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Unveiling the menace 
of lampenflora to underground 
tourist environments
Rosangela Addesso 1,2, Daniela Baldantoni 1, Beatriz Cubero 3, José Maria De La Rosa 3, 
Sara Gutierrez‑Patricio 3, Igor Tiago 4, Ana Teresa Caldeira 5, Jo De Waele 6 & Ana Z. Miller 3,5*

Permanent artificial lighting systems in tourist underground environments promote the proliferation 
of photoautotrophic biofilms, commonly referred to as lampenflora, on damp rock and sediment 
surfaces. These green‑colored biofilms play a key role in the alteration of native community 
biodiversity and the irreversible deterioration of colonized substrates. Comprehensive chemical 
or physical treatments to sustainably remove and control lampenflora are still lacking. This study 
employs an integrated approach to explore the biodiversity, eco‑physiology and molecular 
composition of lampenflora from the Pertosa‑Auletta Cave, in Italy. Reflectance analysis showed that 
photoautotrophic biofilms are able to absorb the totality of the visible spectrum, reflecting only the 
near‑infrared light. This phenomenon results from the production of secondary pigments and the 
adaptability of these organisms to different metabolic regimes. The biofilm structure mainly comprises 
filamentous organisms intertwined with the underlying mineral layer, which promote structural 
alterations of the rock layer due to the biochemical attack of both prokaryotes (mostly represented 
by Brasilonema angustatum) and eukaryotes (Ephemerum spinulosum and Pseudostichococcus 
monallantoides), composing the community. Regardless of the corrosion processes, secondary  CaCO3 
minerals are also found in the biological matrix, which are probably biologically mediated. These 
findings provide valuable information for the sustainable control of lampenflora.
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Since the seventeenth century, caves have represented an important tourist attraction due to their natural and 
cultural value. This interest has grown in recent decades, attracting approximately 80 million visitors per year 
 worldwide1. However, the human fruition of these captivating environments affects their ecological balance 
by introducing exogenous substances and energy, such as the exhalation of  CO2 and heat from tourists, along 
with the organic matter, including microplastic fibers, spores or plant seeds, attached to cloths or to the  skin2–5. 
Nevertheless, the most widespread aesthetical problem in show caves is the development of lampenflora com-
munities on rock walls, speleothems, and cave sediments. These photoautotrophic biofilms thrive on damp lit 
rock or sediment surfaces due to the presence of artificial lighting systems. Aerophytic cyanobacteria and algae 
generally compose the early stages of these communities, creating the conditions for the successive colonization 
by heterotrophic bacteria, fungi, bryophytes, ferns, and vascular  plants6,7.

Lampenflora has become an urgent concern for show cave managers due to its impact on the colonized sur-
faces. This includes aesthetical alteration, such as the development of green patinas or crusts and modifications to 
the stone surface layer, according to UNI 11182:2006 classification of stone material alteration. Moreover, it causes 
irreversible chemical corrosion of substrates, particularly when biofilms grow on speleothems. This corrosion is 
generated by the metabolic activities of the organisms composing the community, which can secrete organic acids 
that promote surface  dissolution8. Lampenflora represents also an ecological problem by introducing a consid-
erable amount of organic matter into the subterranean oligotrophic ecosystem. This affects the autochthonous 
biodiversity, both qualitatively and quantitatively, given the opportunistic lifestyle of the organisms  involved7,8.
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As currently there are no effective and sustainable solutions for addressing the lampenflora issue in show 
caves (both in terms of surface cleaning and growth control), an in-depth characterization of the green biofilm 
communities that thrive in underground environments adapted to tourism is urgently  needed6,8,9. To contrib-
ute to the knowledge of this “alien” community in show caves and to the development of mitigation strategies, 
this work aimed at providing a multi-proxy approach, involving morphological, physiological and taxonomic 
characterization of photosynthetic-based biofilms. This study particularly focused on lampenflora present in 
the Pertosa-Auletta Cave (Campania, southern Italy), where it grows on a calcareous  substrate10, and is exposed 
to different lighting conditions, including variable distances from the light sources, wavelengths, and intensity. 
The findings will allow proposing more effective and sustainable controlling actions not only in show caves but 
also in any artificially illuminated underground ecosystem.

