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Abstract

We describe the geochemistry and microbial diversity of a pristine environment that resembles an Acid Rock  

Drainage  (ARD)  but  it  is  actually  the  result  of  hydrothermal  and  volcanic  influences.  We  designate  this  

environment, and other comparable sites, as volcanic influenced acid rock drainage (VARD) systems. The metal 

content and sulfuric acid in this ecosystems stem from the volcanic milieu and not from the product of pyrite 

oxidation. Based on the analysis of 16S rRNA gene amplicons, we report the microbial community structure in the  

pristine San Cayetano Costa Rican VARD environment (pH =2.94-3.06, sulfate ~0.87-1.19 g L-1, iron ~35-61 mg L-

1 (waters); ~8-293 g kg-1 (sediments)). San Cayetano was found to be dominated by microorganisms involved in 

the geochemical cycling of iron, sulfur and nitrogen; however, the identity and abundance of the species changed 

with  the oxygen content  (0.40-6.06  mg  L-1)  along the  river  course.  The hypoxic  source of  San Cayetano is 

dominated  by  a  putative  anaerobic  sulfate-reducing  Deltaproteobacterium.  Sulfur-oxidizing  bacteria  such  as  

Acidithiobacillus or  Sulfobacillus are  found  in  smaller  proportions  with  respect  to  typical  ARD.  In  the  oxic 

downstream we identified aerobic iron-oxidizers (Leptospirillum, Acidithrix, Ferrovum) and heterotrophic bacteria 

(Burkholderiaceae  bacterium,  Trichococcus,  Acidocella).  Thermoplasmatales  archaea  closely  related  to 

environmental  phylotypes  found  in  other  ARD niches  were  also  observed  throughout  the  entire  ecosystem.  

Overall, our study shows the differences and similarities in diversity and distribution of the microbial communities  

between an ARD and a VARD system at the source and along the oxygen gradient that establishes on the course  

of the river.

___________________________________________________________________________________________

Introduction

Study of  Acid  Rock  Drainage (ARD)  sites  has  provided  a  wealth  of  information  about  microbial  populations  

adapted to extreme acidic environments. Most of the known ARD ecosystems in the world have been caused by  

human activity,  especially  mining processes [1-5].  ARD environments  resulting from the exposure of metallic  

sulfide ores to the atmosphere due to mining activities are referred to as Acid Mine Drainage (AMD) sites, while  

the term ARD is usually reserved for systems that are naturally originated. The anthropogenic influence modifies  

the geology, hydrology and biology of the AMD, making it difficult to pinpoint the inherent geochemical and natural  

microbiological conditions of these sites. It is therefore interesting from an ecological and evolutionary point of  



view to study ARD ecosystems without anthropogenic influence. Unfortunately, there are far less studies on the 

geochemistry  and microbiology of  pristine natural  ARD systems.  For example,  the  Pastoruri  Glacier  area  in 

Huascarán National Park (Perú) [6], the Antarctic landmass [7]  and the Tinto river (in Spanish Río Tinto), 

located at the Iberian Pyrite Belt (IPB) of  Spain  [8-11]. In the latter case, although the river and its source are 

located on a site that has been mined for thousands of years [12-13], it has been proposed that the conditions of  

extreme acidity and heavy metal pollution along the river are due to natural processes that were operative before  

mining activities began [12-13]. With the notable exception of Tinto river, access to such remote locations hampers  

their study.

Besides these natural ARD sites, which are clearly associated with the oxidation of sulfide minerals (mostly pyrite),  

there are terrestrial acidic waters associated with hydrothermal springs or volcanic activity where H 2S oxidation or 

SO2 reaction with water produce sulfuric acid and whose geochemistry resemble ARD or AMD sites. These ARD-

like environments share most of their natural composition (low pH, high sulfate, and presence of metals such as  

iron) with that of ARD sites and are of interest because they can be unequivocally assigned to natural causes  

[14,15]. In order to differentiate these locations from the ARD sites we refer to these sites as Volcanic Acid Rock  

Drainage (VARD) environments. In a VARD hydrothermal or volcanic, sulfuric acid promotes the dissolution of  

rock minerals generating water bodies with high content of metals, low pH and high sulfate levels comparable to  

ARD sites produced by pyrite oxidation. However, it is clear that the main geochemical processes that occur in  

ARD and  VARD environments  are  different:  while  in  ARD environments  acidity  and  high  levels  of  iron  are  

produced by oxidation of pyrite, whereas in VARD systems acidity is produced by H 2S oxidation and SO2 water 

reaction, and high levels of iron (and other metals) are produced by the associated rock dissolution. 

Natural ARD environments are characterized by the presence of iron- and sulfur-oxidizing bacteria. For example,  

in the natural ARD formed in the Pastoruri  Glacier area, the presence of  Acidithiobacillus,  a sulfur- and iron-

oxidizing acidophilic bacteria, was detected [6]. Dold  et al. [7] reported the formation of an ARD system in the 

Antarctic landmass due to the activity of psychrophilic acid mine drainage microorganisms found in cold climates, 

specifically Acidithiobacillus ferrivorans and Thiobacillus plumbophilus. Similarly, studies of ARD-like environments 

at Yellowstone National Park [16] and at active volcanoes like Copahue in the Andes [15] have shown many  

parallels to ARD sites where iron- and sulfur-oxidizing microorganisms also predominated.

 



The iron cycle is one of the most important biochemical processes that take place in these environments where  

microorganisms in oxic niches can oxidize ferrous iron with oxygen to generate metabolic energy. Microorganisms  

can also reduce ferric iron (or its minerals) to ferrous iron using organic matter [17]. At the origin of ARD’s like  

Tinto river, dominant organisms such as Acidithiobacillus and Leptospirilllum act as primary producers obtaining 

energy from aerobic  Fe(II)  oxidation to  Fe(III)  complex oxides [10].  However,  once anaerobic  conditions  are  

established in the sediments (or in deep, unmixed water), those same oxides can be used as electron acceptors 

for  reduced  organic  matter  or  other  electron  sources  by  Acidiphilium,  Acidimicrobium,  Ferrimicrobium and 

Ferroplasma [10], completing the iron cycle.

Being part of the Pacific Ring of Fire, Costa Rica’s volcanoes have plenty of acidic volcanic lakes and rivers  

amenable  for  study  [18].  In  the  country,  multiple  extreme  environments  with  different  physicochemical  

characteristics can be found, which fortunately do not have anthropogenic influence [4, 14,18]. Our group’s first 

incursion into these local ARD-like sites was the study of the mineral-laden Sucio river (in Spanish Río Sucio due  

to abundant yellowish Schwertmannite precipitation). Here we found a striking abundance of Gallionella (44%) and 

Ferrovaceae (33%) species [14]. Our result compares well to studies in Tinto river where eighty percent of the  

water column´s bacterial species corresponds to only three bacterial genera: Leptospirillum, Acidithiobacillus and 

Acidiphilium, all involved in iron-cycling [8,19]. Minor levels of other iron-oxidizing bacteria such as Ferrimicrobium, 

Acidimicrobium and Ferroplasma have also been detected in Tinto river [8,19]. 

