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ARTICLE INFO ABSTRACT
Guest Editor: Xiaobo Liu In the absence of sunlight, caves harbor a great diversity of microbial colonies to extensive biofilms with different sizes
and colors visible to the naked eye. One of the most widespread and visible types of biofilm are those with yellow hues
Keywords: that can constitute a serious problem for the conservation of cultural heritage in many caves, such as Pindal Cave (As-
Yellow biofilm turias, Spain). This cave, declared a World Heritage Site by UNESCO for its Paleolithic parietal art, shows a high degree
E/Il?dI?:IC colndmom of development of yellow biofilms that represents a real threat to the conservation of painted and engraved figures.
Crfsr:iel;a ccology This study aims to: 1) identify the microbial structures and the most characteristic taxa composing the yellow biofilms,
Nitrospira 2) seek the linked microbiome reservoir primarily contributing to their growth; 3) seed light on the driving vectors that

contribute to their formation and determine the subsequent proliferation and spatial distribution. To achieve this goal,
we used amplicon-based massive sequencing, in combination with other techniques such as microscopy, in situ hybrid-
ization and environmental monitoring, to compare the microbial communities of yellow biofilms with those of drip
waters, cave sediments and exterior soil. The results revealed microbial structures related to the phylum Actinomycetota
and the most characteristic bacteria in yellow biofilms, represented by the genera wb1-P19, Crossiella, Nitrospira, and
Arenimonas. Our findings suggest that sediments serve as potential reservoirs and colonization sites for these bacteria
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that can develop into biofilms under favorable environmental and substrate conditions, with a particular affinity for
speleothems and rugged-surfaced rocks found in condensation-prone areas. This study presents an exhaustive study
of microbial communities of yellow biofilms in a cave, which could be used as a procedure for the identification of sim-
ilar biofilms in other caves and to design effective conservation strategies in caves with valuable cultural heritage.

1. Introduction

Cave paintings often show deterioration caused by natural processes in
which microorganisms are significantly involved (Schabereiter-Gurtner
et al., 2002a, 2002b; Bastian et al., 2010; Urzi et al., 2010; Saiz-Jimenez
etal., 2011, 2012; Zerboni et al., 2022). The international community has
recently recognized the need to protect and safeguard the world's cultural
and natural heritage (https://unstats.un.org/sdgs/metadata/files/
Metadata-11-04-01.pdf) in which cave rock art is included.

Caves represent unique habitats for the development of microbial com-
munities due to particular environmental conditions and harbor a wide va-
riety of microorganisms that inhabit water, sediments and rocks. It is
common to find visible evidence of the activity of microorganisms in sub-
terranean environments, covering walls, ceilings, sediments and
speleothems. In fact, abundant individual colonies spread all over the
rock surface and extensive biofilms are distinctly visible to the naked eye.

The biofilms show differences, especially in their size and coloration,
from shades such as pink, gray to yellow or white (Cafiaveras et al., 2001;
Northup et al., 2011). They occur both in the form of small millimetric col-
onies, as well as large biofilms or microbial mats, and constitute the main
threat of biodeterioration in Paleolithic cave paintings such as Tito Bustillo,
Altamira and Lascaux caves, among others (Schabereiter-Gurtner et al.,
2002a, 2002b; Bastian et al., 2010; Saiz-Jimenez et al., 2011). Although,
the source of these biofilms in caves remains unclear, previous studies
attempted to explain the origin and composition of cave microbial commu-
nities (Porca et al., 2012; Mulec et al., 2015; Riquelme et al., 2015a; Lavoie
etal., 2017). From all the biofilms coating cave walls and ceilings, either in
karstic or volcanic areas, one of the most outstanding and conspicuous are
the yellow ones, widely distributed across the globe (Northup et al., 2011;
Hathaway et al., 2014; Riquelme et al., 2015a, 2015b; Spilde et al., 2016;
Kim et al., 2019; Selensky et al., 2021). However, most of these studies
have not found a differential composition between colored biofilms and
suggest that they are complex consortia composed of bacteria from the
phyla Actinomycetota, Pseudomonadota (synonym Proteobacteria according
to Oren and Garrity, 2021), Acidobacteriota, Nitrospirota, Bacillota (formerly
known as Firmicutes), Bacteroidota and Chloroflexota, with a similar mor-
phology.

Regarding karstic caves, Mulec et al. (2015) isolated different species of
the genera Bacillus, Flavobacterium, Paenibacillus, Pseudomonas, Staphylococ-
cus, Streptomyces and Variovorax from yellow biofilms in three Slovenian
karstic caves. Porca et al. (2012) performed a comparative analysis of yel-
low biofilms growing on the walls of caves from Spain, Czech Republic
and Slovenia, concluding that yellow biofilms share morphologically simi-
lar bacteria and were composed of phylotypes affiliated with the
actinomycetotal suborder Pseudonocardinae and the gammaproteobacterial
order Chromatiales. These authors also suggested that yellow biofilm coloni-
zation of caves occurs through water infiltration. Other authors suggested
different pathways for long-distance microbial dispersion in caves, includ-
ing airborne transport and transmission through biological vectors. Certain
microorganisms enter caves from the external surface, while others become
airborne through water splashing or the movement of sediment particles by
animals or humans in the underground environment (Fernandez-Cortes
et al., 2011; Mulec et al., 2017; Alonso et al., 2023).

Regarding volcanic caves, Lavoie et al. (2017) compared the cave dis-
tinct colored biofilm communities with the overlaying surface soil commu-
nities concluding that both communities differs substantially and cave
communities are not a subset of surface soils. Riquelme et al. (2015b) char-
acterized colored (yellow, tan and white) microbial mats in 13 volcanic

caves from Azores Islands and reported that all the three colored biofilms
contained some similar morphologies including filaments covered with
hair-like and knobby extensions as well as beads-on-a-string.
Pseudomonadota, Actinomycetota, Acidobacteriota, Nitrospirota and
Chlorofiexota were recovered from all caves and represented the majority
of the phyla. Gonzalez-Pimentel et al. (2018) investigated the microbial di-
versity of yellow colored biofilms coating the walls of a volcanic cave in La
Palma Island. RNA-based study showed that members of the phylum
Actinomycetota, with 55 % of the clones belonging to the order Euzebyales,
were metabolically active components.

The colonization and growth of microorganisms on cave paintings are
complex processes, whose development is controlled by the interrelation-
ship between different factors. Active biodeterioration processes in caves
are closely related to significant biogeochemical cycles (Cuezva et al.,
2012; Martin-Pozas et al., 2020, 2022a). Effective control strategies for
their sustainable conservation require an in-depth understanding of the de-
terioration processes involved (Zerboni et al., 2022). It is necessary to know
the substrata characteristics, but also the microbiome diversity, dispersal
mechanisms, metabolic activity, etc. (Saiz-Jimenez et al., 2012; Porca
et al., 2012; Sterflinger et al., 2018) and the characteristics of the surround-
ing heterogeneous environment (Laiz et al., 1999; Cuezva et al., 2009;
Zhang et al., 2019; Ma et al., 2023).

In this work, we investigated the composition and structure of the mi-
crobial communities that constitute the yellow biofilms in Pindal Cave (As-
turias, northern Spain). This cave, as part of Paleolithic cave art of northern
Spain, is an UNESCO World Cultural Heritage Site (https://whc.unesco.
org/en/list/). The development of yellow biofilms in Pindal Cave consti-
tutes a real threat to the conservation of the wall paintings. The objective
of the work is to identify the populations that constitute the yellow biofilms,
characterize their structure, determine their distribution patterns based on
the different substrates and environmental conditions of the cave, and iden-
tify the possible microbial reservoirs that contribute to their formation and
subsequent proliferation. We hypothesize that microbial communities of
caves come from the surface and are molded in subsurface environments
by environmental factors and the characteristics of each substratum. In
order to clarify the origin of these biofilms, a characterization of the exte-
rior soils, cave sediments and cave drip waters has been carried out, by
means of an extensive characterization combining molecular techniques
of fluorescent in situ hybridization (FISH), metabarcoding, electron micros-
copy and environmental monitoring. A comprehensive understanding of
the indicator microbial groups, the origin and the factors that favor the de-
velopment of yellow biofilms is essential to design adequate and sustain-
able conservation strategies in these underground environments that
house valuable cultural heritage.