Experimental procedures
Study area and field analysis
In the lit tourist trail of the Pertosa-Auletta Cave, described in detail in  Addesso9,11, four spatially distant areas, 
colonized by photosynthetic-based biofilms and exposed to different lighting conditions were sampled in October 
2020. These areas were carefully selected to avoid areas previously subjected to treatments, such as commercial 
bleach  applications9. The lighting setup comprises LED lamp systems, featuring an adjustable spectrum with dif-
ferent wavelengths: green light for sampling sites L1 and L4, and white light for sampling sites L2 and L3 (Table 1., 
Fig. 1). The cave is equipped with motion detection sensors that control the lights, turning them on according 
to the movement and rest stops of tourists. Each focus area is illuminated for 15 min, ensuring the safety of the 
visitors. Daily, the cave is open for eight hours and receives 60.000 visitors per year, with a biological rest period 
of 30 days in January. The annual temperature of Pertosa-Auletta Cave ranges between 13.2 and 16.1 °C, with 
relative humidity close to saturation (annual mean value: 97%) and  CO2 concentration from 514 ppm up to peaks 
of 2781 ppm during the highest tourist  loads10.

In situ, non-destructive reflectance measurements were conducted using a Jaz System spectrometer (Ocean 
Optics), completed with a VIS–NIR module, and PAR (photosynthetically active radiation), through an irradi-
ance quantum meter (LI-250 Light meter, Li-COR). In addition, measurements of maximal photosystem II (PSII) 
photochemical efficiency, given by Fv/Fm (variable fluorescence/maximal fluorescence) were carried out on 
30-min dark-adapted surfaces, using a portable photosynthesis yield analyzer (MINI-PAM, WALTZ, Germany), 
equipped with a distance clip holder (Distance Clip 2010A, WALTZ, Germany), to assess the biofilms photo-
synthetic activity. Additionally, a representative sample was collected from each sampling site, using disposable 
and sterile scalpel blades and Eppendorf tubes, and then stored at − 80 °C until microbiological processing.

Table 1.  Field measurements on the four lampenflora sampling sites, related to photosynthetic activity of their 
communities.

Sample Fv/Fm σ
PAR
(μmol/m2 s)

Distance from light source
(m) Light color

L1 0.698 0.023 3.05 1.5 Green

L2 0.720 0.114 4.01 3.5 White

L3 0.622 0.037 2.42 4 White

L4 0.704 0.018 1.85 2.5 Green

Figure 1.  Pertosa-Auletta Cave map; the yellow circles indicate the studied lampenflora samples along the 
tourist trail (green). The map was generated using the open-source vector graphics editor Inkscape 0.92 (www. 
inksc ape. org).

http://www.inkscape.org
http://www.inkscape.org
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Microscopy observations
For microscopy surveys, oven-dried (50 °C) samples were analyzed by field emission scanning electron micros-
copy (FESEM) using a FEI Teneo (ThermoFisher, MA, USA) microscope, with secondary electron detection 
mode, and an acceleration voltage of 5 kV for ultra-high resolution images.

Optical microscopy images of the biofilms were obtained on a transmitted light Eclipse E-100 Microscope 
(Nikon, Japan), equipped with a digital Nikon DS-Fi1 camera and processed in the image analysis program NIS 
Elements F. In addition, biofilm samples were observed using a Zeiss Axioskop microscope (Zeiss, Hamburg, 
Germany) with a GFP filter set (exciter 450–490 nm; dichroic 495 nm; emitter > 500 nm; Chroma set 41018), 
and image analysis was performed using AxioVision Software from Zeiss.

DNA metabarcoding data analysis
For molecular analyses, the DNeasy PowerSoil Kit (Qiagen, Germany) was used to extract total DNA from 
approximately 250 mg of each sample, according to the manufacturer’s protocol. The DNA amount was deter-
mined using a Qubit 4.0 Fluorometer (Invitrogen). The extracted DNA (with a minimum concentration 
of ~ 0.1 ng/μL), was analyzed via next-generation sequencing (NGS) targeting the V3–V4 hypervariable region 
of the 16S rRNA gene for Prokaryotes, using the primer pair 341F (5′-CCT ACG GGNGGC WGC AG-3′) and 
805R (5′-GAC TAC HVGGG TAT CTA ATC C-3′)12, and the 18S rRNA gene for Eukaryotes, using the primer 
pair V4F (5′-CCA GCA GCC GCG GTA ATT CC-3′) and V4R (5′-ACT TTC GTT CTT GAT TAA -3′)13. The ampli-
cons were sequenced using the Illumina MiSeq platform to generate 2 × 300 paired-end reads, according to 
Macrogen (Seoul, Korea) library preparation protocol. Chimeras were identified and removed by means of 
 USEARCH14. Resulting reads were processed in  QIIME215, whereas  UCLUST16 was used for the similar sequences 
assignment to operational taxonomic units (OTUs) by clustering with a 97% similarity threshold. Paired-end 
reads were merged using  FLASH14. SILVA database v.132 and NCBI were used for taxonomic identification of 
query sequences. The taxonomy names were updated according to the International Code of Nomenclature of 
 Prokaryotes17,18. The raw reads were deposited into the NCBI Sequence read Archive (SRA) database under 
project id PRJNA1012674.