In addition to the Sucio river,  there are several  yet unexplored extreme environments in the central  volcanic  

mountain range of Costa Rica that we hypothesize correspond to natural ARD-like sites. Their study will increase  

our knowledge of microbial diversity and geochemical processes in these systems. In this particular  study, we 

investigated the geochemical composition as well the microbial community structure (bacteria and archaea) of a  

Costa Rican pristine VARD riverine environment known as San Cayetano.  Based on the analysis of 16S rRNA 

gene amplicons, our results indicate that geochemistry of San Cayetano creek is both the result of volcanic input  

and biological  activity  of  iron-  and sulfur-oxidizing microorganisms distributed along an oxygen gradient .  The 

similarities and differences of these less explored environments with respect  to the typical  ARD systems are  

discussed. 

Materials and Methods



Study Site

The San Cayetano creek is located in a private farm northeast of the Irazu Volcano (Cartago, Costa Rica; Figs. 1 

and 2; Suppl. Video 1). Due to its location within a private property and restricted access ( the farm is already listed 

on the Costa Rican topo maps from the 1960’s),  this  site  has seen little  human influence quite  unlike other 

thermals in Costa Rica which have been heavily visited since the tourism explosion in the 1990’s . As shown in Fig. 

2 and Suppl. Video 1, San Cayetano has its origin in a rocky outcrop within the forest where warm underground 

water emerges. From there, the creek flows for about 3 km to its confluence with Sucio river [14]. Near the origin  

(SC-1 and SC-2), very clear water with a depth of about 1.3 m flows smoothly over a clean gravel riverbed, but  

due to the mountainous relief of the area, 20 meters downstream the water goes through a 6 m waterfall where a  

light-brown microbial mat is formed. From this point on, water flows faster (SC-3 to SC-5) and it is estimated to  

discharge at a rate of about 100 L/s (Baldoni  et al. unpublished).  Permits for sampling were obtained from the 

Institutional Commission of Biodiversity of the University of Costa Rica (resolution Nº 066)  and the owners of the 

property. 

Sampling and field measurements

In  August  2016,  water  samples  were  collected  at  five  different  points  chosen  according  to  their  water  flow  

characteristics  and accessibility along the stream. At each point,  three samples of  water  (1 Liter  each) were  

collected (i.e.  15 total  water  samples;  see Fig.  2):  SC-1 (sampling point  located  at  the origin,  10.032308 N 

83.864449 W), SC-2 (10 meters away from the origin in a slow flowing pond), SC-3 (30 meters away from the  

origin at the base of the first waterfall), SC-4 (600 meters away from the origin) and SC-5 (900 meters away from 

the origin). For sediment sampling, masses between 10 and 50 g were placed into sterile 50 mL centrifuge tubes.  

The sediments were taken at depths not exceeding 15 cm. Because some areas were completely or mostly rocky,  

the amount of sediment taken varies between each sampling point. Thus, rocky SC-1 yielded no sediment for  

collection, yet sediment samples were obtained from the second (SC-2S1, SC-2S2, SC-2S3), third (SC-3S1, SC-

3S2, SC-3S3) fourth (SC-4S1) and fifth sampling points (SC-5S1, SC-5S2, SC-5S3, SC-5S4) for a total of 11  

sediment samples. In the field, the temperature and dissolved oxygen (DO) were measured in water samples with  

a dissolved oxygen meter Model 550A (Yellow Springs Instrument Company Inc, Ohio, USA). pH was measured 



with a pH meter (Scholar 425 pH meter, Corning, Inc., Corning, NY) in the laboratory.  Water samples for chemical 

analysis were collected in clean glass bottles, chilled on ice, and stored at 4 ºC until analysis. Water samples for  

microbial community analysis were collected in clean and sterile bottles, and processed within less than 24 h.

Geochemical Analysis

For  chemical  analysis,  water  samples were  filtered  with  polycarbonate  membrane filters  (0.45 µm;  Sartorius  

23006-47N) before analysis.  The sediments (0.2-0.3 grams of each) were subjected to acid digestion with a  

mixture of hydrochloric acid, nitric acid, hydrofluoric acid and boron in a MARS 6 microwave system (CEM Corp.,  

USA) using the application for rocks and cements. After digestion, the sample was diluted to 100.00 mL and 

filtered with polycarbonate membrane filters (0.45 µm; Sartorius 23006-47N) before analysis by ICP-MS. Major  

anionic components (Cl-, F-, NO3
-, SO4

-2) in the water samples were analyzed by ion-exchange chromatography 

(IC, MIC-II, Metrohm Co., Switzerland) using an anionic exchange resin (Metrosep A Supp 5 - 100/4.0). Operating 

conditions were a mobile phase at 33 °C, Na2CO3 (3.2 mM) / NaHCO3 (1.0 mM) and flow rate 0.7 mL/min. The 

anions were identified and quantified relative to certified commercial standards (Certipur ®Anion multi-element  

standard I, II, Merck, Germany). On the other hand, elemental components (Al, As, Cd, Ca, Cu, Cr, Fe, Mg, Mn, 

Ni,  Pb,  K,  Na)  were  analyzed  by  inductively-coupled-plasma  mass  spectrometry  (ICP-MS,  Agilent  7500 

instrument, Agilent Technologies, Tokyo, Japan) using a certified multi-element stock solution (Perkin-Elmer Pure 

Plus standard, product number 9300233). All determinations were made with three independent samples and the  

reported results correspond to their average. The uncertainty () was calculated using the standard deviation (s) 

of the three repetitions (n = 3) with a coverage factor K = 2.

Total DNA isolation, construction of 16S rRNA gene libraries and Illumina sequencing 

The three water samples from each sampling point (3 x 1L each) were pooled and filtered through a vacuum 

system under sterile conditions using a membrane filter (pore size 0.22 μm; Millipore, GV CAT No GVWP04700). 

To prevent rupture, another filter membrane (pore size 0.45 μm; Phenex, Nylon Part No AF0-0504) was placed 

below. The upper filter was collected and stored at -80 °C until processing. DNA extraction was performed on the  

entire filter. For this, the filter was cut into pieces aseptically, the pieces separated into groups and each group  

individually  extracted with  a  DNA isolation kit (PowerSoil®,  MoBio,  Carlsbad,  CA, USA) as described by the 



manufacturer. DNA extracted from all filter pieces was pooled for the following stages. To process the sediments,  

a representative sample of 500 mg (obtained by homogenization with vortex and then through grid sampling) was  

collected from 10-50 g of each wet sediment (i.e.  from the 11 samples) and DNA extracted using the same  

protocol. Cell lysis was accomplished by two steps of bead beating (FastPrep-24, MP Biomedicals, Santa Ana,  

CA,  USA)  for  30  s  at  5.5  m s−1.  For  the  construction  of  microbial  16S rRNA amplicon  libraries,  the  V5-V6 

hypervariable  regions were PCR-amplified with universal  primers 807F (5’-GGATTAGATACCCBRGTAGTC-3’) 

and 1050R (5’-AGYTGDCGACRRCCRTGCA-3’)  [20]. The barcoding of the DNA amplicons and the addition of  

Illumina adaptors were conducted by PCR from approximately 1-10 ng of total DNA as described previously [21].  

The PCR-amplified amplicons were verified by 1% agarose gel electrophoresis, purified using the QIAquick Gel  

Extraction  Kit  (Qiagen,  Hilden,  Germany)  and  quantified  with  the  Quant‐iT  PicoGreen  dsDNA  reagent  kit 

(Invitrogen,  Darmstadt,  Germany).  The individual  amplicons were pooled to  equimolar  ratios (200  ng of  each 

sample) and purified with the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Finally, PCR-generated  

amplicon libraries were subjected to 250 nt paired-end sequencing on a MiSeq platform (Illumina, San Diego, CA,  

USA).

