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Originality-significance statement 
This study provides insight into the modern microbiology of Iron-Age tombs of the Etruscan 

civilization in central Italy. These 2500-year-old underground rooms, excavated from stone, 

have walls covered in ancient paintings with a patina formed of biogenic needles of CaCO3 

(moonmilk). Here, we report three highly intriguing findings: 

- this environment hosts communities primarily bacteria that are mesophilic for both 

temperature tolerance and xerotolerance; 

- is populated by photosynthetic Cyanobacteria exhibiting a heterotrophic lifestyle; and  
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- the precipitation of CaCO3 occurs on the surface indicating that it is biogenic (and thereby 

protecting, rather than degrading, the frescoes). 

We also reveal:  

- the ways in which microbiology impacts the mineralogy, and mineralogy determines the 

microbiology; 

- occasional community members are psychrotolerant or resistant to ionizing radiation; and 

- provide insight into the time taken for biogenic formation of moonmilk - only 1 to 5 decades. 

We discuss the paradox that these ecosystems that are for the most part in the dark so lack 

primary production yet appear to be highly active, biodiverse and biomass-rich 

Abstract 
Earth’s microbial biosphere extends through the crust and much of the subsurface, including 

microbial ecosystems within cave systems. Here, we elucidate the microbial ecosystems 

within anthropogenic caves; the Iron-Age, subterranean tombs of central Italy. The interior 

walls of the rock (calcium-rich macco) were painted ~2500 years ago and are covered with 

CaCO3 needles (known as moonmilk). The aims were to: identify 

biological/geochemical/biophysical determinants of, and characterize bacterial communities 

involved in CaCO3 precipitation; challenge the maxim that biogenic activity necessarily 

degrades surfaces; locate the bacterial cells that are the source of the CaCO3; and gain insight 

into the kinetics of moonmilk formation. We reveal that this environment hosts communities 

that consist primarily of bacteria that are mesophilic for temperature and xerotolerance 

(including Actinobacteria, Bacteroidetes and Proteobacteria); is populated by photosynthetic 

Cyanobacteria exhibiting heterotrophic nutrition (Calothrix and Chroococcidiopsis); and has 

CaCO3 precipitating on the rock surfaces (confirmation that this process is biogenic) that  acts 

to preserve rather than damage the painted surface. We also identified that some community 

members are psychrotolerant (Polaromonas), acidotolerant or acidophilic (members of the 

Acidobacteria),  or resistant to ionizing radiation (Brevundimonas and Truepera); elucidate the 

ways in which microbiology impacts mineralogy and vice versa; and reveal that biogenic 

formation of moonmilk can occur rapidly, i.e. from between 10 and 50 years. We discuss the 

paradox that these ecosystems that are for the most part in the dark so lack primary 

production, yet appear to be highly active, biodiverse and biomass-rich. 
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Introduction 
Against a backdrop of climate change and deteriorating planetary health, our knowledge of 

Earth’s biosphere is becoming increasingly more detailed and ever more important 

(Cavicchioli et al., 2019). Considerable advances have been made in our understanding of 

global biodiversity, the physicochemical and biophysical limits of our biosphere, uncultivatable 

taxa (microbial ‘dark matter’), functions of the deep-subsurface ecosystems, and contributions 

of the planetary microbiome to environmental health. Whereas a considerable research effort 

has also focused on historical interactions between human cultures and the ecology of plants 

and animals, the co-existence and interactions between humans and microbes has received 

less attention. 

 For several thousands of years, agriculture and other human activities have 

transformed landscapes, modified geological processes, and destroyed or created habitats for 

plants and animals alike (Hanson et al., 2020; Rick and Sandweiss, 2020). Our domestication 

of crop plants and livestock is also well-documented, and it is also well-established that we 

have also (often without knowing) domesticated microbial taxa, such as Saccharomyces 

cerevisiae (Duan et al., 2018; Meriggi et al., 2020). But what is less-often appreciated is that 

the development of our civilizations, and our day-to-day activities, have created new habitats 

for microbes and, in this process, have created new microbial ecosystems. 

Here, based on a well-preserved Iron-Age site, we elucidate the present-day 

microbiology of a unique underground system which lives in underground rooms excavated 

from bedrock between 2700 and 2200 years ago by the Etruscan peoples (central Italy). This 

is a calcium-rich rock known as macco; a form of calcarenite. Several studies by the some of 

the current authors have revealed that the microorganisms present in these tombs (Tarquinia, 

Viterbo) are involved in the biogenic formation of nano-scale needles of CaCO3 (called 

moonmilk) that creates a patina on the interior walls and ceiling (Tomassetti et al., 2017; 

Cirigliano et al., 2018; Mura et al., 2020). Needles of CaCO3 are also known to form on 

surfaces within limestone caves (Cacchio et al., 2014), in other subterranean environments 

(Borsato et al., 2000; D’Angeli et al., 2019), and even within the Lewis Cliff 85311 meteorite 

(Lee et al., 2019). 
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Moonmilk formation requires a complex interaction between geological and biological 

factors. The biogenic contribution to formation of the precipitate was proposed previously 

(Cañaveras et al., 2006; Cailleau et al., 2009; Baskar et al., 2011; Portillo and Gonzalez, 2011; 

Braissant et al., 2012; Rodriguez-Navarro et al., 2012): the bacterial communities that live in 

a calcium-rich environment (Banks et al., 2010). An extracellular alkaline pH and the presence 

of the calcium ions are stressful for bacteria because a passive calcium influx promotes a 

calcium/hydrogen electrochemical gradient leading to high intracellular calcium and excessive 

proton expulsion (Clapham, 1995; Hammes and Verstraete, 2002; Domínguez, 2018). Further, 

calcium is an essential messenger in cellular signaling so a sustained high concentration of 

intracellular Ca2+ can lead to cell death. 