Thermo‑gravimetry analysis
Thermo-gravimetric analysis of dried (40 ºC) lampenflora samples were conducted using the Discovery series 
SDT 650 simultaneous DSC/TGA instrument (T.A Instruments Inc. Delaware, USA) under a  N2 flow rate of 
50 mL/min. The samples (5 mg) were placed in Alumina cups and heated from 50 to 650 °C at a heating rate 
of 20 ºC/min. TG, dTG curves and mass loss were obtained via TRIOS software (T.A. Instruments, Delaware, 
USA). To avoid interferences due to the expected great signals corresponding to the thermal degradation of the 
rock minerals, the thermal analysis was not carried out at temperatures higher than 650 °C.

Data analysis
Reflectance spectra were elaborated in the R 4.0.0 programming  environment19, with functions from the “pho-
tobiologylnOut” and “ggspectra” packages, and using the open-source vector graphics editor Inkscape 0.92. 
Alpha diversity analysis, including the estimation of Chao1, Shannon, Simpson, and Good’s Coverage indices, 
was performed using QIIME2 (https:// qiime2. org). The comparison between the structural bacterial diversity 
present in the different lit tourist trail of the Pertosa-Auletta Cave samples was performed using principal coor-
dinate analysis (PCA) with CANOCO software version 4.56. The Simpson similarity index was computed with 
Paleontological Statistics (PAST 4.03).

Results
Lampenflora physiological features
The lamps irradiating the sampled surfaces, located at diverse distances from the light sources (from 1 to 
4 m), exhibit different light fluxes, with photosynthetically active radiation (PAR) values ranging from 1.85 to 
4.01 μmol/m2 s. Reflectance spectra, reported in Fig. 2, highlight that the four lampenflora samples absorb the 
totality of the visible light (~ 400–700 nm), reflecting the near-infrared radiation (~ 700–800 nm). Moreover, 
the spectra indicate a slight reduction in the absorption of visible light between approximately 500–600 nm in 
samples L2 and L3, which have more distant light sources (3.5 and 4 m, respectively) from the rock colonized by 
biofilms, compared to L1 and L4, where the light sources are closer to the surfaces (1.5 and 2.5 m, respectively). 
The maximal PSII photochemical efficiency (Fv/Fm) shows values ranging between 0.698 and 0.720 (Table 1).

Lampenflora morphological features
Being a show cave that opened to tourists almost a century ago, the Pertosa-Auletta Cave is widely colonized by 
lampenflora, exhibiting green biofilms evident merely tens of meters from the cave entrance till the deeper sec-
tions of the cave, illuminated by artificial light along the tourist path (Fig. 2). Field images of the four sampling 
sites from Pertosa-Auletta Cave show variations in green shades (Fig. 2), which can indicate the dominance 
of different phototrophic microorganisms. For example, light green biofilm with patches of darker green is 
predominant in sampling site L1 (Fig. 2a), indicating a mixture of phototrophic species. Vivid and pale green 
biofilms with distinct whitish areas, likely due to calcite precipitation or localized actinobacteria growth, are 
observed in sampling sites L2 and L3 (Fig. 2b, c). L4 features vivid green biofilms interspersed with darker 
green areas (Fig. 2d), further suggesting a diversity of phototrophic organisms such as cyanobacteria or varying 
environmental conditions.

In addition to green biofilms, ferns and bryophytes are also present in certain areas of the cave, particularly 
in areas with sediments and mud, which provide the necessary substrate for their growth.

https://qiime2.org
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The FESEM (Fig. 3) and optical microscopy images (Fig. 4) shed light on the organization of the lampen-
flora community. The biofilms are mainly composed of filamentous bacteria and green algae, strongly entwined 
between them and with the mineral substrate. In some cases, it seems that the network of filamentous microor-
ganisms traps minerals (Fig. 3a–d), with evidence of substrate corrosion (Fig. 3b). Figure 3b, e and f show also 
the presence of diatoms, whereas Fig. 3g–j reveal secondary minerals disseminated in the biofilm matrix, such as 
needle-shaped mineral crystals (g and h) and Ca-rich granular structures consisting of coalescing nanocrystals 
associated with microbial filaments (Fig. 3i and j).