2. Materials and methods
2.1. Site description and sampling

Pindal Cave (Asturias, Spain) is a limestone cave, open to the public
with limited guided tours. Since 2008, Pindal Cave was inscribed as
UNESCO World Heritage because of its Magdalenian and pre-
Magdalenian paintings (Gonzélez-Pumariega Solis, 2011). The cave has a
single wide entrance at 24 m above sea level, near the coastline. Jimenez-
Sanchez et al. (2006) previously described the cave geomorphology. The
main panel, with profusion of engravings and paintings, is around 250 m
from the entrance. In general, the paintings show a good state of conserva-
tion, but in recent times the development of yellow biofilms has been
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Fig. 1. Spatial distribution of yellow biofilms, sediments, and sampling location in Pindal Cave.

observed in some localized areas and very close to the paintings on the
main panel.

Fig. 1 shows the topography of the touristic sector of Pindal Cave with
the spatial distribution of sediments, drip waters and yellow biofilms. For
the definition of the sampling areas within the cave, the lighting points
(sites) of the touristic route have been used (numbered from 1 to 18). All
samples were collected during several fieldwork campaigns during the en-
vironmental monitoring period. The sampling sites were selected trying to
cover the entire mapped cavity, including the main panel with paintings,
which highlights an extensive development of yellow biofilms (Fig. 5j-n).
To understand the origin of the biofilms and their relationship with sedi-
ments and drip waters, this study compare the bacterial communities of
the exterior soil, with the sediments, drip waters and yellow biofilms of twi-
light and dark zones inside the cave. Two biological replicates of the forest
soil samples at a depth of <10 cm overlaying the site 4 and two biological
replicates of cave sediment samples at a depth of <10 cm, for each sampling
location, were sequenced. These locations comprise the i) ecotone or twi-
light zone, close to the natural entrance of the cave in site 4, ii) central gal-
lery, located in the middle zone, in site 7, and iii) final gallery, located at the
end, in site 16. The water drips are not always active or provide very little
amount of water along the time. Therefore, to obtain enough sample
amount to geochemical characterization and sequencing, we performed
three fieldwork campaigns to collect eight drip water samples in the nearest
locations to cave sediment-sampling point: three samples from site 3, two
site 7 and three site 16. For yellow biofilms, the sampling strategy to obtain
enough sample amount was sample pooling. Five yellow biofilm samples
for sequencing were collected from the walls and speleothems at the previ-
ously mentioned sites. One biofilm sample was collected at site 4, another
at site 7, and three samples at site 16. Among these three samples, two
were specifically obtained from the painting panel (Fig. 1 and Table S1).
To ensure the consistency of yellow biofilms, we sampled individual yellow
biofilms and verified their yellow shade and structure under the micro-
scope.

2.2. Physicochemical properties of cave sediments

Mineralogical analysis of the ground sediment samples was carried out
in a Bruker D8 Discover A25 microdiffractometer. The chemical character-
ization of sediments was carried out using the methods described by
Martin-Pozas et al. (2022a). The particle size distribution was determined

using a column of mesh sieves between 2 mm to 0.063 mm of light and
the silt-clay fraction using a Coulter LS230 laser granulometer (Walker
and Hutka, 1971). The statistical analysis of the data was performed with
the statistics package Gradistat (Blott and Pye, 2001).

2.3. Physicochemical properties of the drip water

The chemical composition of groundwater was determined by ion chro-
matography (DIONEX DX 500) and by inductively coupled plasma mass
spectrometry, ICP-MS (VG PQ-ExCell, THERMO ELEMENTAL). Bicarbon-
ates were measured through neutralization titration. Temperature and pH
were measured in situ with a portable multiparameter HI9829 (HANNA In-
struments).

ATP concentration in drip waters was used as a measure of biomass and
microbial activity. ATP was quantified by bioluminescence analysis using a
PhotonMaster™ luminometer (PhotonMaster EQP-PMT) and LuminUltra
Water QGA test kit, strictly following the instructions manufacturer.

The saturation state of calcite and equilibrium CO, partial pressure
(pCO,) was performed using PHREEQC code using 3.4.0 version
(Parkhurst and Appelo, 2013).

2.4. Environmental monitoring

Cave air temperature was recorded every half-hour for an entire hydro-
logical year (October 2021-September 2022) by using a network of seven
Tinytag TGP-4500 dataloggers (Gemini, UK) each one equipped with a
thermistor sensor with an accuracy of +0.5 °C between 0 and 40 °C and res-
olution of 0.01 °C. These devices were distributed along a transect from the
entrance of the cave to the areas farthest from the exterior (Fig. 1), taking as
a criterion the representation of the different changes in the section and di-
rections of the galleries and using the cave lighting points for geo-reference.
Measurements were taken at a height of 1 m from the cave floor. The
Tinytag TGP-4500 dataloggers used in this study to measure relative hu-
midity (RH) consist of in-built capacitive sensor (RH) that operates between
0 % and 100 % RH with an accuracy of =2 % from 0 to 90 % and =3 %
from 90 to 100 %. These devices allow obtaining RH averages with a reso-
lution of 0.01 %, which facilitates the detection of small humidity changes
in non-saturated conditions. However, the time-response of this capacitive
sensor is too long to detect short or medium-term variations of RH under
prevailing cave conditions of vapor-saturation, except for those areas
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closest to the cave entrance where some masses of colder and drier air from
outside occasionally enters the cave. Accordingly, the RH data were not
considered in the spatiotemporal analysis of cave microclimate.

2.5. Low resolution optical microscopy

Detailed pictures of yellow colonies were taken in situ with a digital mi-
croscope Dino-Lite (model Edge AM4115ZT) and in the laboratory with a
Leica M165C stereoscopic microscope. In the last case, once collected sam-
ples in the cave, were kept at 4 °C and observed in a time not exceeding
48 h.

2.6. Electron microscopy

Textural and ultrastructural characterization of different yellow colo-
nies was performed by environmental scanning (ESEM) and transmission
electron microscopy (TEM).

For ESEM, samples were stored in a silica-gel desiccator, at least two
days, to eliminate excess moisture and avoid lose the structure of the colo-
nies. Then, to improve the quality of the photographs the samples were
coated with gold and observed under high vacuum conditions, at
20-30 kV accelerating voltage under an ESEM Inspect (FEI, USA).

Samples for TEM were fixed using 4 % formaldehyde and 2 % of glutar-
aldehyde in 0.1 M PBS and pH 7.4 and embedded in gelatin at 15 %,
followed by chemical post-fixation using osmium tetroxide and uranyl ace-
tate and exposed to an ethanol dehydration series of 50, 70, 90 and
3 x 100 % (v/v). Once dehydration is complete, the samples were embed-
ded in LR-White methacrylate resin and polymerization was carried out at
60 °C for 48 h. The ultrathin sections were sliced on an ultramicrotome.
Then, the sections applied onto grids coated with Formvar film, and
contrasted with lead citrate and uranyl acetate were mounted on micro-
scope grids, and observed in a Transmission Electron Microscope
JEM1400 Flash (Jeol, Japan) at 100 kV accelerating voltage.

2.7. Confocal microscopy and CARD-FISH

Confocal microscopy combined with the Fluorescent in Situ Hybridiza-
tion (FISH) technique was used to complement the structural information
obtained from electron microscopy and compositional metabarcoding anal-
yses. In this work, we used the CARD-FISH technique to obtain a more in-
tense signal (Hoshino et al., 2008).

