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Abstract

:

Cyanobacteria and microalgae are usually found in speleothems, rocks and walls of show caves exposed to artificial lighting. These microorganisms develop as biofilms coating the mineral surfaces and producing aesthetic, physical and chemical deterioration. A wide number of physical, chemical and environmental-friendly methods have been used for controlling the biofilms with different results. Natural biological control has been suggested by some authors as a theoretical approach but without direct evidence or application. Here we report the finding of a natural biological control of phototrophic biofilms on the speleothems of Nerja Cave, Malaga, Spain. The formation of plaques or spots where the phototrophic microorganisms disappeared can be assumed on the basis of processes of predation of bacteria, amoebas and some other organisms on the phototrophic biofilms. This study aims at investigating the potentialities of the biological control of phototrophic biofilms in caves, but the originality of these data should be confirmed in future studies with a larger number of biofilm samples in different ecological scenarios.
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1. Introduction


Traditionally, caves have been considered as extreme environments characterized by low nutrient inputs. Although this may be possible in a few caves, most of the show caves cannot be considered extreme or oligotrophic environments because natural factors are often modified due to different anthropogenic impacts, being one of the most evident the installation of electrical lighting to facilitate visits. In fact, when caves are illuminated by natural or artificial lighting, phototrophic microorganisms become predominant. Under these conditions, complex communities develop on speleothems, walls and ground, mostly composed of cyanobacteria and algae, heterotrophic bacteria and fungi, and other eukaryotic organisms embedded in a matrix of extracellular polymeric substances. In further steps, mosses, ferns and other plants may also colonize caves. Examples of these communities have been studied in artificially illuminated show caves and catacombs, because their unconstrained growth can induce damage on valuable archeological or natural rock surfaces [1,2,3].



The biofilms cause aesthetic, physical and chemical damage [4,5], subject of great concern in general, and in particular in cases of caves with rock art paintings [6]. In addition, this invasion of foreign microorganisms induces great changes on the autochthonous microbial population, adapted to minimal inputs of C and N, and on the cave ecology.



A wide array of methods has been proposed to control and/or eliminate phototrophic biofilms in show caves, including physical, chemical and biological procedures. Physical methods comprise: (i) the mechanical removal of biofilms by brushing and subsequent washing with pressurized water; (ii) the reduction of light intensity, and (iii) the use of ultraviolet radiation. Chemical methods include the use of sodium and calcium hypochlorite, hydrogen peroxide or commercial biocides. A detailed discussion of pros and cons were presented by Mulec and Kosi [7] and Baquedano et al. [8]. Some of these methods were tested in Cueva del Tesoro, a limestone cave in Rincon de la Victoria, Spain, depicting abundant biofilms coating the cave walls and speleothems [1]. The most effective treatments were sodium hypochlorite and hydrogen peroxide, but for the final cleaning hydrogen peroxide was adopted due to the absence of chemical residues on the rock [1].



Yet, there is no general consensus on the type of biological methods to be applied in cleaning processes. Albertano et al. [2] suggested the use of quorum-sensing molecules and siderophores, whereas Mulec and Kosi [7] proposed biological antagonists like genetically modified viruses. However, to our knowledge field-based experiments have not been conducted thus far.



Trophic relationships among components in phototrophic biofilms can be deduced by analyzing their composition; however, they have rarely been investigated in detail. Usually, most reports rely on a list of cyanobacteria and algae on speleothems but without establishing the trophic interactions among the different biofilm components [9,10,11,12]. Biofilms can suffer a loss of cells through different processes: grazing, erosion, abrasion, and sloughing [13]. The most relevant mechanisms to cave biofilms are likely grazing and sloughing, the first by predation of bacteria and protozoa, and the second by periodic loss of large patches of biofilms by drying processes.



By adopting advanced high throughput sequencing techniques, we aimed at investigating the composition of phototrophic biofilms within the Nerja Cave to highlight the potential role of natural biological control. To achieve this aim, we compared the composition of biofilms showing extensive detachments and/or rounded areas without photosynthetic microorganisms, with homogeneous biofilms on two speleothems, in order to understand the mechanisms involved in the process of detachment.