Figure 2.  Field image of the four sampling sites from Pertosa-Auletta Cave, with the respective lampenflora 
reflectance spectra: (a) L1; (b) L2; (c) L3; (d) L4.
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Figure 4 shows a general view of the diverse communities present, predominantly composed of filamentous 
photoautotrophic organisms. Filaments of green algae are particularly observed (Fig. 4a, b and d). Organisms 

Figure 3.  FESEM images of the green biofilm samples from Pertosa-Auletta Cave. Filamentous microorganisms 
are shown in L1 (a), L4 (b), L3 (c), L2 (d), diatoms in L4 (e) and L1 (f); needle-fiber calcite structures in L2 and 
L3 (g and h, respectively), and biogenic-like mineral grains associated with filamentous microorganisms (i and j, 
respectively). The yellow arrows indicate the features mentioned in the text.
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of higher trophic levels, such as Rotifera or Cercozoa-like cells are also noticed (Fig. 4c).

Lampenflora community composition
The four samples display similar bacterial composition (Fig. 5a–c). The most abundant phylum is Cyanobacteriota 
(mean value: 66.50%), represented mainly by Brasilonema angustatum, followed by Pseudomonadota (mean value: 
21.01%), unclassified Bacteria (mean value: 3.64%), Actinomycetota (mean value: 3.15%), and Bacteroidota (mean 
value: 2.42%). Less represented phyla (< 1%) are also identified with a mean relative abundance equal to 3.28%. 
Within the Pseudomonadota phylum, the most represented classes are: Alphaproteobacteria (mean value: 17.74%), 
dominated, by Hyphomicrobiales (mean value: 6.79%), Caulobacterales (mean value: 4.47%) and Rhodospirillales 
(mean value: 2.93%) at the order level, Gammaproteobacteria (mean value: 1.97%) and Betaproteobacteria (mean 
value: 1.02%). The Simpson similarity index corroborates this observation (Fig. 6a), with all samples sharing 
similarities above 82. This indicates a high degree of similarity in the bacterial composition. However, the spatial 
distribution of the samples observed on the PCA analysis (the two principal components axes explained 92.4% 
of the variation) also shows that differences in the composition, especially among the less abundant populations 
are present. While samples L3 and L4 form the closest group, given their higher content in members of the family 
Scytonemataceae, samples L1 and L2 are more dispersed, likely due to their lower content in Scytonemataceae, 
which increases the influence of the differences in relative abundance of the other bacterial communities have 
in this distribution (Fig. 6a).

Concerning the identified Eukaryotes, the 4 samples show a clear differentiation (Fig. 5d–f), contrasting with 
the prokaryotic community profiles. In L1, the major phylum is Streptophyta (33.26%), followed by unclassified 
Eukaryota (24.05%), Nematoda (19.89%), dominated by Plectus opisthocirculus, Bacillariophyta (13.22%), rep-
resented by Sellaphora bacillum and Diadesmis gallica, Arthropoda (3.34%), and Cercozoa (1.30%) phyla. The L2 
sample is almost entirely composed of Streptophyta (91.16%). In L3, the most abundant phyla are: Streptophyta 
(63.85%), Cercozoa (9.91%), Chytridiomycota (3.84%), Cryptomycota (1.87%) and Chlorophyta (1.66%). At the 
phylum level, numerous unclassified sequences were obtained (unclassified eukaryota, 7.82%, and unclassified 
DNA sequences, 3.87%).

The L4 diverges from the other samples due to the higher abundance of Chlorophyta (59.59%), represented 
by Pseudostichococcus monallantoides, followed by Streptophyta (15.87%), unclassified Eukaryota (9.96%), Asco-
mycota (6.21%), Nematoda (3.58%), Bacillariophyta (1.85%), and Ciliophora (1.13%). The Streptophyta phylum, 
which dominated in most samples, is solely represented by the species Ephemerum spinulosum.