CARD-FISH experiments were performed on filters following the proto-
col described in detail by Pernthaler and Pernthaler (2007) with minor
modifications. Colonies samples were fixed in situ with 4 % formaldehyde
for 2 h at 4 °C and stored in phosphate buffer PBS (NaCl 8 g/1, KC1 0.2 g/1,
Na,HPO, 1.44 g/1, KH,PO, 0.24 g/1) 0.1 M pH 7.4 at — 20 °C until further
processing. For cell wall permeabilization, filters were treated with lyso-
zyme and achromopeptidase solutions. Endogenous peroxidases were inac-
tivated using 0.15 % H,0, in methanol as described in Ishii et al. (2004).
Probes for the most abundant bacterial taxa were used: i) GAM42a and
GAM42a_T1038 specific for the class Gammaproteobacteria and ii)
HGC236 specific for the phylum Actinomycetota. Hybridization was per-
formed with 5’-HRP-labeled oligonucleotide probes (Biomers, Germany)
for 2 h at 46 °C and then filters were washed at 48 °C for 10 min. Tyramide
signal amplification was carried out for 45 min at 46 °C. Formamide (FA)
and NaCl concentration for each probe in hybridization and washing buffer
used are summarized in Table S2. Filters were counterstained with propi-
dium iodide (Thermo Fisher Scientific, USA), according to manufacturer in-
structions, covered with the Vectashield: Citifluor mixture, mounted in
glass slides and looked at under a microscope. The samples were
photographed with a Zeiss LSM 780 high-resolution confocal microscope
with Airyscan.

Previous studies suggested that yellow biofilms are formed mostly by
bacteria and not by eukaryotic organisms (Porca et al., 2012; Riquelme
et al., 2015a, 2015b; Lavoie et al., 2017; Gonzalez-Pimentel et al., 2018).
Therefore to assess the presence of fungi within the yellow biofilms, we
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applied a combination of specific probes for the most common phyla
(FAsc_1094 specific for the phylum Ascomycota and FBas_757 specific for
the phylum Basidiomycota) with CalcoFluor White (Sigma- Aldrich) stain-
ing, as described in Priest et al. (2021). The stain CalcoFluor White is a
non-specific fluorescent dye that binds to chitin and cellulose. Then the re-
sults were analyzed in a confocal laser scanning microscope (Zeiss ELYRA
LSM780).

2.8. DNA extraction, bacterial 16S rRNA metabarcoding

Genomic DNA from sediments and external soils was extracted using
DNeasy Powersoil DNA extraction kit (Qiagen, Germany). For the colonies
and drip waters, the extraction kits used were DNeasy PowerBiofilm and
DNeasy PowerWater (Qiagen, Germany). The library preparation was car-
ried as detailed by Martin-Pozas et al. (2020). The primers used to study
the population of bacteria were Bakt 341F and Bakt 805R (Herlemann
et al., 2011). To assess the presence of fungi within the yellow biofilms,
the primer pairs of ITS86F and ITS4 were used (White et al., 1990). We in-
cluded negative controls without DNA to control the contamination during
the extraction of genetic material, as well as negative controls to control
contamination during library preparation. The set of the libraries were se-
quenced at the facilities of the company AllGenetics & Biology S.L (A
Coruiia, Spain) in an [llumina MiSeq platform (PE300).

The analysis of the readings provided by the service of sequencing was
performed using bioinformatics software QIIME II (Bolyen et al., 2019) and
DADAZ2 (Callahan et al., 2016). Taxonomic assignments were performed by
querying the sequence reads against the SILVA SSU 138 reference database
(Quast et al., 2013). Sequences identified as Archaea (with relative abun-
dances below 1 %), chloroplast, and mitochondria were removed. After-
wards, the ASV table was processed using the phyloseq library
(McMurdie and Holmes, 2013) from RStudio (v3.6.0) and the results of
abundance of ASVs are expressed in relative abundances. Alpha diversity
was calculated using Shannon, Simpson diversity and Chaol evenness indi-
ces and significance was determined using the Kruskal-Wallis test. Rarefac-
tion curves were plotted using vegan function rarecurve of vegan package.
Differences between samples, the beta diversity, was visualized with Bray
Curtis dissimilarity and non-metric multidimensional scaling (NMDS)
using the function metaMDS in the vegan package. The association of phys-
icochemical data with the beta diversity summarized with the NMDS ordi-
nation was analyzed with the envfit function in vegan. In addition,
differences in community composition between samples were tested by per-
mutational analysis of variance (PERMANOVA) and the nonparametric
analysis ANOSIM, with 999 permutations and Bray Curtis distance, using
the vegan package in R.

Exclusive and shared ASVs between samples were detected using a
Venn diagram. Spearman's correlation among the most abundant bacterial
taxa (with =1 % read in at least one sample) was calculated using Hmisc
and corrplot packages in R package. The correlation coefficients over 0.6
and P-value bellow 0.05 of the most abundant taxa were imported and vi-
sualized as co-occurrence networks in Cytoscape software.

3. Results
3.1. Physicochemical properties of the sediments and other cave deposits

The results of the textural, geochemical and mineralogical analyses of
the sediments are shown in Table S3. Gravity coarse-grained deposits con-
stituted of a mixture of small breakdown blocks of bedrock and
speleothems with sands and clays are mainly found at site 4. On the other
hand, sediments from sites 7 and 16 are water flow clastic fine-grained de-
posits (Fig. S4). According to their textural, chemical and mineralogical
composition the cave sediments can be described as brown siliceous silty
sands with moderate-high contents, and quartz predominates over calcite,
vermiculite, illite and kaolinite. The sediments have relatively high organic
matter contents and moderately basic pH (7.9-8.5). Geochemical analyses
reveal differences between samples, especially with regard to the site 4
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area, where parameters such as organic matter, nitrogen, ammonium, ni-
trate content, electrical conductivity and water content are remarkably
lower than at the other points. The sediments at the cave entrance would
be expected to be richer in carbon and organic matter. However, sandy tex-
tures have great porosity, which facilitates aeration and water circulation
and, on the contrary, is not capable of retaining water or ionic nutrients,
which would explain the lower content of nitrogen and organic matter.

3.2. Physicochemical properties of the drip water

The chemical analysis of the dripping waters shows moderate to high
mineralization (Table S4). Consequently, dripping waters are saturated in
calcite with a basic pH and high Ca®* and HCO3 concentrations. These wa-
ters can be classified as HCO3-Ca type, with SO7~ and Mg contents ranging
from1to5%; Cl~ and Na™ contents ranging from 10 to 21 % and from 8 to
15 % respectively. These relatively high valuesin C1~ and Na* contents in
the infiltration waters reflect the input of sea salts near the coast by means
of aerosol effect. Marine aerosols are accumulated on the soil over the cave
and they are dissolved and introduced into the cave after rain events. Thus,
D4 contains the highest marine ion concentrations because it is the point of
infiltration closest to the coastline.

3.3. Environmental monitoring

The punctual and periodic measurement of air temperature in a net-
work of sampling points allowed us to obtain different snapshots over
time of the bioclimatic zoning of the subterranean environment to be corre-
lated with the spatial distribution patterns of the cave microbial communi-
ties. The spatial maps of cave air temperature were constructed using
geostatistical gridding based on an ordinary point kriging method with a
linear variogram model. During interpolation, a preferential direction was
considered for characterizing the spatial variability of cave air temperature
as a function of distance from the cave entrance.

a)
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Fig. 2 summarizes the spatial distribution of both the annual mean of
temperature and the mean daily range of air temperature at Pindal Cave,
during the hydrological year 2021-2022. The morphology of the cave in
its first 100 m, with its only entrance situated at a higher altitude and a
stepwise downward slope, favors a negative temperature gradient as a func-
tion of distance to the exterior and a prevailing entrapment of a cold air
mass throughout the year (temperature lower than 11.8 °C, on average
values). This air mass extends to the intermediate zone of the cave (site
9) and is clearly influenced by the meteorological fluctuations outside
and by a greater aerodynamic mixing with the local atmosphere. Thus,
this cave sector registers notable daily variations in temperature in a
range between 0.15 and 0.35 °C/day, as well as a marked gradient in
these daily variations.