Bioinformatic and phylogenetic analysis of 16S rDNA amplicon data

The sequence data were deposited in the sequence-read archive (SRA) of GenBank under the BioProject ID  

PRJNA616297.  Bioinformatic processing was performed as previously described [22]. Raw reads were merged 

with  the  Ribosomal  Database  Project  (RDP)  assembler  [23],  obtaining  overall  530,413  paired-end  reads . 

Sequences  were  aligned  within  MOTHUR  (gotoh  algorithm  using  the  SILVA  reference  database;  [24])  and  

subjected to preclustering (diffs=2) yielding the so-called operational taxonomic units (OTUs) or phylotypes that  

were filtered for an average abundance of ≥0.001% and a sequence length ≥250 bp before analysis. OTUs were 

taxonomically classified into the SILVA v132 taxonomy [25] as reported by the SINA classification tool [26]. OTUs  

were assigned to a taxonomic rank only if their best hit in the SILVA database [27] had an identity higher than the  

threshold established by Yarza et al. [28] for that rank (94.5% for genus, 86.5% for family, 82.0% for order, 78.5% 

for class and 75.0% for phylum).  Moreover, the sequences of some highly abundant OTUs were also manually  

examined by means of BLASTN [29] against the non-redundant and against the bacterial and archaeal 16S rRNA 

databases. The statistical analyses and visualizations were performed in R [30]. We used Vegan [31] to calculate  

alpha  diversity  estimators,  non-metric  multidimensional  scaling analyses,  (NMDS).  Data tables  with  the OTU 



abundances per sample were normalized into relative abundances and then converted into a Bray–Curtis similarity  

matrix. The effects of the environmental factors on the bacterial community composition were evaluated with non-

parametric  multivariate  analysis  of  variance  (PERMANOVA)  and  pairwise  PERMANOVA  (adonis  function  in  

package Vegan with 999 permutations). The homogeneity of group dispersions was also checked for the factors  

analyzed with the betadisper and (pairwise) permutest function.

Results and Discussion

Physicochemical analysis of San Cayetano stream

Stream water in the 0.9 km section of the San Cayetano rock drainage system (Fig. 1) had a constant pH of 3.0 ± 

0.1 (Table 1) and temperatures of ~38 ºC at SC-1 (source) to ~30 ºC in SC-5 (Fig. 2). A prominent gradient in the  

oxygen concentration was observed throughout San Cayetano creek: in SC-1 conditions were hypoxic (0.40 mg L-

1 O2 corresponding to an oxygen saturation of 6.6% at the temperature and pressure of the sampling site), while at  

the last sampling point SC-5 water had become oxic (6.06 mg L-1 O2; 81% O2 saturation). In points SC-4 and SC-5, 

the creek has already flowed more than 600 meters and through air contact has increased its dissolved oxygen  

content. Water turbulence and waterfalls like the one existing after point SC-2 are responsible for a fairly oxic  

stream. 

Water samples (Table 1) contained sulfate (∼0.87-1.19 g  L-1), total iron (∼35-61 mg L-1; ferrous and ferric iron 

species were not measured separately), manganese (∼1.98-2.05 mg L-1), aluminum (∼33-45 mg L-1), chromium 

(∼29-33 g L-1), zinc (∼109-121 g L-1), arsenic (∼11.3-20.8 g L-1) and magnesium (∼58-64 mg L-1). Most of 

these concentrations are much higher than those of freshwater rivers used for human activities in Costa Rica [32]  

but are comparable the amounts found in ARD environments [4]. As expected, sediment samples also contain  

significant amounts of several metals measured in high concentrations in water samples (see above, according to  

reference [32]) like manganese (8-49 mg kg-1), aluminum (1.6-4.6 g kg-1), chromium (21-74 mg kg-1) and zinc (9-14 

mg kg-1) (Table 2). Notably, sediment samples showed a significant increase in iron content (8-293 mg kg -1) as the 

river flows downstream (Table 2). Accordingly, SC-2S sediments (10 meters far away from the origin) had much 

less iron (8 ± 1 mg kg-1) than sediments in SC-3S (30 meters far away from the origin; 195 ± 35 mg kg-1), SC-4S 



(600 meters far away from the origin; 220 ± 32 mg kg-1) and SC-5 (900 meters far away from the origin; 293 ± 49 

mg kg-1). As the river progresses we then observe a steady increase in iron precipitation.

The low [total iron]/[sulfate] ratio and the absence of visible precipitated iron minerals (see Figs. 2a,b) as it occurs  

in Sucio river with the iron-oxyhydroxysulfate Schwertmannite [14], suggests that much of the sulfate is produced 

from volcanic sources (i.e., from biotic and/or abiotic H2S oxidation and SO2 water reaction) rather than being the 

result of oxidation of pyrites or other metal sulfides.  For example, in the Tinto river ARD system the [FeTotal]/[SO4
-2] 

molar ratio is 0.58 at the origin and only decreases to 0.29 downstream [10] as expected from the 0.5 ratio from  

oxidation of pyrite FeS2 (1:2 molar ratio Fe:S, i.e. 0.5).  However, in the San Cayetano stream we measure much  

lower ratios as small as 0.07 at the origin and 0.07-0.12 downstream. These ratios are similar to those observed at  

Copahue’s river sites (ratios 0.15 - 0.06) [15]. The moderately-high water temperature (~38 ºC) at the origin of San 

Cayetano  also  indicates  hydrothermal  influence.  These  observations  suggest  that  the  extreme  conditions  

observed in San Cayetano are likely due to the discharge products of volcanic or hydrothermal activity into the 

water bodies of the river, a feature well described in geology [33]. Thus, considering our data and the geological 

information of the Irazu-Turrialba volcanic complex [34-38] it is reasonable to propose that the acidic aquifer at  

San  Cayetano  (as  well  as  other  acidic  hot  springs  in  the  northern  flank  of  Irazu  Volcano)  results  from the  

interaction of meteoric water from the aquifer and the magmatic system. Magma degassing usually produces SO2, 

HCl and HF gases that hydrolyze generating highly acidic hydrothermal-magmatic fluids. Large amounts of sulfuric  

acid are produced by the high temperature disproportionation reaction 3 SO 2 + 3 H2O → 2 H2SO4 + S [33] which 

acidifies the hydrothermal water and dissolves the andesite rocks that have been reported as the most common in  

the area [34-38]  partially neutralizing the acid to pH~3 [39, 40].  We do not expect sulfur deposits because it is 

something that occurs near the magma chamber. Sulfur, which is insoluble, stays in the volcano and gaseous SO 2 

mixes with water. Rock dissolution contributes iron, manganese, aluminum and other rock-forming elements to the  

water, which is consistent with our results (Tables 1 and 2). Other acid sources like  biotic and/or abiotic H2S 

oxidation could  also be minor  contributors  to  the acidity  of  infiltration on the volcanic  slope.   San Cayetano 

resembles ARD sites,  with the important difference that its acidity and metallic content is produced abiotically 

rather than from microbe-mediated metal sulfide-rock dissolution (as occurring in Tinto river). Thus, as mentioned 

above we refer to this kind of sites like as Volcanic Influenced Acidic Rock Drainage (VARD) systems. 



In summary, the physicochemical parameters of San Cayetano suggest that:  (i)  the selected sampling points  

describe a gradient of increasing oxygen concentration starting at the origin with almost anoxic conditions (i.e.  

hypoxic, 0.40 mg O2 L-1 corresponding to an oxygen saturation of 6.6%), (ii) the iron content in the sediments 

increases  as  the  river  flows  downstream  (8-293  mg  kg-1)  and  (iii)  San  Cayetano  has  the  typical  chemical 

composition of an ARD environment but with an important contribution of sulfuric acid generated by volcanic  

processes whereby we define it as a volcanic influenced acid rock drainage (VARD) system.