Figure 4.  Representative optical microscopy images of the green biofilm samples from Pertosa-Auletta Cave: L1 
(a), L2 (b), L3 (c), L4 (d).
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The Simpson similarity index supports this differentiation (Fig. 6b), with all samples showing dissimilarities 
in their composition. Although the similarity values range from 0.53 to a maximum of 0.66, none exceed 0.5, 
indicating a lack of strong resemblance. The PCA analysis (with 98.2% of the variation explained by the two 
principal components axes) further reveals that these compositional differences, especially among the most 
abundant populations, affect their spatial distribution (Fig. 6b). Samples L2 and L3, which have a higher relative 
abundance of Pottiaceae members, are positioned closer together on the plot. In contrast, samples L1 and L4, 
displaying a lower relative abundance of this family, exhibit a more dispersed distribution in terms of their overall 
community abundance. This suggests that the less abundant populations play a significant role in shaping the 
spatial distribution of L1 and L4 in the PCA.

Metrics employed for microbial community richness and diversity estimations are reported in Table 2. The 
analysis generated for each sample ranges from 180 to 280 OTUs for Prokaryotes and from 80 to 193 OTUs for 
Eukaryotes. The analysis well covers the microbial diversity in lampenflora samples, given the average value of 
Good’s Coverage equal to 1.0%. Chao1 richness estimator ranges between 207.5 and 345.0. Shannon diversity 
indices present estimates ranging from a minimum of 2.468 to a maximum of 3.830 for Prokaryotes and from 
0.925 and 3.817 for Eukaryotes, whereas Inverse Simpson diversity indices show values ranging from 0.480 to 
0.729 for Prokaryotes and from 0.169 to 0.839 for Eukaryotes.

Figure 5.  Prokaryotes and Eukaryotes composition of the lampenflora for each sampling site. The barplots 
show the relative abundances (%) at phylum (a and d, respectively), class (b and e, respectively), and order levels 
(c and f, respectively).
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Thermal analysis of lampenflora
Table 3 depicts the total and relative weight loss of lampenflora samples growing under the four different artificial 
lighting systems. Following the information provided by the derivative of weight loss (DTg; Supplementary Fig. 
S1), all thermograms were divided into 3 zones for study: W1 (50–175 °C), which is attributed to weight loss 
due to water evaporation and labile material, W2 (175–400 °C) which corresponds to loss of organic matter of 
intermediate stability, and W3 (400–600 °C) which comprises organic material of high thermal stability. The four 
samples are composed of the same types of organic material in terms of thermal stability with maximum weight 
loss in the ranges 315–330 °C and 440–460 °C, corresponding to fractions W2 and W3, respectively. Both peaks 
correspond to biopolymers (i.e., protein and lipid) typically present in  biofilms20. L4 shows the lowest presence 

Figure 6.  Principal component analysis of the most abundant populations (> 5%) present in the lit tourist 
trail of the Pertosa-Auletta Cave, determined at the family level. Green light for sampling sites L1 and L4, and 
white light for sampling sites L2 and L3. The Simpson similarity index values are also present. (a) Bacterial 
populations; (b) Eukaryotic populations.

Table 2.  Community richness and diversity of prokaryotes and eukaryotes estimated for each sample, using 
several alpha diversity metrics (Chao1, Shannon, Simpson, Good’s Coverage).

Sample OTUs Chao1 Shannon Inverse Simpson Good’s coverage (%)

Prokaryotes (16S rDNA)

L1 277 310.2 3.830 0.729 1.0

L2 280 345.0 3.740 0.717 1.0

L3 253 287.2 2.468 0.480 1.0

L4 180 207.5 2.510 0.499 1.0

Eukaryotes (18S rDNA)

L1 193 193.3 3.817 0.839 1.0

L2 135 135.0 0.925 0.169 1.0

L3 132 132.0 2.779 0.589 1.0

L4 80 80.0 2.837 0.697 1.0
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of thermally degradable material (3.5%; Table 3) and the greatest relative abundance of the most recalcitrant 
fraction, accounting up to 59% of the material.

Discussion
The four sampling sites from the Pertosa-Auletta Cave show the characteristic photosynthetic-based biofilms of 
lampenflora, coating great extensions of the cave walls and speleothems exposed to artificial  light9,21,22.

The maximal PSII photochemical efficiency, which is used as an indicator of photosynthetic performance 
in photoautotrophs, does not reach ideal conditions when compared to the optimum value (0.83) for several 
photoautotrophic species. These lower values are indicative of stress  conditions23. The Fv/Fm values of the green 
biofilms analyzed in the Pertosa-Auletta Cave (ranging from 0.62 to 0.72) are slightly lower than the optimum, 
but they are in agreement with values reported by  Grobbelaar24 and  Pfendler25, which were 0.74 for lampenflora 
measured in Cango Cave (South Africa) and 0.70 in La Glacière Cave (France), respectively. This suggests that 
the lampenflora in the Pertosa-Auletta Cave exhibits satisfactory physiological activity, even under conditions of 
very low PAR. In fact, as reported in  Mulec7, this community can thrive in underground ecosystems with very low 
photosynthetic photon flux density (PPFD), ranging from 0.2 to several hundred μmol  m-2  s-1 photons, surviving 
in total darkness over long periods of  time8,26. Even under such minimal PPFD conditions, light remains the 
main driver influencing the growth of photosynthetic-based biofilms in show caves, together with temperature, 
moisture and distance from the cave  entrance27,28.

