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Abstract
Tangible archeological sites and stone monuments are naturally decayed and deteriorated over time, providing substances 
that can sustain life, although they provide a complicated ecosystem characterized by low nutrition and desiccation. Stone-
inhabiting bacteria (SIB) and especially members of the phylum Actinobacteria dominate such environments, particularly 
the members of the family Geodermatophilaceae. We used the published data of two confirmed SIB species to mine their 
genomes for specific molecular markers to rapidly survey the presence of SIB in cultural heritage material prior to further 
analysis. The search focused on the mycosporine-like amino acids (MAAs) synthesis pathway. MAAs are intracellular com-
pounds biosynthesized by the shikimic acid pathway to synthesize aromatic amino acids and were found related to abiotic 
resistance features in microorganisms. Based on genome mining, the DAHP II (aroF) and a homolog of the Chorismate 
mutase gene (cm2) were found mostly in Actinobacteria and few other species. After calibration on five stone-inhabiting 
Actinobacteria (SIAb) species using conventional PCR, newly designed primers were successfully applied to environmental 
DNA extracted from two Egyptian pyramidal sites using a qPCR approach. This is the first report of aroF and cm2 as qPCR 
markers to detect SIAb from cultural heritage material prior to proceeding with further analysis (e.g., metagenomics and 
meta-barcoding analyses).
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Introduction

Archeological sites and stone monuments represent a valu-
able and important part of the cultural heritage worldwide. 
A large percentage of the world’s tangible cultural heritage 
is made from stone, and it is slowly but irreversibly disap-
pearing by the natural transformation into sand and soil in a 
process essential to sustain life on earth (Allsopp et al. 2004; 

Gadd 2017). Despite the harsh conditions resulting from low 
water availability and nutrient concentration, stone surfaces 
represent a complex ecosystem that enables a diverse range 
of microorganisms to proliferate. Besides algae, lichens, 
and fungi, cyanobacteria, actinobacteria, and other bacteria 
were reported to form the complex microflora of the stone 
surface (Urzi et al. 2001; Scheerer et al. 2009; Pena-Poza 
et al. 2018). Stone-inhabiting bacteria are peculiar bacterial 
species, especially members of the phylum Actinobacteria 
(SIAb) that mostly dominate this habitat type (Stackebrandt 
et al. 1997; Ding et al. 2022). Within Actinobacteria, species 
of the family Geodermatophilaceae were previously reported 
as SIB (Urzi et al. 2001; Ennis et al. 2022), causing a deteri-
orating aspect on stones in outdoor conditions (e.g., colored 
spots as well as biopitting and powdering) (Urzı̀ and Realini 
1998; Sghaier et al. 2016). Those species can resist UV light, 
ionizing radiation, desiccation, and heavy metals (Rainey 
et  al. 2005; Gtari et  al. 2012; Montero-Calasanz et  al. 
2014, 2015). Their isolation in vitro is not easy, and they 
are often underestimated because the cultivation method 
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needs at least 15 days of incubation and appropriate nutri-
tional media (Urzi 2004). Therefore, DNA- and RNA-based 
methods have provided a faster and more reliable approach 
and have gained much attraction over the past decade in 
the study of the biodeterioration of cultural heritage (Ster-
flinger 2010; Otlewska et al. 2014; Piñar et al. 2020). The 
primary use of these methods was detecting and character-
izing microorganisms in environments that are notoriously 
hard to culture and where the inhabited microorganisms are 
often underestimated (Scheerer et al. 2009). Besides the dif-
ficulties of sample collection in a non-destructive way from 
culturally important sites (Urzı̀ and De Leo 2001) and the 
low concentration of the extracted eDNA (Schneegurt et al. 
2003), the identification techniques can be expensive and 
time-consuming. For such reasons, many researchers use 
Epifluorescence microscopy to detect the microbial com-
munity's viability in samples before proceeding with further 
analysis (e.g., metagenomics and meta-barcoding analysis) 
(Ricca et al. 2020). Therefore, to have a fast and reliable 
molecular approach for surveying cultural heritage material 
for possible biodeterioration agents would be an essential 
tool in the field of applied cultural heritage microbiology.

Mycosporine-like amino acids (MAAs) are a family of 
intracellular compounds biosynthesized by the shikimic 
acid pathway to synthesize aromatic amino acids (Wada 
et al. 2015) and have been described in Actinobacteria 
(Miyamoto et al. 2014). They have an ampholyte nature 

and high denaturation temperature with water-soluble 
properties (Bozkurt and Kara 2017) and are expressed 
under abiotic stresses, e.g., solar radiation (Bhatia et al. 
2011) and extreme conditions (Rosic and Dove 2011). Key 
genes related directly or indirectly to the MAAs synthase 
pathway would be promising single-copy molecular mark-
ers to detect SIAb species adapted to stone surfaces’ harsh 
conditions.