The concentrations of dissolved oxygen along the river shape the microbial community of San Cayetano

In spite of the acidic conditions and high concentrations of sulfate, iron and toxic metals, we identified 1904  OTUs 

in this ecosystem from 530,310 16S rRNA gene sequences (excluding singletons). These OTUs were assigned to  

36  phyla  and  177  families  from both  bacteria  and  archaea  (Fig.  3  and  Supplementary  Table  1).  The  most 

abundant phylogenetic groups of bacteria were Gammaproteobacteria (40.2%), Actinobacteria (9.1%), Nitrospirae  

(6.4%)  and  Firmicutes  (6.2%)  while  the  most  abundant  phylogenetic  group  of  Archaea  was  Euryarchaeota  

(10.0%). However,  we  detected important  differences  in  the  microbial  community  composition  between  the 

different sampling sites (Fig. 3). We also observed that 63% of the samples presented richness values  greater 

than  500  OTUs,  and  that  88%  of  the  samples  presented  values  of  the  Shannon  index  greater  than  3 

(Supplementary Figure S1).

The  taxonomic composition of San Cayetano had a remarkable relative abundance (4.1-14.6%) of unclassified 

microorganisms in the water and sediment samples, especially in the water taken at the first two sampling points  

that had low dissolved oxygen concentrations (<0.50 mg L-1).  Nevertheless, we could detect the presence of 

microorganisms  commonly  found  in  ARD  environments  like  iron-,  sulfur-,  sulfide-  and  thiosulfate-oxidizing  

bacteria. The physicochemical analysis of waters revealed that oxygen was the chemical species that showed the 

greatest changes during the course of the river. Thus, we resolved to apply non-parametrical analyses of the  

microbial  composition based on the oxygen content.  Permanova results  showed significant differences in the  

community structure at the OTU level (Permanova, P=0.001) along the oxygen gradient.  NMDS analyses also 

indicates a prominent role of oxygen in shaping the structure of the microbial communities in the VARD ecosystem  

(Fig. 4). We observed a clear separation of the samples according to the oxygen content. The difference between  

microbial communities in the water column compared to those in sediments was also significant (Permanova,  

P=0.018). The water samples near the origin (SC-1 and SC-2) that contain very little concentrations of oxygen 



showed very similar  microbial communities. They were, however,  clearly distinct from the communities in the  

respective  sediments  (SC-2S1,  SC-2S2 and  SC-2S3).   As  expected,  samples  from the  third  sampling  point  

(containing intermediate levels of oxygen) did not group with SC-1 and SC-2 (low oxygen) nor with SC-4 and SC-5  

(high oxygen). Whereas the respective sediment communities were similar (SC-3S1, SC-3S2 and SC-3S3) they  

were distinct from water samples from the same sampling spot (SC-3). Finally, the water samples of points four 

and five, as well as their sediments clustered together. The last two sampling points are characterized by very  

similar aerobic conditions, so it is expected that the microbial community in these sites is similar.

To detect the interactions between the concentration of metals in sediments and the structure of the microbial  

(both bacteria and archaea) communities (at OTU level) we performed a canonical correspondence analysis and  

used the envfit function of package Vegan to get the p-value of correlation of each variable with overall community 

structure. The results of this analysis are shown in Supplementary Figure S2 and are consistent with previous  

results  showing  significant  differences  in  the  composition  of  the  communities  along  the  river.  As  the  flow 

progresses, there was more oxygen in the water column and a considerable increase of iron in the sediments,  

particularly in sediments of sites four and five. On the contrary, as the distance from the river's origin increased,  

we observed a reduction in the temperature of the water and in the concentration of manganese, nickel, lead and  

copper in the sediments. 

 As mentioned above, at the first sampling point (SC-1), which corresponds to the source, it was not possible to  

obtain sediment samples and the water contained only 0.40 mg  L-1 O2. The microbial community of the water 

sample (SC-1 in Fig. 5 and  Supplementary Table 1)  was dominated by an unclassified Deltaproteobacterium 

(OTU_SC0012; 14.8% of the total reads i.e. relative abundance in SC-1), with the partial 16S rDNA sequence  

showing high (97.2%) similarity to environmental OTUs obtained from other ARD environments such as Tinto  

river, Spain (NCBI accession FN862110), the TongLing acid mine drainage (NCBI accession KC749174) and the  

Dexing  Copper  Mine  in  China  (NCBI  accession  EF409870).  Interestingly,  the  16S  rDNA  sequence  of  this  

Deltaproteobacterium  was  also  similar  (96.8%)  to  that  of  the  uncultured  phylotype  K5_62  (NCBI  accession  

EF464599; Desulfovirga adipica strain TsuA1), which has been proposed to represent a novel type of acidophilic  

sulfate-reducing bacteria [41]. Given the high concentrations of sulfate in the origin of San Cayetano (~1.19 g L-1), 

the presence of microorganisms capable of using this oxyanion as the terminal electron acceptor is expected. 



The second most abundant microorganism in the origin of San Cayetano (OTU_SC0019; 14.5%) corresponds to 

an unclassified bacterium. The 16S rDNA sequence revealed that the first 183 nucleotides of the sequenced  

fragment  share  96.7%  of  similarity  with  Sulfobacillus  thermosulfidooxidans,  while  the  rest  of  the  sequence 

corresponds to a low complexity, GC-rich DNA region that does not match with any other sequence within the non-

redundant nucleotide collection (Supplementary Table S1). We therefore manually curated the sequence of this  

OTU  and  we  reassign  it  within  genus  Sulfobacillus (Fig.  5).  These  bacteria  are  Gram-positive,  moderately 

thermophilic, facultative anaerobic [42] acidophiles that grow in sulfurous and sulfidic environments. It has been  

previously reported that they attach to sulfide mineral surfaces, which may promote faster sulfide oxidation [43].  

Sulfobacillus species  are  also  involved  in  ferrous iron  oxidation  [44,  45].  In  addition  to  these  two  highly 

represented genera in  the water  samples of the origin of  San Cayetano, we identified other microorganisms  

related to acidophilic, sulfur- and iron-oxidizing bacteria, such as  Acidithiobacillus (OTU_SC0016;  12.5%).  This 

genus includes chemolithotrophic bacteria capable of oxidizing sulfide to sulfate, coupling this reaction to ferric  

iron (under anoxic conditions) or oxygen (under oxic conditions) reduction [46-48]. Together with Acidithiobacillus, 

another  putative  chemolithotrophic  sulfur  oxidizer  from the  family  Hydrogenophilaceae was  observed  in  high 

relative abundance in the water sample SC-1 (OTU_SC0015; 8.9%). This organism is closely related to a group of  

bacteria capable to obtain energy by the oxidation of sulfur compounds with oxygen or nitrate as the terminal  

electron  acceptor, including  Sulfuritortus  calidifontis (93.2%  of  similarity  according  to  BLAST),  Annwoodia 

aquaesulis (92.8% similarity) and Thiobacillus thioparus (92.4% similarity) [49, 50].