2. Materials and Methods


Nerja Cave was discovered in 1959 and open to public visits in 1960. The cave attracts about 450,000 visitors per year due to its location in Costa del Sol, a major tourist area, at 50 km from Malaga, Spain. The cave has an extension of almost 5 km, but the tourist trail is restricted to one-third of the cave. The cave is protected as a site of cultural interest due to its rock art paintings [3]. In addition to the cave entrance, this cave has two sinkholes that connect with the outside. The natural lighting that penetrates through the two sinkholes and the electric lighting installed in the tourist trail have allowed the development of photosynthetic-based biofilms on cave speleothems and walls. Currently, the electric lighting system consists of a trail, which runs along a circular route of about 600 m, a scenic lighting, and an emergency system. Some biofilms coating the speleothems close to light sources show extensive detachments and/or rounded areas without phototrophic microorganisms.



The biofilm samples were collected in November 2018 from two speleothems located in the so-called Tourist Galleries (Figure 1A). Unfortunately, sampling was restricted to a very limited number of samples due to the cataloging of the cave as a site of cultural interest. However, we believe that the data provided were representative of the cave microbiome and shed light on biofilms composition and trophic interactions.



Microclimatic data registered in the Tourist Galleries showed that cave air temperature ranges from 19.8 to 18.1 °C with a mean value of 19.0 °C, the relative humidity ranges from 98.6 to 67.5% with a mean value of 89.4% and the air CO2 ranges from 1313 to 360 ppm with a mean value of 679 ppm [3]. Both biofilms studied in this work were exposed to white low pressure commercial fluorescent lamps (Roblan, Casarrubios del Monte, Spain, model ES27, 18W with a color temperature of 4845 K and 1030 lm), located 1 m away from speleothems. All the samples were collected at the same time by carefully scraping the biofilms with sterile scalpels; samples were kept at −80 °C until processing.



A total of six samples were collected from two speleothems displaying detachment patterns. In the sampling site 1 (Figure 1B), three areas were collected: with biofilms (1A), with and without biofilms (1B), and a zone of rounded detachments (1C). Sampling site 2 (Figure 1C) comprised: a biofilm sample (2A), an extensive detachment (2B), and the interface between the biofilm and the detached zone (2C).



Genomic DNA was extracted from 250–500 mg of biofilms, using the FastDNA SPIN Kit for soil (MP Biomedicals, Illkirch, France) according to the manufacturer’s instructions. The DNA concentrations, ranging from 6.0–104.0 ng/µL depending on each sample, were quantified by using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA).



The extracted DNA of all samples was analyzed by Next Generation Sequencing (NGS). We investigated the bacterial V3 and V4 regions of the 16S rRNA gene and V4 region of the 18S rRNA gene using Illumina MiSeq and 2 × 250 paired-end sequencing, according to the Illumina metagenomic library preparation protocol used by Macrogen (Seoul, Korea). The primer sequences used in this study were 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC) for bacteria, Reuk454FWD1 (CCAGCASCYGCGGTAATTCC) and V4r (ACTTTCGTTCTTGAT) for eukaryotes [14].



Raw data were processed in QIIME 1.9.1. Quality control and trimming were performed using FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Trimmomatic (0.36 version), respectively. Paired-end reads were assembled using PEAR. Operational Taxonomic Units (OTUs) were clustered at 97% cutoff using UCLUST. SILVA database for bacteria and eukaryotes was used to assign the taxonomic classification of each 16S rRNA and 18S rRNA gene sequences with a threshold of 80%.



Alpha_diversity.py command was employed for alpha-diversity. Taxonomic analyses of prokaryotic communities were represented through heat-maps built in R using gplots package [15]. Represented samples in heat-maps were reordered with dendrograms based on the row and column mean values as described by the authors. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database under accession number PRJNA611930.