Bioprecipitation of CaCO3 is mediated by microbes via processes such as ureolysis; 

urease catalyzes the hydrolysis of urea into ammonium and carbonate. In this reaction, urea 

is hydrolyzed to ammonia and carbonate (carbamic acid), which is spontaneously hydrolyzed 

to produce carbonic acid (H2CO3) and more ammonia (NH3). In an aqueous milieu, carbonic 

acid and ammonia will reach equilibrium, forming bicarbonate ions and releasing hydroxide 

ions. The hydroxide ions result in an increase of pH, resulting in the formation of carbonate 

ions. In turn, carbonate ions combine with calcium thereby precipitating and CaCO3 (Anbu et 

al., 2016). 

Deterioration of paintings on the walls of the Tarquinia tombs has occurred since the 

opening of the tombs, and this is likely due to a combination of the associated environmental 

changes, invasion by plant roots, and the activities of microorganisms (Caneva et al., 

2020). The near-pristine condition of the paintings until this time indicates that relative humidity 

remained constant within the tombs over the millennia, from the Iron Age to their openingat 

the end of the 18th Century. Since the tombs were opened, and until hermetically sealed doors 

were installed (this occurred from at various times between 1990 and the present day, 

depending on the tomb), they were subject to fluctuations caused by changes in ambient 

temperature and relative humidity for a period of almost 200 years. Once doors were installed, 

relative humidity remain constant, at about 95 to 98% (Tomassetti et al., 2017). Whereas the 

ongoing formation of moonmilk provides evidence of microbial activity, we have little insight 

into the composition and functionality of the underground ecosystem within these Tarquinia 

tombs. The specific aims of the current study were to: identify biological, geochemical and 

biophysical determinants of CaCO3 precipitation; characterize the bacterial communities in 
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terms of their ecophysiological character and phylogeny; challenge the maxim that biogenic 

activity necessarily degrades ancient paint layer; locate the bacterial cells that are the source 

of the CaCO3 (moonmilk); and gain insight into the kinetics of moonmilk formation.  

 

Results and Discussion 
 

Determinants of CaCO3 precipitation (formation of moonmilk). Nine underground tombs 

of the Monterozzi Necropolis (Tarquinia) (Fig. 1) were selected for their diversity in terms of: 

geographic location; age; thickness of the moonmilk layer; presence/absence of a calcium-

rich layer of primer laid by the Etruscans prior to painting; and type of rock from which the 

tombs were excavated. Six tombs were excavated in macco, which is a yellow calcarenite 

formed in the Pliocene era. Three out of the nine tombs had been excavated in an area in 

which the macco is interrupted by a low-calcium bench called sabbione, an incoherent yellow 

sandstone with a fine grain size.  Information on anthropogenic interventions since tomb 

discovery/opening is summarised in Experimental Procedures and Table 1. The walls of the 

nine tombs were sampled to carry out scanning electron microscopy (SEM) studies (Fig. S1) 

of the surface patina (Fig. S2).  A layer of CaCO3 precipitate was present in each, but these 

layers ranged from millimeters to centimeters in depth depending on the tomb (Table 1). The 

crystals of which they were composed also varied in size and shape between tombs, from 

nano-scale needles to thicker, more irregular structures (Fig. S1).  
According to culture-based studies carried out in vitro, bacterial cell walls and biofilms 

can act as nucleation sites for carbonate precipitation (Decho, 2010; Ercole et al., 2012).  Here, 

we used SEM to look for evidence that this can occur in situ and thereby lead to the formation 

of moonmilk. In the moonmilk samples from Tomba del Cardinale (Fig. 2A-D) and Tomba dei 

Vasi Dipinti (Fig. 2E-J), we found CaCO3 entrapping microbial structures. Upon energy 

dispersive spectroscopy (EDX) analysis, they appeared to be entombments of a filamentous 

bacterium (Fig. S3). Similar microbes were present in the Tomba del Vecchio (Fig. 2K and 

L).In the Tomba del Cardinale, Tomba dei Vasi Dipinti and Tomba del Vecchio, the nanofibers 

originated from the entrapped microbes (Fig. 2B, E, L, red arrows), and SEM analysis of these 

revealed the presence of biofilms (Fig. 2B, G and I, pink arrows). Whereas diverse lines of 

evidence indicate that the CaCO3 precipitate of these tombs is (in part at least) of biotic origin, 

it is difficult to ascertain the relative contributions of biogenic and abiotic processes. The 
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precipitation of CaCO3 is influenced by the following factors: calcium concentration in the 

environment, amount of dissolved inorganic carbon, availability of nucleation sites, and pH 