Two archaea from the order Thermoplasmatales were detected amongst the most abundant microorganisms in  

the water samples from SC-1  (OTU_SC0008;  6.6% and  OTU_SC0010;  5.0% of total SC-1 reads). Both OTUs 

phylotypes share high 16S rDNA sequence similarity to environmental OTUs detected in other ARD niches such  

as the Tinto river (NCBI accession FN862291), the hydrothermal ponds in the Copahue region in Argentina (NCBI 

accession JX989254) or the Kamchatkan hot springs in Russia (NCBI accession JF317816). The closest isolates 

in both cases belong to the genus Cuniculiplasma (Fig. 5 and Supplementary Table 1).  Archaea from the order 

Thermoplasmatales  are  considered  as  acidophiles  that  generally  grow  at  pH  less  than  4  [51].  Specifically,  

Cuniculiplasma is  classified as facultative anaerobic,  organotrophic and mesophilic where the only isolate (C. 

divulgatum) was obtained from acidic streamers formed on the surfaces of copper-ore-containing sulfidic deposits 

in  south-west  Spain  and  North  Wales,  UK  [52]. Other  species  of  the  order  Thermoplasmatales  such  as 

Thermoplasma  acidophilum [53],  Thermoplasma  volcanium [54],  Thermogymnomonas  acidicola  [55],  and 



Picrophilus torridus [56, 57] have been obtained from solfataric hydrothermal areas or acidic streamers containing  

sulfidic deposits, i.e. sulfur-rich environments. Thus, it is likely that the two Thermoplasmatales OTUs found at the 

spring waters of San Cayetano are also involved in sulfur metabolism. 

At the second sampling point (SC-2), just 10 meters from the origin, the content of dissolved oxygen increases  

only slightly (0.50 mg L-1 O2, 7.7% O2), so the microbial community does not change drastically. In this site, the 

microorganisms found in SC-1, i.e., Acidithiobacillus (16.2%), the putative sulfate-reducing Deltaproteobacterium 

(15.9%),  both  Thermoplasmatales  archaea (OTU_SC0008;  10.9%  and  OTU_SC0010;  8.9%),  and  the 

Sulfobacillus (6.9%),  are  maintained  in  a  major  proportion.  At  this  sampling  point,  it  was  also  possible  to 

characterize the microbiota in the sediments which consisted of coarse sand.  The most abundant microorganism 

in all the sediment samples at SC-2 was an unclassified Anaerolineae bacterium (OTU_SC0006) distantly related  

to members of the genera Anaerolinea (89.8% similar to Anaerolinea thermolimosa), Ornatilinea (88.0% similar to 

Ornatilinea apprima)  and Caldilinea (85.5% similar  to  Caldilinea aerophila).  Members of  these genera of  the 

Chloroflexi phylum are reported as chemo-organoheterotrophic organisms, which thrive in very diverse habitats  

such as hot spring aquifers [58] or anaerobic wastewater sludge [59, 60]. Interestingly, we could also observe the 

presence of members of the genus Geothrix in the sediments of sampling point 2 (OTU_ SC0021, 1.4% of relative 

abundance in  SC-2S1,  8.2% in  SC-2S2 and 8.1% in  SC-2S3).  Only  one  species from this  genus,  Geothrix 

fermentans, has been isolated to date. It is a strict anaerobe capable to oxidize a wide variety of organic acids with  

ferric iron serving as the sole electron acceptor [59]. The observed Geothrix organisms could play a very important 

role in the sediments of the San Cayetano ecosystem, not only by the oxidation of organic matter but also in the  

dissolution of ferric iron. This idea is consistent with the iron detected in the sediments of sampling point 2 (8 g kg -

1; see Table 2). By doing so, the ferrous iron produced in the reduction process (mediated by Geothrix) becomes 

soluble  and available  for  iron-oxidizing bacteria  along the river  course.  Other  microorganisms related to  iron  

metabolism (e.g. genera Geobacter, Leptospirillum, Ferritrophicum) were detected in small amounts (<1%) in the 

waters and sediments of SC-2.

Besides one of the Thermoplasmatales found also in the water sample (OTU_SC0008), another archaeon of the 

same order appeared as highly abundant in the sediments of SC-2 (OTU_SC0004; Fig. 5) . Albeit it also belongs to 

an  unclassified  species,  it  16S rDNA sequence  shows high  (99.2%)  similarity  to  those  environmental  OTUs 

obtained from the  Kamchatkan  hot  springs  (NCBI  accession  JF317816)  or  the sulfuric  ponds of  the  Tatung  



Volcano area in Taiwan (NCBI accession FJ797335). The most closely related isolates OTU are those of the  

Picrophilus genus (90.7% similarity to both P. torridus and P. oshimae) [56].  These microorganisms represent the 

most acidophilic organisms known, with the ability to survive at a pH around 0 [56, 62]. Strains of this species were  

first isolated from a dry solfataric field in Japan [62]. Thus, it is possible that both Thermoplasmatales archaea take 

some part in the metabolism of sulfur in the sediments at this sampling point. 

In summary, in the hypoxic zone of San Cayetano we see microbes that are known for using sulfate and oxidized  

minerals as electron acceptors for their metabolism and can promote iron and sulfur cycling. The presence of iron-  

and sulfur-oxidizing microorganisms characteristic of ARD sites in San Cayetano’s hypoxic source does seem 

contradictory until one realizes that the spring does have a meteoric water contribution and the aquifer recharge  

zone is on the slope of an active volcano. The fact that sulfate concentrations remain high could indicate that the  

ecosystem is not limited by the availability of electron acceptors, which would be consistent with the low amounts  

of  dissolved  organic  carbon  that  are  characteristic  of  hydrothermal  fluids  [63].  Instead,  organisms  such  as 

Sulfobacillus, Acidithiobacillus or some Deltaproteobacteria could be fixing inorganic carbon [64-66], which could  

in turn be used by heterotrophs such as  Cuniculiplasma as it  has been described elsewhere [67]. Under this 

hypothesis of carbon deprivation, hydrogen would be the most  likely energy source driving autotrophy in the  

hypoxic zone of San Cayetano. Indeed, the OTUs detected in that region belonged to known hydrogenotrophic  

taxa [66, 68, 69] and high hydrogen concentrations are typical of hydrothermal fluids, including those in Costa Rica 

[70].

At the third sampling point (30 meters from the source, 20 m after a small waterfall) there is a significant change in  

the oxygen content (3.77 mg L-1 O2; 58% O2 saturation) as well as in the microbial community. Interestingly, the 

water sample (SC-3) is dominated by two Gammaproteobacteria accounting for more than 55% of the microbial  

community: a bacterium of the genus Ferritrophicum (OTU_SC0007; 33.2%) where members are characterized by 

their  capability of metabolizing iron compounds, and an unclassified Burkholderiaceae (OTU_SC0001; 25.1%)  

(Fig. 5). Of the genus Ferritrophicum only one species (F. radicicola) has been reported. This corresponds to a 

neutrophilic  bacterium, which uses ferrous iron as an energy source for  lithotrophic  growth.  Remarkably,  this  

microaerophilic bacterium was isolated from a plant growing in an acid mine drainage system [71]. The presence  

of Ferritrophicum at site SC-3 is puzzling because it is reported as a neutrophilic iron oxidizer. We reassessed the  

site and found that water runoff from nearby meadows can join the main stream at this point and this is an area of  



high rainfall. On the other hand, species of the Burkholderiaceae family occupy various ecological niches and 

perform  very  diverse  metabolic  functions  (e.g.  nitrogen  fixation,  aromatic  compound  catabolism,  etc )  [72]. 

Therefore, it is difficult to assign a specific role to this generalist Betaproteobacterium in the San Cayetano VARD.  