Furthermore, lampenflora exhibits a characteristic behavior in terms of the reflectance spectra. In fact, it does 
not reflect the green portion of the spectrum, instead it absorbs the entire visible light (~ 400–700 nm), reflecting 
only the near-infrared (~ 700–800 nm). In addition to the main photosynthetic pigment chlorophyll a (Chl a), 
several species within such community, including cyanobacteria and several eukaryotic phototrophs, are capable 
to produce accessory pigments (e.g., Chl b, c1, c2, c3, xanthophylls, and carotenes). The biosynthesis of these 
pigments is considerably high under the light saturation point (high light intensity levels), thus enlarging the 
absorption spectrum of visible  radiation28 and displaying a notable tolerance to environmental  stress26. Other 
lampenflora members, including algae, such as those belonging to the Chlorellales order from the Pertosa-Auletta 
Cave, can adopt mixotrophic and heterotrophic regimes, fixing  CO2 through metabolic pathways different from 
 photosynthesis7,8,28,29. Therefore, these phototrophic-based biofilms demonstrate an impressive capacity to adapt 
to different lighting conditions. Hence, intervening on light wavelengths to control its growth might not be 
enough, notwithstanding the yellow light (~ 580 nm) seems to limit green biofilm development on illuminated 
rock  surfaces7. The decrease of the absorption in samples L2 and L3, which are exposed to a white light source 
positioned 3.5 and 4 m away from the rock surface, suggests that increasing the distance between the light sources 
and the exposed rock surfaces, as well as the use of appropriate light wavelengths in conjunction with measures 
to reduce light duration and intensity, can inhibit lampenflora  growth30.

As revealed by FESEM, the green biofilms from the Pertosa-Auletta Cave induce both destructive and con-
structive mineral processes on the colonized rock surfaces. As lampenflora mainly consists of epilithic organisms, 
these extract nutrients from the rock substrate by secreting organic acids and other hygroscopic and negatively 
charged exopolymers capable of dissolving  minerals31. These lampenflora-related processes can cause the for-
mation of corrosion features on the rock surfaces, such as microboring and micropits, clearly visible under the 
 microscope30,32,33.

Filamentous algae and cyanobacteria, in particular, can also physically disrupt the mineral substrates through 
the penetration of their thready bodies, exerting mechanical pressure that results in the fragmentation of mineral 
grains, which are trapped in the network of filamentous microorganisms, as observed in Fig. 3b. This process also 
increases the porosity and permeability of the host  rock8,28,34. Moreover, the activity of cyanobacteria can promote 
the precipitation of secondary  CaCO3  minerals8,28,30,32,33,35–37. Our findings confirm the presence of needle-shaped 
fibers (rods) with smooth surfaces, probably calcite  moonmilk38, as well as Ca-rich granular structures consisting 
of coalescing nanocrystals entangled within the biomass, suggesting microbial mediation. Moonmilk is a white 
and very soft deposit, commonly reported in  caves39,40. These white secondary mineral deposits have often been 
given a microbial origin, either through the direct precipitation of calcite by microorganisms or the creation 
of nucleation surfaces that facilitate mineral  deposition38,41,42. In the Pertosa-Auletta Cave, lampenflora is also 
found coating moonmilk deposits, which likely result from the substrate’s biogenic corrosion. To conclusively 

Table 3.  Comparative thermogravimetry (TG) parameters in lampenflora samples summarizing: total weight 
loss for the temperature interval 50–600 °C (%), weight losses and relative weight losses for the temperature 
intervals: 50–175 °C (W1), 175–400 °C (W2) and 400–600 °C (W3).

L1 L2 L3 L4

Total weight loss 50–600 °C 19.9 9.6 4.8 3.5

Moisture and very labile OM (W1) 50–175 °C 2.0 0.7 0.3 0.3

Intermediate OM (W2) 175–400 °C 13.3 6.1 2.9 1.1

Recalcitrant OM (W3) 400–600 °C 4.6 2.8 1.7 2.1

Relative Weight Loss (%)

Moisture and very labile OM (W1) 50–175 °C 10 7 6 9

Intermediate OM (W2) 175–400 °C 67 64 59 32

Recalcitrant OM (W3) 400–600 °C 23 29 35 59
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determine the biogenicity of the coalescing nanocrystals, more rigorous characterization of these structures 
would be needed.