The second sector of the cave, from site 9 towards the more distal area
of the entrance, develops along an almost flat slope. In this sector, there is
an accentuated positive thermal gradient as a function of distance to the ex-
terior (from 11.80 to 12.15 °C) and a prevailing entrapment of a warmer air
mass throughout the year, in contrast to the average thermal pattern of the
first sector. In this second sector, the mean daily thermal variations are
considerably attenuated (<0.15 °C/day) with a marked spatial homogeni-
zation.

The mean annual temperature outside the cave is 12.14 °C, very close to
mean annual cave temperature recorded in the cave during the study period
(11.91 °C). Within the hydrological cycle 2021-2022 (Fig. 3), the mean
temperature of cave air varied throughout the year in a narrow range be-
tween 11.8 °C (February) and 12.63 °C (September), with a seasonal evolu-
tion similar to the outside temperature. A first thermal pattern can be
distinguished from November to the beginning of May, in which the cave
temperature is higher than the outside temperature (between 1.0 and
4.3 °Chigher, taking into account the record in all locations). During winter
period, the short-term variations in temperature are more intense, particu-
larly in the locations closest to the entrance, which denotes the preferential
entry of cold and drier, external air in favor of a density gradient. This

Air temperature (°C)

Annual mean

&% Yellow biofilms

b)

0 m I

Mean daily temperature range (A°C/day)
0.35
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A 01
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Fig. 2. Spatial distribution of the air temperature at Pindal Cave: a) annual mean and b) mean daily range. Monitoring period: October 2021-September 2022. The
distribution of the yellow bacteria colonies is drawn for comparison. Numbers indicate the cave lighting points (sites) along the tourist path.
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causes the average temperature of the cave to drop approximately 1.5 °C In contrast, from May to October, a second thermal pattern is distin-
(from 12.55 to 11.08 °C) and relative humidity decreases below 95 % for guished with an average outside temperature progressively increasing
short periods of time (Fig. 3). above the average cave temperature, reaching a maximum difference of

Fig. 5. Yellow biofilms description and location. a—c) Site 4 (near the cave entrance), d—f) site 7, g-n) site 16 (main panel).
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5.5 °C in August. In this second period, the average cave temperature in-
creases progressively from approximately 11.8 to 12.7 °C, and the thermal
differences between cave zones are minimized. During the summer thermal
pattern, short-term temperature variations are minimal throughout the
cave, except for the entrance area (site 4) where sharp temperature rises
of >0.5 °C are frequently recorded compared to the rest of the locations.
These events are generated by the sudden entry of warmer outside air, caus-
ing intense condensation processes preferably on the rock and speleothem
surfaces of this area of the cave. Consequently, the condensation of water
vapor on the surfaces of rock and cave sediments is triggered once the
cave air temperature equalizes with the dew point temperature (Fig. 4),
considering these surfaces remain colder than cave air and under constant
water saturation (relative humidity equal to 100 %). Although with less in-
tensity (0.2-0.4 °C) and periodicity, these thermal pulses are also produced
in the area furthest from the main entrance (Fig. 4). This phenomenon
points to a direct connection with the outside in that area (site 18), which
explains the presence of visible condensation surfaces in that area during
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the summer season. The condensation droplets persist over time and were
observed during our different multipurpose sampling campaigns.

3.4. Microscopic characterization of yellow biofilms

The yellow biofilms are predominantly found on rough and hard sur-
faces throughout the eastern sector of the cave (Fig. 1). In situ observations
indicate that these biofilms commonly develop on surfaces with rough tex-
tures that facilitate the accumulation of water due to surface tension
(Fig. 5e, k, m). Examples of such surfaces include rough rock-speleothem
surfaces (Fig. 5a, d, k, m) and within small voids (Fig. 5h-i). In some
areas with high levels of condensation, yellow biofilms also proliferate on
the surface of the sediments (Fig. 5f).

The color tone of yellow biofilms varies from lighter to darker shades
depending on the location (Fig. 5). The dimensions and morphology of
the biofilms also vary: from small ramifications <500 pm (Fig. 5i), isolated
circular and filamentous biofilms of 2-5 mm (Fig. 5f, 1, n), to irregular

Fig. 6. Microscopy of yellow biofilms. a—f) SEM, g-i) TEM, h) Airyscan microscopy and CARD-FISH (Actinomycetota in green, DNA in red).
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biofilms forming mats with an extension of several cm? (Fig. 5a-b). How-
ever, at the microscopic level the biofilms present a homogeneous struc-
ture. They are composed of small branches of about 20-70 pm, with a
woolly appearance and retained water droplets on their surface (Figs. 5c,
6b). Branches are formed by a network of cocci-shaped cells of 0.5-1 pm
and long filaments with fimbriae or protuberances (Fig. 6¢-f), which are
distributed along its surface, composed of bacillary cells 1.7 ym long and
0.4 pm wide (Fig. 6f-i).

The CARD-FISH technique showed a positive signal in the filaments
composed of rods that form the branches when the Actinomycetota-
specific probe HGC236 was used (Fig. 6h). Positive CARD-FISH signals
were not obtained when GAM42a and GAM42a_T1038 were used, so they
are probably not specific for the taxa present in the samples. Positive signals
were not obtained when FAsc_1094, FBas_757 and CalcoFluor White were
used, so fungi do not form the yellow biofilms. To our knowledge, CARD-
FISH technique has not previously been used in cave studies, and therefore,
our results cannot be compared with other caves. No positive signal was ob-
tained with the probe in the cocci-shaped cells associated with the branches
(Fig. 6h).

3.5. Microbial community diversity

Alpha diversity values for each substrata were determined at the genus
level using Chaol, Shannon, and Simpson indices (Fig. 7a and Table S5).
Alpha diversity analyses showed relatively high diversity indices in yellow
biofilms, but no significant differences were observed between the samples
(Kruskal-Wallis, P-value > 0.05).

The beta diversity estimates suggest that bacterial populations in the
yellow biofilms were significantly different from the populations in the
soils, sediments and drip waters (PERMANOVA and ANOSIM P < 0.05)
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(Table S6). Graphically, NMDS also showed significant differences between
drip waters and the other substrata, meanwhile the populations in the sed-
iments and the yellow biofilms were more similar (Fig. 7c). Collectively,
these results suggest that water communities significantly differed from
the others but biofilms communities were similar to sediments, especially
to sediments in the site 4.

3.6. Taxonomic composition

In order to know the contribution of the surface ecosystem to Pindal Cave
communities, this study compare the microbial communities from the exte-
rior soil, drip waters, sediments, and yellow biofilms (Figs. 8, 9 and
Table S7) from three different locations inside the cave (Fig. 1 and
Table S1). The analyses of the reads obtained with the pair of fungal primers
(ITS86F-ITS4) did not generated high quality sequences. Therefore, fungi
were not present on the yellow biofilms. The analyses of the reads obtained
with the pair of universal primers (341F-805R) generated 584,319 high qual-
ity sequences, grouped in 812 bacterial ASVs. These ASVs were classified into
46 bacterial phyla, of which the most abundant sequences were associated
with Pseudomonadota, Verrucomicrobiota, Patescibacteria, Acidobacteriota,
Actinomycetota, Planctonycetota, Bacteroidota, Chloroflexota, and Dependentiae
(Fig. 8). Among them, 168 ASVs were exclusive of drip waters and 98 ASVs
were shared between all samples, representing 21 % and 12 % of the total se-
quences, respectively (Fig. 6b). The Venn diagram showed that biofilms and
sediments shared 55 ASVs, representing 7 % of the identified ASVs. However,
the largest overlap between sediments, biofilms and waters represented 16 %
of the total ASVs, which suggest the importance of drip water for the develop-
ment of cave microbial communities.