The Acidithiobacillus  and the two Thermoplasmatales observed in the waters of SC-2 were also present at this  

sampling point, however, in lower relative 16S rRNA gene abundance (Acidithiobacillus 1.9%; Thermoplasmatales 

archaea (OTU_SC0008; 4.7% and OTU_SC0010; 4.5%).

At SC-3 decomposing tree branches and leaves accumulate at the bottom of the creek and there was the first hint  

of a light tan organic layer on top of the gravel bed. The sediments of SC-3 showed the presence of  the same 

Burkholderiaceae bacterium (OTU_SC0001)  found  in  the  water  sample,  as  well  as  the  Thermoplasmatales 

archaea (OTU_SC0004 and OTU_SC0008, respectively) found in the sediments of SC-2 (Fig. 5). The presence of 

these two archaea suggests their capacity to adapt to a wide range of oxygen conditions. In addition, we observed 

a high relative abundance of a Gammaproteobacterium that clusters within the Acidithiobacillaceae group RCP1-

48 (OTU_SC0009).  Members from this group have been previously detected in the sediments of other ARD  

habitats like Tinto river [3] or the Los Rueldos mercury underground mine in Spain [73], and it has been suggested  

that  they  could  have  an  important  role  in  the  oxidation  of  iron  and  sulfur  compounds  [73].  Besides  those  

microorganisms,  the  sediments  host  a  member  of  the  genus  Leptospirillum  (OTU_SC0003),  and  the  same 

Ferritrophicum sp. found in the water sample. Particularly, the presence of Leptospirillum has been widely reported 

in  ARD  environments where  it  catalyzes  ferrous  iron  oxidation,  accelerating  ferric  iron-mediated  oxidative 

dissolution of sulfide minerals and thus the formation of ARD [74].  Due to their  extraordinary characteristics,  

Leptospirillum species  have  been used  throughout  the  world  in  industrial  bioleaching  operations  [75,  76].  In 

summary, at sampling point SC-3 we observe an important increase of heterotrophic and iron-oxidizing bacteria,  

while  anaerobic  sulfur  oxidizers  decreased  (compared  to  samples  SC-1  and  SC-2).  This  observation  also  

correlates with the increase of the oxygen concentration at SC-3 (see table 1 and Fig. 4). The abundance of  

ferrous iron produced by rock dissolution, and the excess acid from magmatic sources set the stage here for iron-

oxidizing  acidophiles  to  appear  in  San  Cayetano.  Also,  heterotrophic  microbes  begin  to  capitalize  on  the  

availability of organic matter from the adjacent forest and meadows carried into the stream by the rain. Even  

though  dissolved  organic  carbon  (Corg)  measurements  are  required  to  properly  validate  the  function  of  

heterotrophic  microbes in  San Cayetano,  Figure 2  shows decomposing organic  matter  and even underwater 

mosses down the creek.



Finally, the sampling points four and five are representative of the stream steady state characteristics and are 

located 600 m and 900 m from the origin, respectively. Both have similar high oxygen contents and very similar  

microbial composition (Figs 4 and 5). The oxygen content was 5.85 mg L -1 O2 (82% O2 saturation) and 6.06 mg L-1 

O2 (81% O2) respectively. The microbial community in those waters is dominated by the same Burkholderiaceae 

bacterium found in SC-3 (36.9% in SC-4 and 30.0% in SC-5), followed by the  Leptospirillum sp. present in the 

sediments  of  SC-3  (18.3%  in  SC-4  and  11.4%  in  SC-5).  In  addition,  we  detected  large  quantities  of  the  

heterotrophic acidophilic Acidithrix (OTU_SC0005; 7.58% in SC-4 and 11.88% in SC-5). Acidithrix ferrooxidans is 

the  only  species  from this  genus  that  has  been  described  to  date. This  bacterium carries  out  dissimilatory 

oxidation  of  ferrous  iron  under  aerobic  conditions,  and  the  reduction  of  ferric  iron  under  micro-aerobic  and  

anaerobic conditions [77].  Given the oxic conditions of SC-4 and SC-5, it can be assumed that the  Acidithrix 

detected in both water samples contributes to the oxidation of ferrous iron. These conditions are very appropriate 

also for the obligate aerobe Leptospirillum sp. (see above) and for other iron-oxidizing bacteria present in these 

samples in minor abundance (i.e.  Ferrovum spp.). The presence of high levels of iron at sediments of sampling 

points 4 and 5 (Table 2; i.e. SC-4S 220 ± 32 g kg-1 and SC-5S 293 ± 43 g kg -1) is consistent with the large number 

of iron oxidizers found in the waters. We hypothesize that the activity of iron-oxidizing microorganisms favors the  

precipitation of ferric minerals, so the levels of iron in the sediments are increased ~30 times compared to that  

observed in hypoxic conditions (point SC-2S in Table 2 i.e.  8 g kg -1 of  iron).  In addition, other heterotrophic 

bacteria from the genera Trichococcus and Acidocella were found in the water from sampling points SC-4 and SC-

5, respectively.

Similar to the water samples, the sediments obtained from SC-4 and SC-5 showed a similar microbial composition 

among them (Fig. 5). Here, the beige-colored organic deposit becomes thicker and slowly gives rise to a cover of  

underwater moss as seen in Fig. 2. The most prominent organism in both samples is a Gammaproteobacterium of  

the genus Metallibacterium (OTU_SC0002). Once again, this genus has only one reported species (M. scheffleri) 

and has been very poorly studied. Among the few known metabolic functions of this species, it is known that it is  

capable of reducing ferric iron, but does not oxidize ferrous iron in anoxic conditions [78]. This is also consistent  

with the high levels of iron found in the sediments of these sampling points (see Table 2). We hypothesize that iron  

precipitates as a ferric mineral so that iron(III) can be used by iron-reducing microorganisms such as members of  

the genus Metallibacterium. We also observed a high abundance of some of the microorganisms identified in the  



water samples from sampling points SC-4 and SC-5, such as the  Burkholderiaceae bacterium,  Acidithrix sp., 

Leptospirillum sp. and  Ferrovum sp. Other  microorganisms  found  in  the  sediments  of  SC-5  were  a 

Gammaproteobacterium  (OTU_SC0013) from the uncultured group KF-JG30-C25  and another Actinobacterium 

(OTU_SC0020) whose closest isolate (91.4% similarity) is the heterotrophic ferric  iron reducer  Aciditerrimonas 

ferrireducens [79]. Specifically, members of KF-JG30-C25 group have been detected in ARD habitats such as the  

uranium mining waste pile at Johanngeorgenstadt in Germany [80]. Just as in ARD rivers like Tinto river, here we  

observe a much more complex system with active iron oxidation on the top of the sediment and in the water  

column occurring simultaneously with iron and sulfur cycling within the sediment, due to the availability of reduced 

carbon.