(Hammes and Verstraete, 2002). In relation to the role of bacteria in this process, there are 

three key factors: the mineralization occurs as a consequence of cellular metabolism; 

carbonate nucleation takes place on the cell wall; and the matrix of extracellular polymeric 

secretions (EPS) in biofilms accelerates CaCO3 precipitation, allowing bacteria to sequester 

calcium ions to produce CaCO3 in a high-pH environment (Ercole et al., 2007; Marvasi et al., 

2012; Kim and Roh, 2019). The precipitation of carbonates by bacteria is the result of one or 

more metabolic process(es), such as photosynthesis, reduction of sulfates, and urea 

hydrolysis (Dhami et al., 2018). Therefore, the microbial communities in the tombs live in 

conditions that favour the formation of moonmilk (Sanchez-Moral et al., 2012; Maciejewska et 

al., 2017; Mauran et al., 2019). 

The Etruscan people coated the interior walls with a calcium-rich preparatory layer a 

few millimeters thick as a primer, on top of which a coloured paint layer, also based on a 

mixture of lime and macco, was applied (Table 1; Fig. S2). The primer (lime mixed with ground 

macco) was present in most tombs but absent from Tomba dei Leoni Rossi and Tomba delle 

Pantere. Nevertheless, thick moonmilk formations (0.5 to 2 cm) were observed in these two 

tombs (as well as four of the others). Furthermore, precipitated CaCO3 was found on tomb 

ceilings, where (a) primer- and/or paint layer(s) were usually absent, so neither calcium-rich 

primer not calcium-rich paint was a prerequisite for moonmilk formation. 

 Whereas temperature and relative humidity can influence CaCO3 precipitation, the 

measured values (see Experimental Procedures) were between 16 and 18°C and 95 and 98%, 

respectively; values known to be optimal for the formation of moonmilk (Leuko et al., 2017). 

Tomba del Cardinale, Tomba dell’Orco and Tomba degli Scudi are located in close proximity 

to each other and characterised by thinner layers of moonmilk relative to the other tombs (Fig. 

1; Table 1). The macco in the area of these three tombs is interrupted by sabbione (D’Agostino 

et al., 2010; Cecchini et al., 2012). Even though primer did not appear to promote extensive 

moonmilk formation (maybe it was too thin to provide enough calcium to have a measurable 

impact), the sabbione was apparently so calcium-poor as to constraint the precipitation of 

CaCO3, because the moonmilk layers here were only 0.1 mm in thickness (Table 1).  

 Moonmilk deposits were not present in tombs of the Etruscan necropolises of Sarteano 

(Siena) (Pallecchi et al., 2009) and Cerveteri (Rome) (Alfeld et al., 2018). However, these 
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tombs were excavated from travertine (a limestone) and tuffs (formed from volcanic ash), 

respectively. In the Etruscan necropolis in Chiusi (Siena), the Tomba del Colle and Tomba 

della Scimmia, where the paint layer was applied on top of a thin clay primer, were excavated 

from weakly cemented sands with intercalations of clay layers and pebble beds. In these 

tombs, microbial growth was associated with CaCO3 deposits of calcite crystals (2- to 4-mm 

in size) but nanometric needle fibers of calcite were not observed by SEM analysis (Diaz-

Herraiz et al., 2013; Diaz-Herraiz et al., 2014). These observations confirm that moonmilk 

formation in Tarqunia is influenced by the geochemistry of the bedrock. 

 

Kinetics of formation of CaCO3-needles. The kinetics of moonmilk formation have not been 

definitely determined, and questions remain about the time-period required for production of 

CaCO3 nanorods. To date, only one study reported the formation of moonmilk deposits on a 

timescale of < 50 years; on an artificial wall constructed around 1940-50 in the Altamira cave 

(Cañaveras et al., 1999). The periodic restoration activity within some of the tombs (during 

which moonmilk is removed) provides a valuable opportunity to study the dynamics of fresh 

moonmilk formation. The Tomba Bartoccini, Tomba delle Sculture and Tomba dei Vasi Dipinti 

proved useful to determine a time period necessary for moonmilk deposition. This is because 

during the restoration of the Tomba Bartoccini, when the restorers removed the moonmilk from 

the walls, graffiti dating from the Middle Ages was revealed, indicating that the overlaying 

moonmilk was produced after the use of this tomb by Templars (in 1260 A.C.) (Cataldi and 

Micozzi, 2012); the northern-east wall of Tomba delle Sculture was initially restored in 2008 

(Fig. S4A), the restoration was resumed and completed in 2014 and the 2-cm thick moonmilk 

layer was completely removed (Fig. S4B), in 2018, a very thin patina in the lower part of the 

northern-east wall (Fig. S4B, blue arrow) was observed and then analysed by SEM revealing 

the presence of moonmilk indicating that it was produced after the 2008 restoration (Fig. S4C 

and D); and in 1963, the Tomba dei Vasi Dipinti was vandalised and portions of the walls with 

mural paintings were removed (Fig. S5A and B) (Cecchini et al., 2012). SEM analysis of 

samples from this deposit revealed the presence of nanometric rods of CaCO3 (observed in 