Optical microscopy examinations also allowed observing the biofilm organization, where we were able to 
discern numerous intertwined filamentous microorganisms. This included a diversity of filamentous green algae 
and cyanobacteria, as well as higher-level organisms of the trophic chain (e.g., rotifers, fungal spores, etc.). Cor-
relating these observations with metabarcoding data presented in Fig. 5, we found congruence in the presence of 
green algae filaments, which are suggested to be predominantly Brasilomena. Organisms resembling the Cercozoa 
phylum seem to be visually identified and corroborated by the sequencing data. In contrast, direct metabarcod-
ing evidence for members of the Rotifera phylum was not obtained or potentially corresponded to unidentified 
eukaryotes within the DNA-based analysis. Their presence suggests that the biomass of lampenflora provides 
a readily available food source. It is noteworthy that this additional biomass is usually absent in the typically 
oligotrophic cave ecosystem, and is a clear indicator of the ecological cave niche disruption. Moreover, since 
lampenflora is an invasive, opportunistic, and competitive community, it has the potential to invade the ecological 
niches of the autochthonous troglobitic species, which are often endemic. This non-native species introduction 
can affect subsurface microbial diversity and, in more severe cases, lead to the replacement of native  species8,26,28.

Regarding the diversity of the lampenflora community found in the Pertosa-Auletta Cave, a relatively consist-
ent prokaryotic composition across the four sampled areas is observed, indicating minimal variability in these 
microbial constituents under the different lighting conditions examined. Yet, significant distinctions emerged 
in the eukaryotic community profiles, where marked differences among samples are identified. This disparity 
suggests that the eukaryotic components of the lampenflora are more responsive or susceptible to variations in 
light exposure. Among Prokaryotes, Cyanobacteriota emerge as the most abundant, dominated by the tropical 
and aerophytic species Brasilonema angustatum. It is a nitrogen-fixer belonging to the large group of Nostocales 
order, originally isolated from freshwater biofilms in Hawai’i, where it grows in moss  banks43. With its het-
erocysts, this aerophytic filamentous cyanobacterial species actively participates in the biogeochemical cycles, 
promoting an important release of bioavailable  nitrogen43, particularly in these poor-nutrient underground 
ecosystems. Moreover, cyanobacterial species have a key role in the establishment of lampenflora community 
in lit underground environments. They act as pioneering organisms, together with algae, in the ecological suc-
cession, producing exopolymeric compounds that enhance the cohesion of cells to stone substrates and water 
 retention7,8,26,44,45. In our previous  study46, we conducted a thorough analysis of the prokaryotic community 
in areas of the Pertosa-Auletta Cave not exposed to artificial light, using NGS-based 16S rRNA gene sequenc-
ing. The identified community was predominantly composed of Pseudomonadota, followed by Acidobacteriota, 
Actinomycetota, Nitrospirota, Bacillota, among other less representative phyla, and a notable portion remaining 
unclassified at the phylum level. In these light-absent samples, cyanobacteria were not present, contrasting to the 
microbial composition in illuminated regions, where cyanobacteria are prevalent due to their reliance on light 
for photosynthesis, as expected. This highlights the significant influence of light on shaping microbial commu-
nities, particularly the role of photosynthesis in driving the presence and abundance of specific microbial taxa.

Concerning Eukaryotes, Streptophyta phylum is the most abundant, exclusively represented by Ephemerum 
spinulosum, a moss species of the Pottiaceae family. This moss is known to colonize moist  habitats47, and was 
first identified in Europe in Northern Ireland, growing on exposed  mud48. This species is also widespread in 
the Americas and in Asia, thriving on moist and drying soil, on stream edges, lakes or swamps or in ravine 
 ditches48,49. Solely in one sample (L4), located in the cave’s deepest sector, the dominant phylum is Chlorophyta, 
represented by the green-algae Pseudostichococcus monallantoides. This halotolerant marine species demonstrates 
high resistance to dehydration due to its salt-tolerant physiological  processes50. This characteristic, related to 
several processes such as the capability to synthetize organic osmolytes, might play a crucial role for phototro-
phs to survive in cave environments during the initial colonization phase by producing a coating protecting the 
underlying algae and  cyanobacteria28. This photosynthetic marine species is rather uncommon in subterranean 
environments, being reported only in a recent survey on biofilms from the underground Roman Cryptoporticus 
of the National Museum Machado de Castro (UNESCO site, Coimbra, Portugal)51. Its presence in the Pertosa-
Auletta cave system could be related to the anthropogenic pressure resulting from tourist activities at this site, 
as well as interactions with the surface native biodiversity.