Conclusions

The structure of the microbial community in San Cayetano undergoes important changes  as a function of the 

oxygen gradient observed in the distinct water samples.  At the origin of the river (SC-1 and SC-2), the microbial  

profile  is  dominated  by  putative  anaerobic,  sulfur-oxidizing  microorganisms  (such  as  Sulfobacillus  sp., 

Acidithiobacillus  sp.), a  putative sulfate-reducing Deltaproteobacterium and a Hydrogenophilaceae bacterium. In 

the origin of San Cayetano, we hypothesize that the main electron acceptor is sulfate (see Fig. 6) and therefore we  

find as the dominant microorganism a putative sulfate-reducing Deltaproteobacterium. Furthermore, the recently 

deposited  volcanic  materials  at  the  aquifer  recharge  area  are  a  likely  habitat  for  sulfur  oxidizers  ( such  as 

Sulfobacillus sp., Acidithiobacillus sp). At the third sampling point (SC-3), the oxygen content increases eight-fold 

(from 0.40 mg L-1 to 3.77 mg L-1), also generating a drastic change in the microbial community of both waters and  

sediments.  Most  of  the  sulfur-oxidizing taxa found at  the origin  of  the river  are  substituted by iron oxidizers  

(Leptospirillum  sp.)  and  heterotrophic  microorganisms  (Burkholderiaceae bacterium).  After  600  meters 

downstream from the origin of San Cayetano, the river is completely oxygenated. Consequently,  the last two  

samples (SC-4 and SC-5) are totally dominated by aerobic microorganisms, mostly representing heterotrophic  

metabolism (Burkholderiaceae bacterium,  Trichococcus sp.  Acidocella sp.) or iron oxidation (Leptospirillum  sp., 

Acidithrix  sp., Ferrovum spp.) (Fig. 6). Ferrous iron input from the deep hydrothermal source becomes now the 

main electron source for lithotrophs but input of reduced carbon from the surrounding slopes allows for sulfur and  

iron reducers to appear in the sediments, a role that in Tinto river is assumed by its extensive eukaryotic biomass 

[81]. In summary, San Cayetano shows how the key actors responsible for the iron and sulfur cycle change as a  



function of oxygen content. 

Perhaps the main difference between the San Cayetano volcanic spring and other natural, pristine ARD sites is  

that in the latter, sulfuric acid and metal content are a consequence of the microbial oxidation of sulfide minerals.  

In VARD sites both the acid and metallic content are produced abiotically at high temperatures, with the later  

incorporation  of  chemolitotrophic  microbes  and  with  little  or  no  sulfide  available  initially.  Specialized  pyrite-

oxidizing microorganisms are therefore not as dominant as the iron oxidizers. Water infiltration from the volcanic  

slope (or from volcanic lakes in other cases) is likely the source of some of the ARD-like microbes as observed in 

San Cayetano, and we can assume it will be dominated by sulfur oxidizers characteristic of volcanic environments.  

These factors seem to separate iron oxidation from sulfur oxidation processes in time and in space, and therefore  

we  can  expect  to  find  different  proportions  of  the  associated  microbes  according  to  the  local  geology  and  

contributions of hydrothermal and meteoric water sources. 

We will continue the study of unexplored extreme sites in Costa Rica, in order to understand the role of microbiota  

in  these environments.  Some are reasonably  accessible  but  others  will  require  considerable  exploration and  

fieldwork. However, their potential as a knowledge source will surely pay. How variable are the extreme sites in  

Costa  Rica  in  terms  of  their  geochemical  characteristics?  How  wide  is  the  microbial  diversity  in  these  

environments? Are there patterns between sites that can relate geology, geochemistry and microbiota? These are 

some of the questions that our research group tries to answer taking advantage of the many existing ecosystems  

in Costa Rica.
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Tables

Table 1. Physical properties and geochemical composition of San Cayetano waters. SC-1 corresponds to 

pore  water  (the  origin)  while  samples  SC-2  to  SC-5  correspond  to  surface  water.  Major  anionic 

components were analyzed by IC and elemental components by ICP-MS.

Property and Element/Ion SC-1 SC-2 SC-3 SC-4 SC-5

Temperature (ºC) / ± 0.1 38.0  38.2  37.8  32.7 29.7

pH / ± 0.1 3.0 2.9 3.0 3.1 3.0

Dissolved oxygen 

(mg L-1)/ ± 0.01

0.40 0.50 3.77 5.85 6.06

Aluminum (mg L-1) ± 5 41 33 41 34 45



Arsenic (g L-1) ± 0.7 19.2 20.8 20.7 12.9 11.3

Cadmium (g L-1) < 0.11 < 0.11 < 0.11 < 0.11 < 0.11

Calcium (mg L-1) ± 2 4 4 4 4 3

Chloride (mg L-1) ± 10 246 203 227 200 222

Copper (mg L-1) < 0.10 < 0.10 < 0.10 < 0.10 < 0.10

Chromium (g L-1) / ± 2 30 33 33 32 29

Fluoride (mg L-1) <0.09 <0.09 <0.09 <0.09 <0.09

Total iron* (mg L-1) / ± 2 45 51 61 40 35

Magnesium (mg L-1) ± 3 58 64 64 63 59

Manganese (mg L-1) ± 0.06 1.98 2.05 1.98 2.00 2.02

Nickel (g L-1) / ± 2 6 10 8 10 10

Nitrate (mg L-1) < 0.10 < 0.10 < 0.10 < 0.10 < 0.10

Lead (g L-1) < 1.2 < 1.2 < 1.2 < 1.2 < 1.2

Potassium (mg L-1) ± 0.6 31.8 34.2 33.4 35.0 33.8

Sodium (mg L-1) ± 2 73 79 78 78 75

Sulfate (mg L-1) ± 50 1190 950 883 870 874

Zinc (g L-1) ± 10 115 109 141 119 121

* The data correspond to total iron. Iron speciation was not measured.

Table 2. Elemental composition of San Cayetano sediments. Data are not included for the first sampling 

site (i.e. SC-1) because being a rocky area it was not possible to collect sediments. Elemental components 

were analyzed by ICP-MS.

Element SC-2S SC-3S SC-4S SC-5S

Aluminum (g kg-1) 4.6 ± 1.2 2.0 ± 0.4 3.0 ± 0.6 1.6 ± 0.6

Cadmium (g kg-1) 42 ± 12 19 ± 1 36 ± 4 13 ± 3

Copper (mg kg-1) 12 ± 2 5.2 ± 0.6 7.4 ± 0.9 3.3 ± 0.7

Chromium (mg kg-1) 21 ± 5 45 ± 4 74 ± 9 50 ± 9

Total iron*  (g kg-1) 8 ± 1 195 ± 35 220 ± 32 293 ± 49

Manganese (mg kg-1) 49 ± 8 13 ± 1 26 ± 3 8 ± 2

Nickel (mg kg-1) 29 ± 5 5.5 ± 0.2 13 ± 2 2.2 ± 0.5



Lead (mg kg-1) 2.2 ± 0.6 0.79 ± 0.02 1.9 ± 0.2 0.45 ± 0.09

Zinc (mg kg-1) 14 ± 2 8.5 ± 0.7 13 ± 1 11 ± 2

* The data correspond to total iron. Iron speciation was not measured.

Figure legends

Fig. 1 San Cayetano stream in Central Mountain Range, Costa Rica. San Cayetano is located in the Central 

Volcanic Range, about 5 km North of Irazu Volcano's Crater. The stream has a length of about 3 km until its  

junction with the Sucio river. At the map's scale sampling points SC-1, SC-2, and SC-3 are very close to one  

another and are indicated by a single dot. SC-1 is the actual hypoxic river source. Between SC-2 and SC-3 there  

is a small waterfall where water first becomes oxygenated.