3. Results


Table 1 indicates that the microbial communities of the samples taken from the speleothems coated by phototrophic biofilms collected in Nerja Cave were almost entirely composed of members of Bacteria, with percentages ranging between 100.0% and 99.7%. The Archaea were practically non-existent, reaching 0.2% in sample 1A and 0.3% in sample 1C. The percentage of unassigned community members was zero.



The phototrophic communities of Nerja Cave were composed of 12 phyla with percentages greater than 1% (Figure 2). The most abundant phyla were Firmicutes, Proteobacteria and Cyanobacteria. Members of the phylum Cyanobacteria contribute to the green color of biofilms, due to the chlorophyll and its photosynthetic function, while other phyla are mainly composed of heterotrophic bacteria. Firmicutes was widely represented in sample 1 and Proteobacteria in sample 2. Cyanobacteria were abundant in samples 1A, 2A and 2C, which corresponded to the areas of epilithic phototrophic biofilms.



In a range of lower abundance were the phyla ‘Candidatus Dadabacteria’, which only reached significant representation in sample 1C, and Actinobacteria, in samples 1A, 2B and 2C. They were followed in abundance by the phylum Chloroflexi in sample 2B and Rhodothermaeota in sample 1A. The phylum Bacteroidetes was relatively well represented in samples 1B and 2B. Planctomycetes reached significant percentages in samples 2B and 2C, followed by Balneolaeota in samples 1B and 1C. Finally, the superphylum Patescibacteria reached percentages higher than 1% in samples 2A and 2B. The Gemmatimonadetes phylum was represented in sample 2 with percentages ≤1%.



Figure 3 and Figure 4 illustrate the bacterial diversity at the class and order levels. The communities of the two speleothems showed a high heterogeneity in abundance, depending on the location area (biofilm, without biofilm, and interface area), with high percentages in the classes Bacilli and Cyanophyceae (Figure 3).



Considering all the six samples, the most abundant classes (those that at least reached a value greater than 5% in a sample) were Bacilli, Cyanophyceae, Alphaproteobacteria, Gammaproteobacteria, Dadabacteriia, Actinobacteria, Thermomicrobia, Rhodothermia and Cytophagia.



The phylum Firmicutes and the class Bacilli was one of the most abundant in samples 1 and 2. The order Bacillales comprised two genera: Bacillus and Psychrobacillus. The genus Bacillus was the most abundant in sample 1, while in sample 2 the abundance of Bacillus fell between six and three times, with respect to sample 1.



Cyanobacteria, the phylum that contained the phototrophic microorganisms, only included two identified genera: Desertifilum and Spirulina (Figure 5). In sample 1A, Spirulinales showed a remarkable abundance, and decreased in samples 1B and 1C (Figure 4). High abundances of uncultured members of the class Cyanophyceae were detected in samples 2A and 2C (Figure 5). It was interesting to find an abundance of Spirulina in sample 1 and a total absence in sample 2. However, a high abundance of uncultured members of the class Cyanophyceae was detected in sample 2, but lacking in sample 1. This pattern also occurred for the family Chroococcidiopsaceae, which was absent in sample 2, as well as for Aphanothecaceae, which was lacking in sample 1 (Figure 5).



The class Alphaproteobacteria was mainly composed of the orders: Rhizobiales, Caulobacterales, Rhodospirillales, and members of an uncultured order (Figure 4). In this class, only two genera were identified: Brevundimonas and Mesorhizobium (Figure 5).



The class Gammaproteobacteria was represented by the orders Lysobacterales, Oceanospirillales and Chromatiales, with high abundance in all samples, and by Nevskiales, solely present in sample 1 (Figure 4). The most representative genera within the Gammaproteobacteria were: Lysobacter, Halomonas, Woeseia and Luteimonas. Thioalbus, Salinisphaera and Halopeptonella were identified in low abundance (Figure 5).