2019, see Fig. S5C-F), indicating that moonmilk formation in Tomba dei Vasi Dipinti occurred 

within the last 56 years (i.e. since 1963). The results demonstrated that a new deposition of 

the moonmilk is possible in a relatively short period of time; i.e., as short as 10 years in the 

Tomba delle Sculture. 
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Subterranean tombs that are highly permissive for life. From an anthropocentric 

perspective, the underground tombs of the Monterozzi Necropolis, devoid of light for more 

than two millennia and associated with the burial of human corpses, may seem somewhat less 

than welcoming. To microorganisms, however, rock surfaces, cave environments, and the 

Earth’s crust present diverse and habitable and fertile niches. Whereas there has often been 

a tendency to take an anthropocentric view of microbial environments (Cavicchioli et al., 2019), 

the prevailing temperatures and relative humidity values within the tombs under study (see 

above) are very permissive for microbes that are mesophilic in relation to temperature and 

water activity (Rummel et al., 2014; Stevenson et al., 2015a; Stevenson et al., 2015b; Lee et 

al., 2018), and on this basis cannot be considered very extreme for microbes. 

With the aim to determine whether a common bacterial core is present in the moonmilk, 

the bacterial communities in four representative tombs (Tomba Bartoccini, Tomba dei Leoni 

Rossi, Tomba delle Pantere and Tomba delle Sculture) were analyzed along with the results 

already obtained from Tomba degli Scudi (Cirigliano et al., 2018). The results of the 16S rRNA 

amplicon sequencing showed the presence of Actinobacteria and Proteobacteria as the most 

abundant phyla (Fig. 3A). 

16S RNA analyses do not provide information about metabolic activity (Portillo et al., 

2009), so these data do not identify microorganisms active in CaCO3 deposition. The 16S 

rRNA amplicon sequencing of Tomba Bartoccini, Tomba dei Leoni Rossi, Tomba delle 

Pantere, Tomba degli Scudi and Tomba delle Sculture revealed a high bacterial biodiversity. 

This variability was highlighted in the Bray-Curtis analysis (Fig. S6A), where sites were divided 

by the first axis. Tomba Bartoccini and Tomba delle Sculture clustered together, indicating 

similarity in their microbiota. Tomba dei Leoni Rossi and Tomba delle Pantere clustered 

closely along the first and second axes, suggesting the presence of shared traits. Tomba degli 

Scudi appears to be an outlier in relation to the other sites analyzed. Tomba Bartoccini and 

Tomba delle Sculture were both characterized by higher Observed- and Shannon index values 

than the other three tombs, suggesting higher species richness (Fig. S6B). This distribution of 

the β-diversity data indicated a higher relative abundance of Cyanobacteria in Tomba 

Bartoccini and Tomba delle Sculture samples with respect to Tomba delle Pantere and Tomba 

dei Leoni Rossi. The two latter tombs were characterized by a higher relative abundance of 

Proteobacteria, while the microbial community of Tomba degli Scudi showed a higher relative 
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abundance of SBR1093 and Acidobacteria, Ellin6075 family, and it is also characterized by 

the absence of Cyanobacteria (Fig. 3A). The primer pair used in this study can also amplify 

archaea (Wasimuddin et al., 2020) and we found Crenarchaeota and Euryarchaeota in Tomba 

degli Scudi (Fig. 3A). The phylum Bacteroidetes was well represented in the Tomba dei Leoni 

Rossi and Tomba delle Pantere by Pedobacter, a soil-associated genus (Fig. 3B). Halophilic 

Bacteroidetes species can be associated with subsurface stone monuments (Piñar et al., 

2014).  

The microbiomes were analysed to identify common microbial taxa in the Tomba 

Bartoccini, Tomba dei Leoni Rossi, Tomba delle Pantere, Tomba degli Scudi and Tomba delle 

Sculture. Setting a microbiome profile threshold of 80% of total reads, the phyla Acidobacteria 

Actinobacteria, Bacteroidetes, Cyanobacteria and Proteobacteria were common to the 

microbiomes of all five tombs. The microbiome analyses at the genus level revealed that 

Deinococcus, Hylemonella, Lysobacter and Sphingomonas were present in all five tombs. In 

addition to these genera, the five tombs also hosted (unidentified) genera from the families 

Nocardioidaceae, Ellin6075, Sphingobacteriaceae and Oxalobacteraceae and from the orders 

Rhizobiales and Rhodospirillales (Table S2). At the threshold of 80% of total reads, the genera 

Deinococcus and Sphingomonas and were abundant across Tomba Bartoccini, Tomba dei 

Leoni Rossi, Tomba delle Pantere and Tomba delle Sculture. These genera are also 

commonly detected in stone microbial communities (Brewer and Fierer, 2018; Louati et al., 

2019).  

These results showed that the majority of taxa present within the tombs appear to 

exhibit mesophilic phenotypes in relation to their tolerance to both temperature and water 

activity/ xerotolerance. For example, Actinobacteria and Proteobacteria (Fig. 3A; Table S2). 