Results and discussion

The pathway analysis showed that both the MAAs and 
shikimate pathways (i.e., biosynthesis of folates and aro-
matic amino acids) start by stereospecific condensation of 
phosphoenolpyruvate (PEP) and D-erythrose-4-phosphate 
(E4P) to give rise to Phospho-2-dehydro-3-deoxyhepto-
nate (DAHP) using Phospho-2-dehydro-3-deoxyheptonate 
aldolase (DAHP synthase), and then convert to 3-dehy-
droquinate (DHQ) by 3-dehydroquinate synthase (aroB) 
gene, followed by either 3-dehydroquinate dehydratase 
(aroQ) to redirect the DHQ to 3-dehydroshikimate for 
shikimate pathway, or O-methyl transferase (OMT) to 
redirect the DHQ to deoxygadusol for the MAAs pathway 
(Fig. 1). Based on STRING-db, the aroB and aroQ genes 
were found not only in the two referenced SIAb genomes 
(Blastococcus saxobsidens DD2 and Geodermatophilus 

Fig. 1  Mycosporine-like amino acids and shikimate (biosynthesis of folate and aromatic amino acids) schematic pathway based on literature and 
STRING information. Potential candidate genes identified from one of the two SIAb, Blastococcus saxobsidens, are written in bold



Archives of Microbiology (2023) 205:32 

1 3

Page 3 of 7 32

Fig. 2  Gene interaction and occurrences for aroF and cm2 genes in 
two SIAb species (Blastococcus saxobsidens and Geodermatophilus 
obscurus). A Gene interaction network visualized based on Choris-
mate mutase gene for the two stone-inhabiting bacteria. Blue arrow 
points to the aroF gene, while the red circle represents the cm2 gene. 

B The candidate genes occurrence graph along with neighbor genes 
and homologs from the same pathway among different organisms 
based on the STRING database. The search targeted the B. saxobsid-
ens DD2 (BLASA) aroF gene (left) and the G. obscurus DSM 43160 
(Gobs) cm2 gene coded as Gobs_4431 (right)
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Fig. 3  qPCR amplification plots and melting curves for 16S rRNA universal qPCR primer (16S), Actinobacteria-specific 16S rRNA primer (Act 
16S), aroF and cm2 using the eDNA extracted from cultural heritage material
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obscurus DSM 43160) but further in many other organ-
isms. Additionally, the OMT was not found in the two 
SIAb genomes, which disqualifies those genes as poten-
tial SIAb molecular markers. The DAHP synthase gene 
was found in duplicate as DAHP synthase I (aroG) and 
II (aroF), the latter of which was found only in few spe-
cies belonging to Proteobacteria, Actinobacteria, Chlamy-
diae-Verrucomicrobia group, Fibrobacteres-Acidobacteria 
group, Desulfurispirillum indicum, and some eukaryotic 
organisms. The Actinobacteria were the highest in terms 
of similarity and number of species when aroF from B. 
saxobsidens was used as an inquiry (Fig. 2). Based on 
the aroF interactive gene network, an additional candidate 
from the same pathway was detected, namely Chorismate 
mutase, which was found in two homologs, homolog I 
(cm1) and II (cm2). Like aroF, the cm2 was found exclu-
sively in Actinobacteria and few species from Proteo-
bacteria (e.g., Escherichia coli, Fig. 2). Based on E. coli 
co-expression data from the same database, aroF was 
found to co-express with cm2 (known as pheA in E. coli; 
r value = 0.85).

New qPCR primers were designed and optimized for 
single-band amplification using cPCR approach on five 
actinobacteria species. The ancient Djoser and Lahun 
pyramids were chosen to validate the elucidated markers. 
They are among the oldest and largest pyramids in the 
Memphis necropolis of ancient Egypt. Deterioration was 
observed in many parts of both pyramidal complexes in 
the form of dark spots, coloration, and brittle rocks. The 
universal 16S rRNAs as well as the newly designed qPCR 
primer were amplified successfully from 12 archeologi-
cal samples collected evenly from the two pyramids and 
generally varied among the collected samples (Fig. 3). The 
estimated  MRSIAbR was 1.01 ± 0.04 and 0.98 ± 0.05 for 
aroF and cm2, respectively, reflecting an equal efficiency 
of the two potential markers as the Actinobacteria-specific 
16S rRNA primers to amplify the Actinobacteria success-
fully. Our results supported the aroF and cm2 potentiality 
as molecular markers to detect SIAb specimens' presence 

in cultural heritage material. The use of the qPCR is for 
its sensitivity to detect very low concentrations, as qPCR 
achieves low limits of detection (1 × 10–7 ng/µl) and a 
higher detection rate employed in eDNA for laboratory 
and field samples than cPCR (Xia et al. 2018). To the best 
of our knowledge, most of the qPCR protocols to detect 
and/or quantify bacterial communities in cultural herit-
age material were designed based on the multi-copy 16S 
rRNA gene (Mondo et al. 2019; Salazar et al. 2006; Urzi 
et al. 2004). The developed approach was designed to rap-
idly detect the presence of SIAb but not for their absolute 
quantification. The qPCR amplification of those marker 
increases the probability to detect Actinobacteria from this 
type of samples, but not necessarily be evidence for their 
inhabiting activity and thus, require further isolation and 
identification. This protocol is developed as a preliminary 
test for archeological stone samples and cultural heritage 
material prior to metagenomic and/or culture-dependent 
analyses to reduce cost and time, respectively.