The phylum Actinobacteria was composed of three classes (Acidimicrobiia, Actinobacteria and Rubrobacteria). However, only the class Actinobacteria attained a remarkable abundance in sample 2, with a noticeable richness of the order Pseudonocardiales. Regarding the genus level, Amycolatopsis, present in the samples 2B and 1B, and an uncultured genus of the family Nocardioidaceae, in samples 2C and 2A, showed relative abundance. The rest of genera (Crosiella, Yuhushiella, Pseudonocardia, Actinophytocola, Glycomyces and Halactinopolyspora) reached low abundances.



Within the Chloroflexi phylum, the class Thermomicrobia showed relatively high abundance in sample 2B. The orders Phycisphaerales and Planctomycetales, within the phylum Planctomycetes, reached scarce representation in the biofilm samples (Figure 4).



A new phylum separated from Bacteroidetes is Rhodothermaeota [16], represented by the class Rhodothermia in sample 1A. This class comprises the genus Salinibacter, only found in sample 1A, together with other uncultured genera.



The phylum Bacteroidetes includes the class Cythophagia and the order Flavobacteriales, with uncultured genera, except for Roseivirga, with poor representation in all samples. The new phylum Balneolaeota [17], recently separated from Bacteroidetes, which includes the class Balneolia, only reached a representative abundance in sample 1.



The phyla ‘Candidatus Dadabacteria’, Gemmatimonadetes and the superphylum Patescibacteria were commonly represented by uncultured bacteria, in low percentages of abundance which can only be identified using NGS. The abundance of the order Dadabacteriales was remarkable in sample 1C (Figure 4).



Most of the eukaryotic sequences retrieved in sample 1 were unknown, while in sample 2 the percentage of unassigned sequences was notably lower (Table 2).



The eukaryotic organisms identified in the four samples were affiliated to Amoebozoa, Opisthokonta and SAR. Table 2 shows the taxonomic composition of the samples where only the taxa represented with values greater than 1% were included.



Sample 1 was characterized by the abundance of Amoebozoa belonging to the order Dactylopodida, with uncultured members in sample 1A, an uncultured order in 1A and 1B, and members of the family Echinamoebida in 1A. The genus Gregarina (SAR) was relatively abundant in samples 1A and 1B.



The sampling site 2 showed very high abundances in samples 2A and 2B for uncultured Schizoplasmodiida of the Amoebozoa supergroup, followed by uncultured members of the order Rhabditida. The genus Heteromita (Rhizaria) also appeared with significant abundance in samples 2A and 2B. The genus Acanthamoeba, uncultured members of the Codonosigidae family and the genus Sorodiplophrys (Stramenopiles) in sample 2A were also noticeable. Cultivable genera such as Balamuthia and Chlamydomyxa were also identified.



To summarize, within Bacteria, significant differences were found between the two biofilm samples collected from speleothems displaying abundant growth of phototrophic microorganisms. Considering taxonomic groups in proportions greater than 1%, the analysis reflected a great diversity in the taxonomic composition of each sample, with a total of 27 orders (Figure 4). Comparatively, the samples presented similar orders, and shared common groups. Thus, samples 1 and 2 shared 22 orders. The greatest differences between each sample were in the percentage of abundance of certain groups, among which an uncultured order of Alphaproteobacteria, Rhizobiales, Oceanospirillales, Chromatiales, Rhodothermales, Dadabacteriales, Bacillales and the phototrophic Spirulinales were remarkable in sample 1, while the abundances of Rhodospirillales, Caulobacterales, Lysobacterales, Thermomicrobiales, Pseudonocardiales, Cytophagales, Bacillales and uncultured members of the phototrophic Cyanophyceae were noticeable in sample 2.



The Eukaryota showed a total of 19 groups, of which 7 were found in sample 1, and 16 in sample 2. Both sampling sites solely shared 5 groups of eukaryotes: Schizoplasmodiida, uncultured Amoebozoa uncultured Fungi, and the genera Gregarina and Sorodiplophrys. In addition, the high abundance of unassigned sequences in sample 1 indicated the existence of large unknown taxa in this community.