Intriguingly, however, we did identify several microbes known to have robust capabilities in 

terms of their stress biology. Most notably, we found: 

-  a psychrophilic genus, Polaromonas, that is wel- represented in Tomba degli Scudi and has 

been found in a limestone cave located in Arizona (Kartchner Cavern) (Darcy et al., 2011; 

Ortiz et al., 2013);  

- members of the Acidobacteria, some of which are known to be acidotolerant or acidophilic; 

and 

- microbes resistant to ionizing radiation included Brevundimonas, which is the second most-

abundant genus in Tomba delle Pantere, and Truepera, which is the fifth most-abundant genus 
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in Tomba Bartoccini (also present in Tomba delle Sculture) (Brewer and Fierer, 2018; Louati 

et al., 2019).  

The unique microbial community found in the Tomba degli Scudi (different from those 

of Tomba Bartoccini, Tomba dei Leoni Rossi, Tomba delle Pantere and Tomba delle Sculture) 

is determined by the calcium content of the rock, pH, and/or the proportion of the mineral 

substrate consisting of sand particles (though these factors that are not necessarily mutually 

exclusive). This observation may also explain the presence of a thin moonmilk layer in this 

tomb and in the Tomba del Cardinale and Tomba dell’Orco. 

It is interesting to note that Tomba dei Leoni Rossi and Tomba delle Pantere, which 

host a very similar microbial community, are in close proximity to each other (Fig. 1) and that 

neither has a primer layer. Further, Tomba Bartoccini and Tomba delle Sculture host similar 

microbial communities, and they are also situated in proximity to each other (Fig. 1); in this 

case, each has a primer layer. These observations suggest that even if the primer was not the 

main determinant of moonmilk thickness, it nevertheless does contribute to microbial 

community composition, almost certainly by providing calcium.  

Bacterial genera present in moonmilk are usually found within the epilithic and 

endolithic microbial communities of the macco and sabbione (Zhou et al., 2007; Antony et al., 

2012; Chan et al., 2012; Mogul et al., 2017). The fissures in calcite rocks facilitate ingress of 

water which in turn supports the proliferation of microorganisms (Meslier and DiRuggiero, 

2019). Moreover, chasmoendolitic bacteria, which colonize cracks and fissure in calcite rock 

(DiRuggiero et al., 2013), belong to the same phyla known to be present in moonmilk. The 

dominant bacterial phyla in subsurface sedimentary habitats - Actinobacteria, Chloroflexi, 

Firmicutes, Planctomyces and Proteobacteria (Gaboyer et al., 2019). 

 

Evidence of subterranean Cyanobacteria. There was an abundance of Cyanobacteria in 

the Tomba Bartoccini and Tomba delle Sculture (Fig. 3A and B; Table S1). A lower amount 

was also present in the Tomba dei Leoni Rossi and Tomba delle Pantere, and none in the 

Tomba degli Scudi, but which did contain two orders of the sister phylum Melainabacteria 

(SM1D11 and MLE1-12), albeit at low percentages (Table S1). Melainabacteria, previously 

classified as Cyanobacteria, produce energy through fermentation and the release hydrogen 

gas that can be consumed by other microorganisms and are not able to perform 

photosynthesis (Di Rienzi et al., 2013; Soo et al., 2014). Nostocaceae and Rivulariaceae 
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(Calotrix) were detected only in the Tomba Bartoccini (Table S1), and this can be explained 

by the use of light-emitting diodes (LED) white lights during tourist visits (see Experimental 

Procedures). The Cyanobacteria populations in the Tomba delle Sculture, situated in close 

proximity to the Tomba Bartoccini, must subsist heterotrophically because these tombs are 

not equipped with artificial lights so are always dark. The microbial families found in the tombs 

are Xenococcaceae (genus Chroococcidiopsis) and the Rivulariaceae (genus Calothrix). The 

Chroococcidiopsis is the most-abundant genus in Tomba Bartoccini (11,56% of total reads), 

and in Tomba delle Sculture (20.9% of total reads), able to grow in harsh environmental 

conditions, including both high and low temperatures (desiccated cells of Chroococcidiopsis 

sp. survive to 90°C, hydrated cells above 60°C), high doses of ionizing radiation (up to 15 kGy) 

and high salinity (Billi et al., 2000; Hauer et al., 2015; Lacap-Bugler et al., 2017). We know that 

some Cyanobacteria can adopt a heterotrophic lifestyle. However, there is a paucity of studies 

about heterotrophic nutrition of  Chroococcidiopsis in complete darkness, Chroococcidiopsis 

and Calothix accounted for 80% of total reads in deep subsurface rock samples (from 392- to 

613-m deep) in Spain (Puente-Sánchez et al., 2018) and in oxic subseafloor sediment millions 

of years old in a metabolically active form (Morono et al., 2020). Calothrix, present in Tomba 

Bartoccini, Tomba dei Leoni Rossi and Tomba delle Sculture inhabits caves where it switches 

to heterotrophic metabolism in the complete darkness (Whitton, 1987). It is intriguing to wonder 

whether it is the autotrophic or heterotrophic metabolism of such taxa evolved first. 
In the Etruscan tombs, the following Cyanobacteria genera were also found (albeit at 

very low abundance): Toxopsis, usually present in cave environments (Haurer et al., 2015); 

Pleurocapsa and Phormidium, also found in the Frasassi Caves (Giordano et al., 2000); 

Acaryochloris, known in Antarctic granite rocks (De Los Ríos et al., 2007); and Leptolyngbya 

and Scytonema, previously reported in Roman and Maltese hypogea (Bellezza et al., 2003; 

Zammit et al., 2011). It was recently shown that Cyanobacteria producing chlorophyll d and f 

(Leptolyngbya and Acaryochloris spp.) were present limestone caves, in complete darkness. 