At the phylum level, Pseudomonadota, Acidobacteriota, Actinomycetota,
and Planctomycetota represented >75 % of the total sequences in the yellow
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Fig. 7. Diversity analysis. a) Alfa Diversity indices: Composite evenness (Chao1l) and diversity index (Shannon and Simpson) values from each sample type. b) Venn diagram
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Fig. 8. Barplot shows the relative abundances reads classified at the phylum level in each sample. Phylum with relative abundances lower than 1 % are not shown.

biofilms. In the sediments Pseudomonadota, Acidobacteriota, and
Actinomycetota, accounted for 53.3-80.3 % of the total. In the drip waters,
Verrucomicrobiota, Patescibacteria and Pseudomonadota reached
54.1-72.7 %, while in the exterior soil Pseudomonadota, Verrucomicrobiota,
Acidobacteriota, Actinomycetota and Planctomycetota amounted over 85 % of
the total sequences. Clear differences in phyla, depending of the sample
types, were observed among yellow biofilms, sediments, drip waters and
exterior soils. Generally, biofilms and sediments presented high percent-
ages of Acidobacteriota and Pseudomonadota, while Patescibacteria and
Verrucomicrobiota dominated drip waters (Fig. 8). Among drip waters,
great differences were observed depending on the location (Fig. 7d). In
site 7, the abundance of the phylum Pseudomonadota was higher
(18.5-33.5 %) than in other locations (1.0-6.1 %), which indicate a differ-
ent karstic way than the rest of the drip waters in the cave.

At the genus level (Fig. 9), the yellow biofilms were characterized by the
abundance of wb1-P19 (Nitrosococcaceae), followed by Crossiella
(Pseudonocardiaceae) and Nitrospira (Nitrospiraceae). Relative abundances
ranging between 1 and 5 % in Pindal yellow biofilms were assigned to un-
known Vicinamibacteraceae (Acidobacteriota), the gammaproteobacterial
group PLTA13, and the genera Steroidobacter and Arenimonas.

The sediment samples were also characterized by the abundances
(>10 %) of the genera wb1-P19 and Crossiella in at least one of the samples,
but uncultured Vicinamibacterales, TRA3-20, Aquicella, Ga0074140 and un-
assigned Babeliales also showed relative abundances above 10 % (Fig. 9).
The genera wb1-P19 and Crossiella only appeared with abundances above
5 % in the site 4. Other bacteria worth of mentioning in Pindal sediments
were Sphingomonas, uncultured Anaerolineaceae, Ga0077536 and uncul-
tured Gammaproteobacteria, with relative abundances above 5 %.

The microbial communities of Pindal drip waters showed a completely
distinct structure with phyla mostly absent in the biofilms and sediments,
and abundances of prokaryotic Candidatus taxa contrasting with other
Pindal samples (Fig. 9). The most abundant genus is by far Candidatus
Omnitrophus (5.3-42.3 %) followed by the Leptospirillum (0.16-14.2 %),
env.OPS 17 (0-9.6 %), Candidatus Nomurabacteria (0.03-9.26 %),
Candidatus Kerfeldbacteria (0.3-8.0 %), Candidatus Yanofskybacteria
(0.2-5.3 %), Candidatus Portnoybacteria (0-3.5 %), and Candidatus
Azambacteria (0-2.8 %), Vicinamibacteraceae (0-2.8 %), and Parcubacteria
(0.1-2.5 %). Other minor lineages with relative abundances ranging from
0.1 to 5 % in Pindal drip waters were SAR202 clade, bacteriap25 and
0319-6G20.

In the exterior soil samples, the high relative abundance of Candidatus
Udaeobacter (17.7-28.7 %) was remarkable. Second in abundance
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(4.3-9.4 %) appeared the subdivision 2 of Acidobacteriota followed by
other bacteria with relative abundances >3 %: uncultured Gemmataceae,
uncultured Elsterales, uncultured Acidobacteriales, Streptontyces, unassigned
Xanthobacteraceae, and Reyranella (Fig. 9).

4. Discussion
4.1. Common morphological aspects and core of bacteria in yellow biofilms

Yellow biofilms are the most studied microbial mats, since they are
abundant and easy to distinguish. Thus, we find references to yellow
biofilms with a similar morphology to Pindal in lava and limestone caves
across the world (Cuezva et al., 2009; Spilde et al., 2016; Riquelme et al.,
2015a; Lavoie et al., 2017). No mineral precipitation associated with this
type of biofilms has been observed in the samples studied; neither in the lit-
erature was found references to the presence of precipitates associated with
yellow biofilms (Cuezva et al., 2009). There are more references on studies
of yellow biofilms in caves around the world but they cannot be compared
with those of this study, from a morphological point of view, since a micro-
scopic study was not carried out (Porca et al., 2012; Hathaway et al., 2014;
Kim et al., 2019; Selensky et al., 2021).

Although yellow biofilms from Pindal Cave, presented high relative
abundances of the genus wb1-P19, followed by Crossiella and Nitrospira,
CARD-FISH experiments showed that Actinomycetota forms the core of yel-
low biofilms. In fact, fragmentation of substrate mycelium into rod-shaped
elements (Labeda, 2001) is evident in Fig. 6 and this point to the main role
of Crossiella in shaping the biofilm and its spatial arrangement (Fig. 6h).
Based on microscopic and taxonomic results, we propose an evolutionary
model where mostly rod-shaped Actinomycetota forms the filaments with
appendages that intertwine and give rise to the branches, which originates
the yellow biofilms of Pindal Cave. These fiber-like appendages may be es-
sential for colony formation and adhesion (Fig. S1) and nutrient uptake by
retaining water droplets and suspended material on their surface (El
Othmany et al., 2021). Then, these biofilms would evolve in yellow com-
plex biofilms composed by other bacteria (Fig. S1). Although to the naked
eye the biofilms present different morphologies, the results confirm that
the yellow biofilms in Pindal Cave have stable microstructures (Figs. 5
and 6).

The gammaproteobacterial genus wb1-P19 (Nitrosococcaceae) was one
of the most abundant groups in many caves (Holmes et al., 2001;
Schabereiter-Gurtner et al., 2002a, 2002b; Zhu et al., 2019; Frazier, 2020;
Jurado et al., 2020; Lifi4n et al., 2021; Reboleira et al., 2022). According



T. Martin-Pozas et al.

to Holmes et al. (2001) the unnamed genus wb1-P19 clustered phylogenet-
ically with sulfur and/or nitrite-oxidizing autotrophic bacteria, but infor-
mation on their metabolism is scarce. Likewise, Martin-Pozas et al.
(2022a) suggested a syntrophic relationship between Crossiella and wb1-
P19 and linked both genera to CO, uptake in moonmilk deposits in
Pindal Cave.

The network co-occurrence analysis (Fig. S2) revealed similar results in
Pindal yellow biofilms suggesting an association of Crossiella, wb1-P19 and
Nitrospira in this cave. The genus wb1-P19 was previously found in the
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yellow biofilms from two Appalachian limestone caves (Frazier, 2020).
Similarly, the genus Nitrosococcus, which belongs to the family
Nitrosococcaceae (recorded as Chromatiaceae in the NCBI Taxonomy data-
base), were previously found in yellow biofilms from lava caves (Spilde
et al., 2016). Crossiella (Pseudonocardiaceae) is a genus relatively abundant
in caves, soils, plant rhizospheres, and building stones, although rarely iso-
lated (Engelbrecht et al., 2021; Gonzalez-Pimentel et al., 2021; Guerra
et al., 2022; Martin-Pozas et al., 2022a; Martin-Pozas et al., 2023).
Nitrospira is a genus that comprises ammonium-oxidizing bacteria and is
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relatively frequent in Spanish caves (Jurado et al., 2020; Martin-Pozas
et al., 2020; Gonzalez-Pimentel et al., 2021), and have a widespread pres-
ence in other caves (Chen et al., 2009; Pasic et al., 2010; Northup et al.,
2011; Wu et al., 2015; De Mandal et al., 2017; Oliveira et al., 2017).