4. Discussion


Phototrophic microorganisms, such as cyanobacteria and algae, are usually found on speleothems, rocks and walls washed by percolation water or in the vicinity of light sources. The development of cyanobacteria and algae, which can be considered as primary colonizers, is usually influenced by the availability of light, water and dissolved mineral elements. The development of a photosynthetic-based biofilm may lead to the formation of a more complex ecosystem, because phototrophic microorganisms release extracellular compounds, which favor the establishment of heterotrophic bacteria. In later phases of the community, fungi, protozoa and metazoans will appear, giving rise to a complex community with important trophic interactions.



The formation of plaques or spots where the detachment of phototrophic microorganisms was evident, as found in Nerja Cave, can be assumed on the basis of processes of predation of some microorganisms on others. The samples labeled B and C in the two biofilms analyzed presented detachments indicative of some type of action (lysis, predation, etc.) on the cyanobacteria with respect to the intact biofilm (labeled A).



It is interesting to note that while the cyanobacterium Spirulina reached a remarkable abundance in sample 1A, it disappeared in sample 1C (complete detachment) and its concentration decreased six times in sample 1B (intermediary phase) with respect to 1A. This would indicate that the population of Spirulina has been predated by other microorganisms. Other groups and genera of cyanobacteria are minority in sample 1 (Desertifilum, Chroococcidiopsaceae and uncultured members of Cyanophyceae) and disappeared in the detached area (sample 1C).



The cyanobacterial composition of sample 2 is completely different. In this case, the most abundant cyanobacterium was not Spirulina, absent in these biofilms, but unidentified members of the class Cyanophyceae. Comparing the retrieved sequences with the NCBI database, we found that these unidentified members were related, although with a low percentage of similarity (87%) with Loriellopsis cavernicola. In sampling site 2, the detachment or loss of the biofilm occupies large areas, suggesting that the process of predation was much more pronounced. This is compatible with the high abundance of eukaryotes.



The richness of Bacillus in sample 1B was remarkable, although it was also present in considerable abundance in all other samples. Members of the phylum Firmicutes, and in particular the genus Bacillus, are well represented in caves [18,19].



The presence of Bacillus in Nerja Cave biofilms can be due to: (i) species of the genus Bacillus (B. cereus, B. mycoides) can lyse different species of cyanobacteria [20,21,22,23], and contributed to their disappearance (detached areas); or (ii) the periodic processes of humidification and desiccation suffered by the phototrophic biofilms. A similar process has been described by Karaoz et al. [23] for biological soil crusts dominated by cyanobacteria. In this case, the communities are well adapted to survive desiccation and quickly take advantage of rainfall periods, producing a bloom of Firmicutes, mainly of the order Bacillales (Bacillus spp.). This does not preclude a lytic activity.



The existence of a high number of Dadabacteria sequences in sample 1C is an unprecedented fact and reflects the poor existing knowledge about cave microbial ecology, and the microbial strategies necessary to growth and proliferate in cave conditions. Dadabacteria is a recently proposed candidate phylum, previously known as CSP1-2, and rarely present in environmental samples. These aerobic bacteria have been identified through metagenomic analysis [24]. The genome encodes glycolysis, a complete Krebs cycle and an electron transport chain for oxidative phosphorylation that includes a cytochrome c oxidase and possibly intervention in the nitrogen and sulfur cycles [24]. There is no information about a possible lytic activity on cyanobacteria or an explanation for their abundance.



Regarding eukaryotes, sample 1 showed abundance of uncultured Amoebozoa groups, such as the lobose amoebas of the order Dactylopodida that ingest cyanobacteria, algae, bacteria, yeasts and particulate matter, as well as Echinamoebida, and other group without assignment.



Protozoa are traditionally considered the main predators of bacteria, as this is a lifestyle common to this group. Predatory protozoa exist in both aquatic and terrestrial environments and represent a major component in nutrient remineralization or ‘microbial loop.’ Dryden and Wright [25] reported a list of protozoa (including Amoebozoa) that predated on a wide variety of cyanobacterial species (Anabaena, Nostoc, Microcystis, Oscillatoria, Gloeocapsa, Phormidium, Lyngbya, Synechococcus, etc.).