These bacteria can photosynthesize using near-infrared radiation and chlorophyll d and f to 

generate energy (Behrendt et al., 2020). A future study on the presence of Cyanobacteria 

capable of utilising near-infrared radiation in the tombs devoid of visible light is needed to 

elucidate their potential contribution to moonmilk metabolism.  
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Mineral precipitation occurs at the very surface, indicating that it is biogenic. Macco is 

a porous rock, and it would be expected that CaCO3 precipitate would occur both within and 

on the surface of the rock matrix if the process was geochemically driven. However, we 

observed that the moonmilk deposit only formed at the microbial layer; i.e. on the very surface 

of the walls and ceiling and (where they are present) on top of the primer- and paint layers. 

This was both noteworthy and remarkable because endolithic bacteria also produce moonmilk 

within macco (T. Rinaldi, unpublished data) and are generally known to accelerate the 

deterioration and discoloration of monuments and buildings (Scheerer et al., 2009). 

Cyanobacteria degrade/weather the rock surface (Cockell and Herrera, 2008; Bruno and 

Valle, 2017), and Actinobacteria induce biomineralization and pigment production (Sterflinger 

and Piñar, 2013; Sakr et al., 2020). However, in the current study, the CaCO3 acted to protect 

the Etruscan paintings because it occurred where the microbes are (Fig. 4). This observation 

was also consistent with the biogenic nature of the precipitation process. 
 

Concluding remarks 
The current study provided insight into the geomicrobiology of moonmilk formation on the 

surface of calcareous rock. It also highlights the way in which human interventions can 

inadvertently transform microbial ecosystems that have been stable for millennia. This 

environment is dominated by microbial mesophiles, but does include some highly stress-

tolerant taxa. We also found that some tombs are dominated by the Cyanobacteria The CaCO3 

precipitate, that can form more rapidly than we had expected (in as little as 10 years), can 

fossilize microbial cells, so is reminiscent of some microbialites and stromatolites. The 

microbial biosphere is by definition organic, so seems generally more fragile than the Earth’s 

lithosphere. However, the intimate interactions that can take place between biosphere and 

lithosphere underline the fact that, in reality, neither is independent of the other.  

The Etruscan tombs were apparently well preserved for more than two millennia, likely 

due to high and constant relative humidity that sustained microbial activity. Interestingly, we 

found no trace of halophilic or other xerophilic genera, but this may not be surprising given 

that the humidity levels have been high for millennia. Indeed, the biologically permissive 

relative-humidity range (95-98%) and the moderate temperature range (16 to 18°C) favour 

active microbial communities composed primarily of mesophilic species (i.e. those that are not 

thermophilic, psychrophilic, xerophilic or halophilic). This said, further work is needed using 
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isolation media containing high concentrations of glycerol or NaCl to select for obligate 

xerophiles and halophiles, respectively. Most of the taxa identified as present are known to 

function optimally in the mesophile temperature range and at high water-activity values: above 

0.900 (equivalent to relative humidity values of more than 90%) (Stevenson et al., 2015b). The 

biogenic precipitation of CaCO3 acted to stabilize primer- and paint layers, but environmental 

alterations induced by opening up the tombs (fluctuations of temperature and relative 

humidity), and the deliberate removal of moonmilk, caused microbiome-driven changes over 

the past 200 years, underlining the fragility of these semi-natural structures.  The ecosystems 

that we attempted to reconstruct during the current study are a combined product of microbe-

rock relations in the context of ancient and modern anthropogenic involvement activities. We 

find it somewhat reassuring that, despite human interventions, microorganisms carry on 

regardless. 

 
Experimental procedures 
Description of the Monterozzi Necropolis of Tarquinia (Viterbo, Italy). 

The Tomba Bartoccini, Tomba del Cardinale, Tomba dei Leoni Rossi, Tomba dell’Orco, 

Tomba delle Pantere, Tomba degli Scudi, Tomba delle Sculture, Tomba dei Vasi Dipinti and 

Tomba del Vecchio were chosen for this study (Fig. 1; Table 1) to represent the Etruscan 

painted tombs based on the criteria listed in Results and Discussion. Tomba Bartoccini, Tomba 

dei Leoni Rossi, Tomba delle Pantere, Tomba delle Sculture, Tomba del Vecchio, Tomba dei 

Vasi Dipinti were carved in macco. Tomba del Cardinale, Tomba dell’Orco and Tomba degli 

Scudi are situated in close proximity (Fig. 1) and were carved in sabbione. Each of these 

tombs is now protected by hermetic doors (Fig. S7) with no artificial lights, and closed to the 

public with the exception of Tomba Bartoccini which is open to the public and visitors can 

switch on lights for a short period of time and see the mural paintings through the glass of the 

door. All fieldwork was carried out under the supervision of Soprintendenza Archeologia, Belle 

Arti e Paesaggio. 

