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The conservation of the RoZzanec Mithraeum limestone monument in Slovenia
demands an integrated understanding of the fungal and bacterial communi-
ties driving surface alteration and deterioration. High-throughput mycobiome
sequencing (metagenomic) combined with light, FTIR, and Raman microscopy
identified the epilithic lichen Gyalecta jenensis and its carotenoid-rich photo-
biont Trentepohlia aurea as the source of the salmon-hued biofilm on the mon-
ument. Biopitting — the principal deterioration symptom — was attributed to en-
dolithic thalli and ascomata of Verrucaria sp., whose oxalic-acid secretion dis-
solves carbonate substrates. FUNGuild analysis further confirmed a high relative
abundance of lichenised and symbiotrophic fungi as key deteriogens.

In the next step, the monument’s indigenous bacterial community - isolated
and identified during the initial metagenomic phase — was analysed as a ba-
sis for developing a synergistic bacterial consortium with the potential to be
reintroduced for biocontrol and biocleaning treatment of the same Mithraeum
monument. Parallel 16S rRNA gene metabarcoding revealed that Proteobacte-
ria, Actinobacteriota, and Cyanobacteria dominate the indigenous bacterial com-
munity, while culturable isolates were chiefly Bacillus and Paenibacillus. Enzy-
matic profiling highlighted Bacillus mycoides MIT8.7 and Paenibacillus amylolyti-
cus/taichungensis/tylopili/tundrae MIT8.18 as potent producers of amylase and
protease, with subsidiary lipase, cellulase, mannanase, and xylanase activities es-
sential for biocleaning.

Plate-growth inhibition assays (PGI%) pinpointed Bacillus velezensis MIT7.8 and
Pseudomonas chlororaphis subsp. aurantiaca MIT4.11 as the most effective antag-
onists against seven autochthonous biodeteriogenic fungi. Additionally, full cul-
tures of Streptomyces anulatus 1-3 TSA and Streptomyces sp. 11-11MM matched
the efficacy of commercial biocides (0.3% Preventol RI80, 100% Keim, 100% BFA)
without inducing changes in surface roughness (Rg, Ra) over three months on
locally sourced limestone models.

By elucidating indigenous bacteria capable of targeted biocontrol and bioclean-
ing, this study lays the groundwork for an eco-friendly, in situ bacterial consor-
tium. Such a formulation promises an effective alternative to traditional chemical
biocides for the long-term preservation of stone cultural heritage.
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