Other less abundant, but characteristic members of yellow biofilms
from Pindal Cave, was Arenimonas. Members of the genus Arenimonas
were previously recorded in caves (Spilde et al., 2016; Wiseschart et al.,
2019), and were isolated from mines, soils and aquatic environments
(Chen et al., 2012; Liu et al., 2018; Han et al., 2020). In fact, previous stud-
ies on yellow biofilms from limestone and lava caves related the presence of
members of the order Xanthomonadales, which included Arenimonas
(Portillo et al., 2008; Porca et al., 2012; Spilde et al., 2016; Gonzalez-
Pimentel et al., 2018; He et al., 2020).

A few authors reported that the color of yellow biofilms could be due to
the abundance of Proteobacteria, and likely corresponded to the presence of
members of the orders Chromatiales and Xanthomonadales, known by their
production of carotenoids which could be responsible for the yellow color-
ation (Portillo et al., 2008).

Identified genera and family with relative abundances >1 % (Fig. 5)
were Vicinamibacteraceae, Crossiella, Nitrospira, Arenimonas, Steroidobacter,
Xanthobacteraceae, Dongia, Gemmataceae, Gemmatimonadaceae and
Nordella. Most of these bacteria have yellow colors. In fact, the family
Vicinamibacteraceae (subdivision 6 of Acidobacteria) only contains two gen-
era described so far, Vicinamibacter and Luteitalea, both showing yellow
color (Huber and Overmann, 2018).

The color of the mycelium in Crossiella cryophila (Pseudonocardiaceae)
was yellowish to light yellow (Labeda, 2001), as well as for Nitrospira
(Watson et al., 1986), Arenimonas (Kwon et al., 2007; Makk et al., 2015),
and Steroidobacter (Huang et al., 2019). Finally, Xanthobacteraceae members
have yellow color due to the presence of the carotenoid zeoxanthin
dirhamnoside (Oren, 2014).

Porca et al. (2012) in a previous study compared phylotype distribution
in yellow biofilms from geographically distinct limestone caves (Spain,
Czech Republic and Slovenia) and concluded that Pseudonocardiaceae
(Actinomycetota), Gammaproteobacteria (Pseudomonadota) and Nitrospirota
constitute the core of the microbial communities, similarly to that observed
in Pindal yellow biofilms. Different authors found similar data in other yel-
low biofilms from lava and limestone caves (Pasic et al., 2010; Riquelme
et al., 2015b; Lavoie et al., 2017).

Surprisingly, Gonzalez-Pimentel et al. (2018) described a morphologi-
cally and taxonomically different type of yellow biofilms in a lava cave,
which could indicate that there exists more than one type of yellow cave
biofilms. The yellow biofilms described by Gonzalez-Pimentel et al.
(2018) presented high relative abundances of the order Chromatiales,
followed by Euzebyales. Other studies showed similar results (Riquelme
et al., 2015a; Spilde et al., 2016; Frazier, 2020). Remarkably, in one of
the Appalachian caves, described by Frazier (2020), the yellow biofilms
showed high relative abundances of wb1-P19, Crossiella, and Nitrospira,
and 22 groups were coincident between the yellow biofilms of Pindal and
RN5 cave. However, the genus Euzebya, abundant in RN5 cave was not
present in Pindal, and Arenimonas, abundant in Pindal was not found in
RNS5 cave. These results reinforce the theory that there is more than one
type of yellow biofilm, with distinct morphologies and bacterial composi-
tions: one type dominated by the family Pseudonocardiaceae, similar to
Pindal biofilms, and another type dominated by the order Euzebyales, simi-
lar to the biofilms described by Gonzalez-Pimentel et al. (2018). Together
all the results indicate that the classification by color is not enough to de-
scribe yellow biofilms.

4.2. Specific bacterial groups depends on the substrata (exterior soil, rock, sedi-
ment, drip water)

The exterior soils overlaying Pindal Cave showed substantially different
bacterial communities from subsurface communities as previously reported
by Lavoie et al. (2017) for other caves. In our study, surface soil samples do
not show greater diversity indices than cave samples. In fact, we observed a
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higher diversity in yellow biofilms (Fig. 7a). In general, the diversity indices
of yellow biofilms from Pindal Cave were higher than those found in other
limestone and lava caves (Pasic et al., 2010; Lavoie et al., 2017; Riquelme
et al., 2015b; Gonzalez-Pimentel et al., 2018). Overlap in ASVs between
surface and cave communities were only 12 % and NMDS showed differ-
ences between exterior soil and cave communities suggesting that most of
exterior soil microorganisms do not enter the cave. Some abundant bacte-
rial groups in exterior soils such as Candidatus Udaeobacter,
Acidobacteriales, the subdivision 2 of Acidobacteriota, Elsterales, Reyranella,
unassigned Xanthobacteraceae, and Streptomyces (Schlatter and Kinkel,
2014; Arias-Giraldo et al., 2021; Pessi et al., 2022; Rodriguez et al., 2022;
M.-C. Shen et al., 2022) showed low relative abundances in subsurface sam-
ples. The adverse cave environmental conditions could explain this de-
creased of relative abundances of some soil microorganisms, as suggested
by the Microbial Conveyor Belt (Mestre and Hofer, 2021). Candidatus
Udaeobacter is an abundant and ubiquitous soil verrucomicrobial clade
that shows preference for acid pH (Brewer et al., 2016; Willms et al.,
2021; Rodriguez et al., 2022). The subdivision 2 of Acidobacteriota, together
with uncultured Acidobacteriales, were abundant in soils (Jones et al., 2009;
Ivanova et al., 2020) and positively correlated with organic carbon content
and negatively with pH (Liu et al., 2016). The moderately basic pH of sed-
iments in Pindal Cave could explain the low relative abundance of
these taxa.

In this study, yellow biofilms, sediments and exterior soils presented
higher percentages of Acidobacteriota than waters. This phylum has been
described in nearly all ecosystems and represents a significant fraction of
soil microbial community. The subdivisions 10 and 17 of Acidobacteriota
showed higher abundances in sediments than in the yellow biofilms
while the family Vicinamibacteraceae showed similar relative abundances
in all underground samples. Although both taxa have been described in
caves around the world and in different types of substrata such as vermicu-
lations, moonmilks and mineral deposits, previous studies did not reported
these differences (Zimmermann et al., 2005; Miller et al., 2020; Addesso
et al., 2021; Gonzalez-Pimentel et al., 2021; Martin-Pozas et al., 2022a; J.
Shen et al., 2022).