 

Sample collection 

Moonmilk deposits were collected from the nine tombs of the Monterozzi Necropolis using 

sterile scalpels (about 0,5 g) and kept in 10 ml sterile tubes (Fig. S8). Samples for SEM were 

analyzed within 24 hours of collection. Moonmilk samples (0.2 to 0.3 g) from Tomba Bartoccini, 
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Tomba dei Leoni Rossi, Tomba delle Pantere and Tomba delle Sculture (Fig. S8E and F) were 

processed immediately for microbial community analysis, as used previously (Cirigliano et al., 

2018). At the time of this study, the Tomba Bartoccini, Tomba delle Pantere and Tomba delle 

Sculture had been restored and the moonmilk was completely removed except for a 5 cm2 

area that had been deliberately left by the restorers for future analysis. For this reason, and 

due to the archaeological importance of this site, we were allowed to analyze only one sample 

from each tomb (Fig. S8).  

 

Scanning electron microscopy and microanalysis 

SEM micrographs were performed using a Field Emission Scanning Electron Microscopy 

(FESEM) Zeiss Auriga 405, with a chamber room that maintains a pressure of about 10-5-10-

6 mbar. Before mounting the samples inside the microscope, the specimens were coated with 

20 nm of chromium using a Quorum Q150T sputter. Chromium has a high X-ray Kα value 

(5.145 keV), so does not interfere with lighter elements during the EDX analysis. EDX spectra 

were obtained using a Bruker Quantax detector in point mode for 30 seconds, with the electron 

microscope parameters acceleration voltage 10 kV and working distance 6 mm to optimize 

the number of the incoming X-ray signal. 

 

Environmental parameters 

An automatic in-situ monitoring system for measuring temperature and relative humidity (Data 

logger LASCAR, EL-USB-2 LCD) was installed in the Tomba degli Scudi (Cirigliano et al., 

2018). Between March and December 2017, in the Tomba degli Scudi the relative humidity 

was in the range 95-98% and the temperature was 16°C. It was not possible for us to measure 

environmental parameters in the remaining eight tombs studied here due to access 

restrictions. Thus, data from these eight tombs were obtained from the restorers using 

published (Bettini and Massa, 1991) or unpublished datasets collected during the restoration 

of the tombs’ paintings (Adele Cecchini, personal communication). The temperature in the 

tombs typically varied between 16-18°C during the summer months, but reached 20°C in 

Tomba dei Vasi Dipinti, Tomba del Vecchio and Tomba delle Pantere (Table 1).  

 

DNA extraction, 16S rRNA gene sequencing and analysis 
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Total DNA was extracted from the samples obtained from Tomba Bartoccini, Tomba dei Leoni 

Rossi, Tomba delle Pantere, and Tomba delle Sculture using DNeasy PowerSoil Pro Kit 

(QIAGEN, Milano, Italy), following the manufacturer’s protocol. The quality of extracted DNA 

was checked with 1.5% w/v agarose gel electrophoresis. DNA concentration (ng/μl) was 

measured using Qubit™ 4 Fluorometer and the dsDNA HS Assay Kit (Thermo Fisher 

Scientific, Milan, Italy).  

PCR amplification of 16S rRNA genes was performed using a KAPA HiFi HotStart 

ReadyMix (Roche, Diagnostics SpA, Monza MB, Italy). This was carried out for the V3-V4 

hypervariable regions of 16S rRNA and using the following primers 341F (5′-

CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACNVGGGTWTCTAATCC-3′) 

(Klindworth et al., 2013). The standard protocol was followed according to the 16S 

metagenomic sequencing library preparation guide from Illumina (Illumina, 2013). Briefly, each 

DNA sample was amplified by PCR using 12.5 μl of 2× KAPA HiFi HotStart ReadyMix, 10 μl 

forward and reverse primers (1 μM) and 2.5 μl of template DNA (5–20 ng/μl), for a final 25 μl 

of reaction solution. PCR products were purified using KAPA Pure Beads (Kapa Biosystems 

Inc., Roche Diagnostics SpA, Monza MB, Italy) and the subsequent dual indices and Illumina 

sequencing adapters. Indexing was performed using Nextera XT Index Kit V2 (Illumina). The 

amplicon library, after purification using KAPA Pure Beads (Roche), were checked using a 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and Agilent DNA 1000 

Kit, and quantified using a Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, 

Milano, Italy). After equimolar concentration checking, the bar-coded libraries were sequenced 

using Illumina MiSeq platform at Department of Biology, University of Florence, Italy. All the 

reads from Tomba Bartoccini, Tomba dei Leoni Rossi, Tomba delle Pantere, Tomba degli 

Scudi and Tomba delle Sculture, were analyzed for their purity, sequence length, error rate 

and presence of chimeras, following the procedures developed by Callahan and colleagues 