The genus Gregarina of the SAR supergroup was abundant in sampling site 1. According to Clopton et al. [26] there are more than 300 species of Gregarina that mainly infect coleoptera and orthoptera, but also colembola, diptera, lepidoptera, hymenoptera, etc. The presence of parasitic gregarins, in sample 1, must be related to the population of insects in the cave, since they have a great abundance of parasitic species.



Jurado et al. [27] identified in various samples of Nerja Cave sequences of the species Gregarina blattarum. Gregarina blattarum has been found in different species of cockroaches: Blatta orientalis, Periplaneta americana, Periplaneta discoidales, Blattella germanica, Parcoblatta pennsylvanica and Blaberus craniifer and is the most widely studied species of Gregarina [28].



A review of the literature reveals a series of predatory bacteria on cyanobacteria and algae, mainly the genera Lysobacter, Bacillus, Cytophaga, Myxobacteria, Herpetosiphon, Ensifer, Vampirococcus, Vampirovibrio, Cupriavidus, Pseudomonas, Stenotrophomonas, Acinetobacter and Delftia [22,29,30,31]. From all these genera, in sample 2 were present Lysobacter, Bacillus and uncultured members of the order Cytophagales, not being able to rule out the possible existence of other bacteria with similar capacities from the extensive list of uncultured members.



From the NGS analysis, the possible predatory activity and implication of Lysobacter in sample 2 was evident. Reichenbach [32] found that the densities of cyanobacterial and lytic bacteria populations correlated well and that bacteria attacked cyanobacteria in two ways, by excreting exoenzymes or by fixing them to the cell. Puopolo et al. [33] studied the Lysobacter genome confirming the ability to produce proteolytic enzymes. In addition, the genome revealed the presence of a high number of genes encoded for proteases, endopeptidases and metalloendopeptidases. The genus Bacillus was also abundant in sample 2 and could reinforce the predatory activity on this sample.



Considering the analysis of eukaryotes, the uncultured members of Schizoplasmodiida (Amoebozoa) stand out in sample 2. This group of protosteloid amoebas is predator of bacteria and fungi in terrestrial ecosystems, where they have a global distribution [34]. The genus Acanthamoeba (Amoebozoa) was present in sample 2B. Cyanobacteria are an adequate food source for amoebas, ciliates and flagellates, among the first is notable the genus Acanthamoeba and the species A. castellanii [35,36]. Acanthamoeba castellanii were found in some other caves [37,38].



Ma et al. [35] evaluated the capacity of five amoebas, among them A. castellanii, on the cyanobacteria Synechococcus elongatus, Leptolyngbya sp. and Anabaena sp., demonstrating a predatory activity. Wright et al. [36] showed that A. castellanii consumed unicellular and filamentous cyanobacteria. Predation was initiated by complete engulfment of the unicellular cyanobacterium and, in the case of the filamentous, by rupture of the filaments, followed by digestion in the vacuoles.



Important abundances reached the nematodes of the order Rhabditida in samples 2A and 2B, the uncultured members of the family Codonosigidae (Choanoflagellida, Opisthokonta), flagellates of the genus Heteromita (Rhizaria), one of the most important predators of bacteria in aquatic ecosystems, and uncultured ciliates of the class Colpodea.



Finally, in sample 2A the amoeboid protist of the genus Sorodiplophrys (Labyrinthulomycetes, Stramenopiles) and Chlamydomyxa (Ochrophyta, Stramenopiles), a photophagotrophic ameboid alga, were noticeable.



Abolafia and Peña-Santiago [39] carried out a review of the order Rhabditida of nematodes in Spain, finding 80 species belonging to 40 genera and 12 families, of which six species were found in the province of Malaga. These nematodes are frequent in soils and waters, however, the sequences found in sample 2 belong to unidentified genera.



It is noteworthy the presence of ciliates, flagellates, amoebas and nematodes in sampling site 2, which implies that this biofilm conforms a complex ecosystem where a high dependence between prey and predators has been established. Apart from the microorganisms that act as predators, there are others that can act as saprophytes, feeding on decomposing organic matter.