Overlap in ASVs between yellow biofilms and cave sediments was only
6 %, while NMDS and taxonomic results suggest that yellow biofilm com-
munities were similar to sediments, especially to materials found in the
site 4 (Fig. 6b and c). As mentioned before, gravity coarse-grained deposits
prevail at site 4, constituted of a mixture of small breakdown blocks of bed-
rock and speleothems, while sediments from sites 7 and 16 were associated
to suspended sediment (mud) transported by the river. The genera wb1-
P19, Crossiella, Nitrospira, Arenimonas and Steroidobacter were the most
abundant groups in yellow biofilms but also appeared with abundances
over 1 % in sediments of site 4. These genera generally appear in cave
walls and colored biofilms, which suggest a preference by rock and
speleothems substrata (Riquelme et al., 2015b; Lavoie et al., 2017; Zhu
et al., 2019; Frazier, 2020; Jurado et al., 2020; Gonzalez-Pimentel et al.,
2021; Lifian et al., 2021). Non-metric dimensional scaling (NMDS) and
Venn diagram in Fig. 7 show a separation of the drip water from the yellow
biofilms, sediments and exterior soil samples. The phylum Bdellovibrionota,
the phylum Myxococcota, SAR202_clade of the phylum Chloroflexota, the
genus Leptospirillum (Nitrospirota), most members of the phylum
Patescibacteria and the order Omnitrophales showed higher relative abun-
dances in drip waters while its representation is very poor in the rest of
the samples of this study (Figs. 8 and 9). The SAR202_clade includes abun-
dant bacteria in the deep ocean but it was also recorded in aquifers (Kirs
et al., 2020) and soils (Geng et al., 2020; Betterman et al., 2021). The
class bacteriap25 was also recorded in aquatic environments (Pedron
et al., 2022; Rubin-Blum et al., 2022) and soils (Betterman et al., 2021;
Darriaut et al., 2023) and cave manganese patinas (Bernardini et al.,
2021). The genus Leptospirillum comprises acidophilic ferrous iron and
manganese oxidizer bacteria and are involved in acid mine drainage
(Denef and Banfield, 2012; Urbieta et al., 2012). The high relative abun-
dance of Leptospirillum in Pindal drip waters is surprising since some sam-
ples shows very low content of manganese and iron. Omnitrophales and
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Patescibacteria, among other groups, were included in the so-called rare
cave biosphere (Hershey and Barton, 2018), or microbial dark matter
(Wiegand et al., 2018). According to the results of Pindal Cave, these two
phyla are mainly retrieved from groundwater environments (Griebler and
Lueders, 2009; Herrmann et al., 2019; Wegner et al., 2019; Tian et al.,
2020). Herrmann et al. (2019) reported that Patescibacteria were preferen-
tially mobilized from soils and flourish under oligotrophic conditions in
groundwaters, reaching high relative abundances (17 to 79 %). Therefore,
Pindal drip waters communities have a structure similar to those ground-
waters of different geographical regions and diverse from those yellow
biofilms and sediments.

Biogeochemical features of dripping waters reflect different paths and
water/rock interaction rates occurring along different water flow paths
(Fairchild et al., 2000). The ratios of alkali metals (Mg/Ca, Ba/Ca, and
Sr/Ca) of drip water and speleothems are a potential proxy for present
and past hydrological conditions, respectively (Stoll et al., 2012). For in-
stance, during periods of low flow, prior calcite precipitation (PCP) could
preferentially remove Ca®" from dripwaters, elevating these ratios
(Fairchild et al., 2006). The concentrations of Mg, Sr, and Ba may be also
enriched during low flow periods due to greater contribution of seepage
water which features longer water-rock and water-soil contact times
(Wong et al., 2011). Calculating the dissimilarity between the bacterial
community composition of drip water samples revealed separation mostly
strongly based on the partial pressure of carbon dioxide (pCO,), pH, ATP,
NOs , NaCl, and sulfate content (Fig. 7d). The drip water from site 16 also
showed NO3; anomalous values (Table S4), which are related to the farm
activity in the soil over the cave (Martin-Pozas et al., 2022b). In this area,
the drip water composition reflects an intensive water-rock interaction: it
presents high Ca>* and HCO3 , and Mg/Ca molar ratio that even may indi-
cate prior calcite precipitation. Contrarily, the drip water from site 7 pre-
sents a lower water-rock interaction, which is reflected in the Ca?* and
HCO3 concentration and pCO, in equilibrium. The drip waters in site 7
shows different microbiology features and a higher average ATP with
higher percentages of Bdellovibrionota X0319-6G20, Sphingobacteriales and
Bacteroidota env.OPS 17. Under these conditions, we found a lower percent-
age of Leptospirillum and Candidatus Omnitrophus, which can be indicative
taxa of low water-rock interaction (Fig. S3). Finally, D4 contains the highest
marine ion concentrations which is related with high percentages of
Candidatus Nomurabacteria.

4.3. Bioclimatic factors affecting Pindal Cave bacterial communities

The spatiotemporal features of cave air temperature enable a direct as-
sessment of the influence of meteorological changes (daily and seasonal)
and climatic trends of the local external atmosphere on the indoor-
outdoor thermal gradient. This gradient plays a key role in the aerodynamic
processes determining the ventilation or stagnation of air masses, as well as
the sudden temporal and spatial variations of temperature that would po-
tentially trigger vapor condensation processes in the cave-rock and sedi-
ments surfaces. The vapor content of a saturated air mass decreases as the
temperature suddenly decreases due to condensation under isobaric set-
tings, forming water droplets attached to airborne particles or to the colder
and exposed rock surfaces to the main air currents.

In the case of Pindal Cave, the greatest proliferation of yellow biofilms
seems to be associated with areas where there is strong condensation due
to daily or seasonal temperature variations that cause air currents that
meet a cooler surface at the entrance, on rock protrusions, walls, or narrow
areas. Inner cave morphology also plays a key role in the present spatial pat-
tern of biofilms, which mainly colonize the surfaces located in front of the
main trajectories of air currents and, consequently, with a high frequency
of naked eye observed condensation droplets. Therefore, it may be inferred
the spatial relationship between the probable and confirmed areas with
condensations and the distribution and ecological features of the yellow
biofilms. In this regard, the aerial hyphae of Actinomycetota colonizing
cave-rock surfaces and sediments might act as vapor condensation nuclei
(Fig. 5¢) and, in turn, water controls their metabolic activity and the
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microbe-mineral interactions. Some other studies identified excessive hu-
midity as the key environmental factor that triggers microbial breakout
events. He et al. (2021) suggested that humidity and the North orientation
of the Maijishan Grottoes were the main cause of the microbe outbreak in
its ancient wall paintings. These factors enhanced the water content in
the wall surfaces due to continuous condensation, particularly during
raining seasons and poor ventilation of the cave (He et al., 2022). Aiming
to assess this spatial relationship, a regular grid of points estimated for air
temperature (expressed as annual mean) was transformed using the statis-
tical tool gradient operator (GO, hereafter), in the same way as
Fernandez-Cortes et al. (2006) used it for spatiotemporal analysis of cave
air temperature as an environmental management tool. This grid calcula-
tion generates a new grid of the steepest slopes of air temperature (i.e.
the magnitude of its spatial gradient in terms of variation of air temperature
per meter) at any point on the cave map, which is then compared with the
distribution of the yellow bacteria colonies. Indeed, GO is close to zero for
those cave zones where air temperature barely varies in any direction and,
conversely, it reaches maximum values as the spatial correlation is greater.
These last zones are characterized by sudden spatial and temporal varia-
tions of air temperature that likely favor the vapor condensation on the
colder surfaces or, even, in the form of hydro-aerosols.

The spatial distribution of the gradient operator for air temperature
throughout a hydrological year reveals new information about the zonation
of microclimate stability at Pindal Cave (Fig. 10). The gradient operator of
air temperature highlights transition zones where temperature shows a
greater spatial variation (i.e., a larger OG) and, conversely, the more stable
areas are associated with stagnant air (i.e., lower OG).

The largest mean gradient operators were calculated for the cave zones
between sites 1 and 4, which are the sites closest to the entrance and where
the spatial correlation of air temperature is highest. As mentioned before, in
Pindal Cave yellow biofilms communities were similar to sediments in site
4. These sediments are completely different from the others, because they
are composed of the remains of speleothems as the result of the dissolution
of cave walls by condensation water. This process is particularly efficient
near cave entrances where the thermal gradient is high. Based on thermal
gradient data, the yellow biofilm formation could be linked to
condensation-corrosion processes, which can explain the presence of simi-
lar bacterial communities in the sediments from site 4.