(Callahan et al., 2016). The raw sequencing data from the Tomba degli Scudi samples 

reported in a previous study (Cirigliano et al., 2018) were retrieved and analyzed pooled with 

the data generated during the current study. The product of this analysis is an amplicon 

sequence variant table, characterized by higher resolution rate than classical operational 

taxonomic units (OTU) table. The sequences were deposited in the NCBI BioProject database 

under the accession number ID PRJNA625423. 
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Taxonomy identification was performed using the naïve Bayesian classifier method 

(Wang et al., 2007) using Silva as the reference database. Once obtained, the amplicon 

sequence variant table, taxonomic identification, and phylogenetic trees were merged into a 

phyloseq object (McMurdie and Holmes, 2014) and analyzed for their ecological composition 

trough R software 3.6.0 version. For alpha diversity analysis, both Observed and Shannon 

indices were applied, while Bray-Curtis dissimilarity was calculated to draw PCoA for beta-

diversity analysis. 
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Figures legends 

Fig. 1. Map of the Necropolis of Tarquinia showing (red dots) the Tomba Bartoccini 
(42.249536, 11.771456), Tomba del Cardinale (42.248172, 11.778390), Tomba dell’Orco 
(42.246699, 11.780554), Tomba dei Leoni Rossi (42.240358, 11.794708), Tomba delle 
Pantere (42.241378, 11.791685), Tomba degli Scudi (42.247597, 11.777425), Tomba delle 
Sculture (42.248050, 11.770867), Tomba dei Vasi Dipinti (42.246032, 11.784392), Tomba del 
Vecchio (42.246022, 11.784386). 

Fig. 2. Scanning electron micrographs of a bacteria entombed in moonmilk samples: Tomba 
del Cardinale (A-D); Tomba dei Vasi Dipinti (E-J); and Tomba del Vecchio (K; L). In (J), the 
blue arrow indicates where the analysis shown in Fig. S3 was performed. In pictures (B, G) 
and (I), pink arrows indicate biofilms. Red arrows indicate calcite nanofibers originated from 
the entombed microbes. 

Fig. 3. Phyla present in the microbial community from moonmilk samples of Tomba Bartoccini, 
Tomba dei Leoni Rossi, Tomba delle Pantere, Tomba degli Scudi, and Tomba delle Sculture. 
Community structure was determined by targeted amplicon sequencing of bacterial 16S rRNA 
genes. All samples show a high abundance of Actinobacteria, Bacteroidetes, Cyanobacteria 
and Proteobacteria (A); heatmap representing the bacteria genera in the microbial community 
from moonmilk samples of Tomba Bartoccini, Tomba dei Leoni Rossi, Tomba delle Pantere, 
Tomba degli Scudi, and Tomba delle Sculture with a relative abundance higher than 0.5%. 
The increasing intensity of the red colouration indicates a higher abundance of taxa (B). 
Distances have been calculated using Bray-Curtis method and were represented using hclust 
(see Experimental procedures). 

Fig. 4. The east wall of the Tomba degli Scudi atrium before (A) and after restoration work 
carried out in 2016-2017 (B). Prior to restoration, it was thought that microbial activity may 
have damaged the primer- and paint layers (A), but removal of moonmilk revealed that the 
CaCO3 precipitate had actually protected the underlying surface (B). White arrows indicate 
changes/damage to the paint layer due to condensation of water or other abiogenic processes.  

Table 1. Characteristics of the Etruscan tombs in which microbiology and CaCO3 precipitation 
were studied. 
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Table 1. Characteristics of the Etruscan tombs in which microbiology and CaCO3 precipitation 
were studied. 

 

Name Parent 
rock 

Distance of 
the tomb 
ceiling 
below 

ground level 
(m) 

Presence/absent 
of a preparatory 
layer (primer) on 
the rock surface 

Time of 
construction 

Thickness of 
CaCO3 

precipitate (cm) 

 

Tomba  
Bartoccini 

Macco 3 Present
a
  530 to 520 

B.C. 
0.5 to 1 

Tomba del 
Cardinale 

Sabbione 10 Present
b
 298 to 210 

B.C. 
0.1  

Tomba dei 
Leoni Rossi 

Macco 2.5 Absent
d
  530 to 520 

B.C. 
1  

Tomba dell’Orco I Sabbione 10 Present
c
 530 to 510 

B.C. 
0.1  

Tomba delle  
Pantere 

Macco 2 Absent
d
 620 to 610 

B.C. 
1.5 to 2 

Tomba degli 
Scudi 

 

Sabbione 10  Present
b
 340 B.C. 0.1 to 0.2  

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 

a. Prior to the application of a paint layer, the surface was prepared by applying a layer of plaster made from 

powdered lime, clay, and water. 

b. Prior to the application of a paint layer, the surface was prepared by applying a layer of plaster made from 

powdered lime, powdered macco, and water. 

c. Prior to the application of a paint layer, the surface was prepared by applying a layer of plaster made from 

powdered lime, silicate sand, and water. 

d. In this case, paint was applied directly onto the rock surface. 

 

Tomba delle  
Sculture 

Macco 1 Present
b
 290 to 250 

B.C. 
1.5 to 2 

Tomba dei Vasi 
Dipinti 

Macco 1.5 Present
a
  

 

530 to 510 
B.C. 

0.5 

Tomba del 
Vecchio 

Macco 1.5 Present
a
  530 to 510 

B.C. 
0.5 
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