Materials and methods

The MAAs synthesis pathway was investigated using 
STRING online tools (Szklarczyk et al. 2019). Along with 
previous reports, a more comprehensive pathway was con-
structed using the two confirmed Geodermatophilaceae 
SIAb (B. saxobsidens DD2 (BLASA) and G. obscurus DSM 
43160 (Gobs)). Candidate genes were extracted from the 
genomes using Geneious Prime (Kearse et al. 2012) and 
aligned with copies from Actinobacteria species acquired 
by BLAST search for qPCR primer design (Table 1). All 
the qPCR primers were calibrated using conventional PCR 
(cPCR) applied to five Actinobacteria species isolated from 
stone, three species belong to Geodermatophilaceae (B. 
saxobsidens DSM 44509 (Urzì et al. 2004), G. carrarae 
DSM 44511 (Urzi et al. 2001), and Modestobacter sp. DSM 
44446 (Urzi et al. 2001)) and two species belong to Mic-
rococcaceae, Kocuria sediminis DPS08B and Micrococcus 

Table 1  List of the newly designed qPCR primers, melting temperature (Tm), expected product size (bp), target gene, and reference if previously 
published

Organism group Primer ID 5’-Seq-3’ Tm bp Gene References

Universal 926F AAA CTC AAA KGA ATT GAC GG 50 136 16S rRNA De Gregoris et al. (2011)
1062R CTC ACR RCA CGA GCT GAC 

Actinobacteria Act664F TGT AGC GGT GGA ATG CGC 60 277 16S rRNA Yang et al. (2015)
Act941R AAT TAA GCC ACA TGC TCC GCT 

Actinobacteria/pro-
teobacteria

aroFqF GCG CAC ATC GAC TTC ATC TC 57 283 aroF Current study
aroFqR CGA AGT GCC GGG TCT TGT AG

Actinobacteria CmutqF GTA ACA GCA CTG GCA GC 57 237 cm2 Current study
CmutqR CGA TCT CGT CTA TCC GCT CC



 Archives of Microbiology (2023) 205:32

1 3

32 Page 6 of 7

luteus DPS11B. The latter two strains were isolated from 
our previous work on the Djoser pyramid area among other 
Actinobacteria (members of Geodermatophilaceae, Micro-
coccaceae, and Planococcaceae; unpublished data) following 
Urzi et al. (2001) and Girish et al. (2022). DNA extraction 
from the bacterial strains was performed using  PureLink® 
Genomic DNA kit (Cat# K182001, Thermo Fisher Sci-
entific, USA) according to the kit protocol. DNA quality 
was checked using 1% (w/v) agarose gel electrophoresis, 
visualized by pre-added  RedSafe® dye under UV light, and 
quantified using  Quantus™ Fluorometer (Promega, USA). 
The cPCR reactions were performed using  MyTaq™ Red 
Mix (Cat# BIO-25043, BioLine, UK) kit. In each 25 µl 
reaction tube included 5 pmol of each primer, and 40 ng 
on template DNA were added. The amplification was car-
ried out using Techne™ 512 thermocycler (Techne, UK). 
PCR programs were adjusted according to the primer pair 
melting temperature (Tm) as follows: the first denaturation 
step at 95 °C for 3 min was followed by denaturation at 
95 °C for 20 s, annealing was set according to each primer 
pair (Table 1), extension at 72 °C for 30 s. The last three 
steps were repeated 34 times, with a last extension 72 °C 
for 5 min. PCR products were visualized using 1.5% agarose 
gel electrophoresis.

Environmental DNA (eDNA) from 12 archeological 
samples collected evenly from two pyramids (Djoser and 
Lahun pyramids) was extracted using MOBIO Powersoil 
DNA isolation (Qiagen, Germany). The eDNA was used 
for the newly developed qPCR markers validation. The uni-
versal primers for 16S rRNA (De Gregoris et al. 2011) and 
the Actinobacteria-specific 16S rRNA (Yang et al. 2015), 
along with the newly designed primers were calibrated and 
tested using the following recipe and qPCR conditions: 
5 pmol of each primer, 1× of  SensiFAST™  SYBR® Lo-
ROX Kit (Bioline, UK), 1 ml of eDNA and  H2O up to a 
total volume of 20 µl were prepared for each sample. The 
qPCR was performed using Stratagene Mx3000P qPCR 
machine (Agilent Technologies, USA) and was set to the 
default normal 3-steps standard thermal profile, while the 
annealing temperature was adjusted to 57 °C for aroF and 
cm2. The marker efficiency to amplify SIAb  (MRSIAbR) 
was evaluated for each sample using the following equa-
tion:  MRSIAbR = relative Actinobacteria CT value (CT16S/
CTAct)/relative marker CT value (CT16S/CTmarker), where 
the CT (cycle threshold) values are for the 16S universally 
amplified bacteria (CT16S), 16S amplified Actinobacteria 
(CTAct), and amplified bacteria with a gene copy of the 
tested marker (CTmarker).
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