cul- 

ural heritage buildings. In addition, their application can decrease 

he concentration of fungal spores in the indoor area. 

However, in our study, we only examined the deteriogen effects 

f fungi and recommended an alternative procedure to eliminate 

hem from indoor heritage sites by topical application of AFPs. This 

pproach may have the risk that, after the elimination of conta- 

ious fungi, other species will appear on the wall, such as bacteria, 

yanobacteria, algae, or fungal species resistant to AFPs. An excel- 

ent example of this problem is the Lascaux Cave in France, where 

fter a species-specific biocide treatment, a new fungal species ap- 

eared and spread suddenly [60] . Other biodeteriogen species can 

ppear not only as a consequence of taxon-specific treatment, but 

t can be a result of increased recolonization ability of the species. 

ecolonization always occurs sooner or later after decontamina- 

ion [ 61 , 62 ]. Therefore, in situ experiments are necessary to de- 

ect the possibility of the risks mentioned above after the sole ap- 

lication of NFAP and NFAP2 as natural biocides. Previous studies 

ave demonstrated that NFAP and NFAP2 have different broad an- 

ifungal spectra with small overlaps [ 26 , 27 ], and can interact addi-

ively with each other [26] , and NFAP2 synergistically with antifun- 

al compounds [35] . According to these observations, it is possible 

hat altering the application of NFAP and NFAP2 or their combina- 

ion with other chemical and mechanical methods may overcome 

he risk of the recolonization by fungi. 

Our results presented in this study provided insight into new 

atural biocides ( viz. AFPs) derived from fungi that can be applied 

or the protection of cultural heritage buildings, which are mainly 

estricted to essential oils and plant substances today. 
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