The Shannon and Simpson indices highlight a low biodiversity for the lampenflora of the Pertosa-Auletta 
Cave. However, the sampling area closest to the cave entrance displays greater diversity compared to the deeper 
zone, probably due to the proximity to the external atmosphere, where the climatic influences are surely more 
pronounced. The natural transport route and dissemination of propagules through several processes (e.g., air 
currents, water flow, seepage, migratory animals, and even humans) represent important drivers in the successful 
colonization of lampenflora in this underground ecosystem. Additionally, favorable conditions of nutrients and 
moisture in the cave environment, and the specific physiology of the incoming organisms, seeds, and spores, 
contribute to this  colonization28. Although the identified taxa, at higher taxonomic levels, exhibit qualitative 
and quantitative similarities with lampenflora samples from several different cave  environments6,21,52, at species 
level, the detected groups are unique to the Pertosa-Auletta Cave. This is probably related to the autochthonous 
biodiversity of the surface, specific of the geographical area where the cave is located. It is worth remembering 
that the processes driving subsurface microbial diversity and speleothem growth are affected by surface condi-
tions (e.g. precipitation, air-flows, vegetation and soil cover) and influenced by anthropogenic activities (e.g. land 
use changes, cave visits, cave adaptation for tourists). Miller et al.53,54, Piano et al.55 and Addesso et al.56,57 showed 
that surface land use changes and cave tourism activities had a profound impact on the microbial diversity and 
speleothem chemistry in several show caves from the Galapagos Islands (Ecuador) and from Italy.

Thermal analysis of the samples shows that degradation corresponded to the thermal breakdown of lipid and 
peptide biomolecules, typical of green  algae58 and  cyanobacteria59, which are the major constituents of the com-
munity. The Tg and DTg data also show a clear trend to contain less organic matter, and greater thermal stability 
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as moving inwards from L1 to L4. In other words, the thermal analysis showed that the greater the distance to 
the cave entrance, the lower the organic matter content (weight loss 200–600 °C) and the higher the thermal 
stability (relative weight of W3 versus W2). This difference is especially remarkable for L4, and could be due to 
less and slower colonization by photosynthetic-based microorganisms at this location.

Concluding remarks
This multidisciplinary study of lampenflora from the touristic Pertosa-Auletta Cave provides a comprehensive 
overview of this “alien” photoautotrophic community in lit underground environments, whose diversity and eco-
physiology are still scarcely known. The spectra reflectance surveys revealed the lampenflora capacity to absorb 
the entire visible radiation, reflecting only the near-infrared one. This is due to different trophic pathways that 
make the hypogean green biofilms resilient and resistant to long periods of darkness. Among the deterioration 
processes revealed by microscopy examinations, there is evidence of precipitation of  CaCO3 secondary structures, 
such as rods, and moonmilk deposits, as well as destructive processes with the production of corrosion shapes, 
promoting an irreversible alteration of the colonized rock surfaces. Filamentous organisms, entangled to mineral 
grains, mainly represented by the nitrogen-fixing Brasilonema angustatum cyanobacterial species, together with 
the eukaryotes Ephemerum spinulosum and Pseudostichococcus monallantoides, constitute the community almost 
entirely. Their presence in the cave is likely influenced by local biodiversity and may be propagated through water 
movement, atmospheric transport, animal activity, and tourist visits, which could facilitate their introduction 
from the outside. Thermal analysis shows that the degree of colonization by lampenflora is related to the position 
within the cave system, with areas closer to the entrance being particularly vulnerable. Our findings contribute to 
better understand the potential risks of the colonization of underground environments by photosynthetic-based 
communities, which is essential to achieve effective and sustainable controlling strategies for their growth and 
proliferation in artificially illuminated caves. Future investigations, focusing on the definition of the lampenflora’s 
metagenomic profile, will try to clarify the specific functions of the community and the interactions among the 
organisms constituting these communities and their influence on the environment.

Data availability
The raw data generated for this study are available at the NCBI Sequence Read Archive (SRA) database under pro-
ject id PRJNA1012674. The data presented in this study are available on request from the corresponding author.
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