5. Conclusions


The study of two phototrophic biofilms developed on the speleothems of Nerja Cave showed different structures and hence diverse predators. This indicated complex trophic interactions between the components of the biofilms. The question is how many different biofilms and predators are in this cave? This should be responded in future studies with a larger number of biofilm samples in different ecological scenarios, if further sampling is possible.



This study evidences that a natural biological control exists in caves and it could be a new method of control to be tested and used if the growth of predatory populations is enhanced. This research represents a first attempt to investigate the potentialities of the biological control of photosynthetic-based biofilms in caves.
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Figure 1. Sampling of biofilms in Nerja Cave speleothems. (A) Map of part of the cave and location of the sampling sites. (B) Sampling site 1. (C) Sampling site 2. 
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Figure 2. Heat-map analysis of Nerja Cave biofilms. Taxonomic identifications of Bacteria at phylum level. The phyla are described in the right column and their respective abundances included in the boxes. 
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Figure 3. Heat-map analysis of Nerja Cave biofilms. Taxonomic identifications of Bacteria at class level. The classes are described in the right column and their respective abundances included in the boxes. 
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Figure 4. Heat-map analysis of Nerja Cave biofilms. Taxonomic identifications of Bacteria at order level. The orders are described in the right column and their respective abundances included in the boxes. 
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Figure 5. Heat-map analysis of Nerja Cave biofilms. Taxonomic identifications of Bacteria at families and genera level. The groups are described in the right column and their respective abundances included in the boxes. 
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Table 1. Kingdoms distribution in phototrophic biofilms from Nerja Cave.
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	Kingdom
	1A
	1B
	1C
	2A
	2B
	2C





	Bacteria
	99.8
	100.0
	99.7
	100.0
	100.0
	100.0



	Archaea
	0.2
	0.00
	0.3
	0.0
	0.0
	0.0
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Table 2. Relative abundance of eukaryotes, with higher taxonomic level in bold and lower taxonomic levels in italics.
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Abundance of Sequences (%) *




	
1A

	
1B

	
2A

	
2B






	
Amoebozoa

	
Discosea

	
Dactylopodida

	
17.7

	
2.6

	
0.0

	
0.0




	
Acanthamoeba

	
0.0

	
0.0

	
1.2

	
6.0




	
Balamuthia

	
0.0

	
0.0

	
0.4

	
1.1




	
Schizoplasmodiida

	
uncultured

	
0.0

	
4.7

	
46.2

	
40.8




	
Tubulinea

	
Echinamoebida

	
10.5

	
0.4

	
0.0

	
0.0




	
uncultured

	
uncultured

	
6.8

	
8.3

	
0.0

	
0.0




	
Others

	
uncultured

	
0.0

	
0.0

	
1.2

	
0.0




	
Opisthokonta

	
Holozoa

	
Codonosigidae

	
0.0

	
0.0

	
0.5

	
8.5




	
Rhabditida

	
0.0

	
0.0

	
12.4

	
19.1




	
Fungi

	
Stachybotryaceae

	
0.0

	
0.0

	
0.0

	
3.2




	
uncultured

	
0.2

	
0.2

	
0.2

	
1.4




	
SAR

	
Alveolata

	
Gregarina

	
6.4

	
3.8

	
0.5

	
1.3




	
uncultured

	
0.0

	
0.0

	
1.7

	
0.0




	
Colpodea

	
0.0

	
0.0

	
4.2

	
3.3




	
Rhizaria

	
Heteromita

	
0.0

	
0.0

	
12.2

	
8.2




	
Stramenopiles

	
P34,6

	
0.0

	
0.0

	
0.0

	
2.9




	
Sorodiplophrys

	
0.4

	
0.7

	
5.8

	
1.6




	
Chlamydomyxa

	
0.0

	
0.0

	
4.6

	
0.0




	
Unknown

	
Others

	
Others

	
58.0

	
79.3

	
8.9

	
2.6








* Relative abundance >1% in at least one of the samples.
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