Away from these zones, air temperature is more spatially stable and re-
cords lower GO values, particularly in zones between sites 7 and 11
(Fig. 10), and GO reaches the minimum values in the inner-most sector of
the cave (site 17 and hereafter). There are other inner zones with medium
to high gradient operator values, which also separate sections of galleries
with greater thermal stability. These intermediate zones connect consecu-
tive compartmentalized areas of the cave, separated by giant flowstones
that act as barriers to the movement of cave air masses (Figs. 1 and 2;
cave sectors between sites 13 and 16).

By comparing the distribution of the yellow bacteria colonies, in the
high-density colonization area near the cave entrance prevails intense
daily fluctuations of air (>0.15 °C/day; Fig. 2), and the highest GO values
(Fig. 10). These thermal instabilities cause a greater condensation of
water, mainly in the area around the site 4, where the cave section is con-
siderably reduced and the east-facing rock surfaces partially block against
the external airflow. In this sense, it is very noticeable the high frequency
of condensation pulses in this cave sector registered during the summer
(Fig. 4).

Field observations confirm the abundance of condensation droplets and
yellow biofilms on the cave walls in those areas of the cave with high OG
values for temperature (e.g., site 4), but also in the area furthest from the
main entrance (site 17 and hereafter). Here, OG reaches minimum values
but frequent condensation pulses are registered due to the likely inflow of
external and warmer air following the riverbed, particularly during sum-
mer (Fig. 4). Likewise, other inner zones with high OG values for tempera-
ture would reveal a hidden condensation, i.e. not perceptible to the naked
eye, as the tiny droplets are quickly absorbed by biofilms or become part
of the interstitial water in the surface pore system of the non-colonized
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Fig. 10. Spatial distribution of the gradient operator (GO) for the mean air temperature at Pindal Cave. Monitoring period: October 2021-September 2022. The distribution of
the yellow biofilms is drawn for comparison. Numbers indicate the lighting sites located along the tourist path. Blue arrows mark the trajectory of the airflow; this

preferentially follows the intermittent riverbed in the inner zones of the cave.

rock or cave sediments. On the contrary, there is hardly any colonization of
yellow biofilms in intermediate zones (between sites 9 and 11), where mod-
erate temporal fluctuation of air temperature (<0.15 °C/day; Fig. 2) and
low GO values are registered. In this cave zone, the desiccation cracks in
the soil sediments are often observable, which are indicative of reduced
wetting as the condensation water supply is reduced and evaporation pre-
vails.

4.4. Origin of core members of yellow biofilms in Pindal Cave

The top-three core members of yellow biofilms from Pindal Cave were
wb1-P19, Crossiella and Nitrospira. In our study, none of these reads appears
in the exterior soil samples. However, these genera have been described in
exterior soils (Daims et al., 2001; Lavoie et al., 2017; Adeyemo and
Onilude, 2018; Goodfellow et al., 2018; Krauze et al., 2021; Guerra et al.,
2022). Porca et al. (2012) suggested that the core of yellow biofilms
might be true cave dwellers that come into the cave through water infiltra-
tion from the overlaying rock. Some abundant reads in yellow biofilms, for
example Nitrospira, TRA3-20, Vicinamibacterales, Gemmataceae, and
Gemmatimonadaceae, also appeared with low percentages in almost all
drip water samples, indicating that probably come into the cave through
water drips. To our knowledge, no previous drip water environmental
DNA metabarcoding studies supported the entry of these bacteria through
the water infiltration (Marques et al., 2019). However, other abundant
reads in yellow biofilms such as Crossiella, wb1-P19, Arenimonas,
Steroidobacter, PLTA13 do not appear or hardly appear represented in the
drip water samples. The community composition in the cave biofilms dif-
fers markedly from that of the seepage water samples. On the contrary,
the bacterial communities of the biofilms show significant similarities
with those of the sediments, especially with the sediment samples from
zone 4 (ecotone) where the most abundant species in the biofilms also ap-
pear as the majority in the sediments (Fig. 9). These results suggest that sed-
iments can act as reservoirs; which can subsequently grow and form
biofilms under favorable environmental and substrate conditions, primarily
on speleothems and rocks with rough surfaces located in preferential con-
densation zones. The subsequent movement of particles from sediments
through air currents, anthropic activities, etc., may serve as an important
vector, although not the only one, for the proliferation and dispersion of
biofilms towards areas with less favorable environmental conditions.

To summarized, based on environmental and taxonomic analyses we
hypothesize that the colonization of bacteria occurring in cave yellow
biofilms arose through two different ways: water infiltration and air cur-
rents that transport bacteria to cooler rock surfaces. Aerobiology studies
based on independent culture techniques in cave systems are very scarce
(Zhu et al., 2019). These authors reported that Actinomycetota dominated
the sediment and rock samples and were absent in air samples. The authors
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identified Xanthomonadaceae as indicator genus of air samples, supporting
our airborne colonization hypothesis but did not discuss about the origin
of Crossiella or Nitrosococcaceae wb1-P19. Therefore, nowadays remains a
key knowledge gap on the source of cave microbial communities but the
set of analytical and observational data suggest that the bioclimatic condi-
tions are the main factor affecting the origin and development of this type
of biofilm.

5. Concluding remarks

To conclude, comparison between yellow biofilms from Pindal Cave
and yellow biofilms described in previous studies by other authors indicates
that color classification is not enough to describe cave biofilms, and other
approaches such as ultrastructure, morphology and taxonomic composition
are necessary.

The microbial communities from Pindal yellow biofilms showed a dif-
ferent composition from that of the exterior soils and drip waters. In fact,
only Nitrospira and other less abundant genera showed low relative abun-
dances in all drip waters while other abundant genera in yellow biofilms
(wb1-P19 and Crossiella) were missing or present in negligible relative
abundances in drip waters and exterior soils. Therefore, the most abundant
bacteria in the yellow biofilms could enter the cave by multiple other routes
not only the infiltration water. In this study, the environmental results
pointed that abundance of yellow biofilms is related to condensation
events. The results indicate that sediments play a crucial role as reservoirs
and sources of bacteria, which can then colonize and develop into biofilms
under favorable environmental and substrate conditions. The transporta-
tion of sediment particles through air currents, anthropic activities, and
other means emerges as a key mechanism for the proliferation and disper-
sion of biofilms into areas with less conducive environmental conditions.
Particularly, speleothems and rough-surfaced rocks located in
condensation-prone areas serve as preferred sites for biofilm formation.
These findings shed light on the dynamics and potential spread of biofilms,
highlighting the importance of sediment contributions and their subse-
quent impact on ecosystem processes and microbial colonization patterns.

We propose a model for the formation of this type of yellow biofilm,
based on microscopy and environmental results. Free cells of Crossiella (a
widely distributed bacterium in soils) from surface and underground sedi-
ments attach to the cave surfaces and form the first filaments that will sub-
sequently form the branches of the biofilm. In the following stages, other
bacteria were associated to Crossiella filaments to evolve into complex
biofilms.

This point to the need of performing complete metagenomics studies in-
cluding air, water, sediments, biofilms and exterior soils in order combined
to FISH experiments and environmental monitoring to understand the dy-
namic of cave microbial communities and to decipher the origin of cave
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biofilms. These studies could be helpful to understand the environmental
conditions and the nutritional requirements to microorganisms that usually
dwell in cave environments to design conservation strategies for cave art.
The findings derived from this microbiological and environmental study
have direct implications for decision-making and sustainable cave manage-
ment. Although there is not a single cave conservation strategy, the first cor-
rective measure that is needed to adopt would consist of the implantation of
metal grids in the busiest areas of the cave. This would be an effective and
low-impact measure to reduce the resuspension of particles caused by visi-
tors during tourist visits and research activities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165218.
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