Fig. 2 Sampling points along San Cayetano stream. The distance from the source SC-1 is shown on the left,  

with temperature and oxygen content underneath each photograph. SC-1 is a view of the hypoxic river source  

(marked by the red arrow) and the slow-moving hypoxic water that flows towards the right. The second image SC-

2 shows the pool as seen from the top of the waterfall (the sampling site at the pool is marked here by a green  

arrow). SC-3 is the oxic bottom of the waterfall that lies between SC-2 and SC-3 as seen from its top. Notice that a  

beige-colored mat begins to form. SC-4 represents the typical aspect of the oxic creek with beige sediment on the  

rocks. A close-up view of the organic mat at SC-5 shows underwater mosses and red sediment underneath.

Fig.  3 Taxonomic composition of San Cayetano.  Relative abundance of bacterial  and archaeal 16S rRNA 

sequences shown at the phylum level. The OTUs were classified according to the Silva v132 database using the 

SINA classification tool. A number of unclassified microorganisms are included. The category “other” represents  

27 phyla with lower abundances. Oxygen gradient is shown in the upper bar. Samples from sediments and the  

surface water are also marked.

Fig.  4 Non-metric  multidimensional  scaling  analysis  of  the  microbial  communities  in  San  Cayetano 

volcanic influenced acid rock drainage.  A clustering of communities according to the oxygen content of the 



samples and also by the habitat  (water  column versus sediment)  is  shown.  The NMDS and the Permanova  

analyses (P=0.001) were performed with the package Vegan.

Fig. 5 Heat map representing the most abundant genera of archaea and bacteria in each sample . The heat 

map depicts the relative percentage of 16S rRNA gene sequences assigned to each genus (y axis) across the  

16 samples analysed (x axis). Square colors shifted towards black indicate higher abundance. Samples from  

surface water and sediments are marked.

Fig 6. Cartoon of the biogeochemical processes and important microorganisms in San Cayetano Volcanic 

Influenced Acid Rock Drainage (VARD). Hydrothermal water (colored blue-green representing its ferrous iron 

(Fe+2) content from rock dissolution) mixes with infiltrated meteoric water on the volcanic slope (colored light yellow  

and containing the aquifer microbes) and exits the ground inside the forest. The source’s microbes dominate in the  

hypoxic slow-flowing pond but the creek’s iron oxidizers start taking over after the waterfall at SC-3. Increasing  

oxygen content allows for more iron oxidation metabolism, represented by a widening yellow band in the water,  

and sediment iron cycling represented by a widening orange band. The sampling site label colors represent the  

progression from ferrous to ferric iron species and parallel the oxygen content of the water. Finally, water runoff  

along  the  creek  inputs  organic  matter  resulting  in  a  mixture  of  litotrophic  acidophiles  and heterotrophic 

microorganisms.  
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	Abstract
	We describe the geochemistry and microbial diversity of a pristine environment that resembles an Acid Rock Drainage (ARD) but it is actually the result of hydrothermal and volcanic influences. We designate this environment, and other comparable sites, as volcanic influenced acid rock drainage (VARD) systems. The metal content and sulfuric acid in this ecosystems stem from the volcanic milieu and not from the product of pyrite oxidation. Based on the analysis of 16S rRNA gene amplicons, we report the microbial community structure in the pristine San Cayetano Costa Rican VARD environment (pH =2.94-3.06, sulfate ~0.87-1.19 g L-1, iron ~35-61 mg L-1 (waters); ~8-293 g kg-1 (sediments)). San Cayetano was found to be dominated by microorganisms involved in the geochemical cycling of iron, sulfur and nitrogen; however, the identity and abundance of the species changed with the oxygen content (0.40-6.06 mg L-1) along the river course. The hypoxic source of San Cayetano is dominated by a putative anaerobic sulfate-reducing Deltaproteobacterium. Sulfur-oxidizing bacteria such as Acidithiobacillus or Sulfobacillus are found in smaller proportions with respect to typical ARD. In the oxic downstream we identified aerobic iron-oxidizers (Leptospirillum, Acidithrix, Ferrovum) and heterotrophic bacteria (Burkholderiaceae bacterium, Trichococcus, Acidocella). Thermoplasmatales archaea closely related to environmental phylotypes found in other ARD niches were also observed throughout the entire ecosystem. Overall, our study shows the differences and similarities in diversity and distribution of the microbial communities between an ARD and a VARD system at the source and along the oxygen gradient that establishes on the course of the river.
	Introduction
	Study of Acid Rock Drainage (ARD) sites has provided a wealth of information about microbial populations adapted to extreme acidic environments. Most of the known ARD ecosystems in the world have been caused by human activity, especially mining processes [1-5]. ARD environments resulting from the exposure of metallic sulfide ores to the atmosphere due to mining activities are referred to as Acid Mine Drainage (AMD) sites, while the term ARD is usually reserved for systems that are naturally originated. The anthropogenic influence modifies the geology, hydrology and biology of the AMD, making it difficult to pinpoint the inherent geochemical and natural microbiological conditions of these sites. It is therefore interesting from an ecological and evolutionary point of view to study ARD ecosystems without anthropogenic influence. Unfortunately, there are far less studies on the geochemistry and microbiology of pristine natural ARD systems. For example, the Pastoruri Glacier area in Huascarán National Park (Perú) [6], the Antarctic landmass [7] and the Tinto river (in Spanish Río Tinto), located at the Iberian Pyrite Belt (IPB) of Spain ��[8-11]�. In the latter case, although the river and its source are located on a site that has been mined for thousands of years [12-13], it has been proposed that the conditions of extreme acidity and heavy metal pollution along the river are due to natural processes that were operative before mining activities began [12-13]. With the notable exception of Tinto river, access to such remote locations hampers their study.
	Besides these natural ARD sites, which are clearly associated with the oxidation of sulfide minerals (mostly pyrite), there are terrestrial acidic waters associated with hydrothermal springs or volcanic activity where H2S oxidation or SO2 reaction with water produce sulfuric acid and whose geochemistry resemble ARD or AMD sites. These ARD-like environments share most of their natural composition (low pH, high sulfate, and presence of metals such as iron) with that of ARD sites and are of interest because they can be unequivocally assigned to natural causes [14,15]. In order to differentiate these locations from the ARD sites we refer to these sites as Volcanic Acid Rock Drainage (VARD) environments. In a VARD hydrothermal or volcanic, sulfuric acid promotes the dissolution of rock minerals generating water bodies with high content of metals, low pH and high sulfate levels comparable to ARD sites produced by pyrite oxidation. However, it is clear that the main geochemical processes that occur in ARD and VARD environments are different: while in ARD environments acidity and high levels of iron are produced by oxidation of pyrite, whereas in VARD systems acidity is produced by H2S oxidation and SO2 water reaction, and high levels of iron (and other metals) are produced by the associated rock dissolution.
	Natural ARD environments are characterized by the presence of iron- and sulfur-oxidizing bacteria. For example, in the natural ARD formed in the Pastoruri Glacier area, the presence of Acidithiobacillus, a sulfur- and iron-oxidizing acidophilic bacteria, was detected [6]. Dold et al. [7] reported the formation of an ARD system in the Antarctic landmass due to the activity of psychrophilic acid mine drainage microorganisms found in cold climates, specifically Acidithiobacillus ferrivorans and Thiobacillus plumbophilus. Similarly, studies of ARD-like environments at Yellowstone National Park [16] and at active volcanoes like Copahue in the Andes [15] have shown many parallels to ARD sites where iron- and sulfur-oxidizing microorganisms also predominated.
	
	The iron cycle is one of the most important biochemical processes that take place in these environments where microorganisms in oxic niches can oxidize ferrous iron with oxygen to generate metabolic energy. Microorganisms can also reduce ferric iron (or its minerals) to ferrous iron using organic matter [17]. At the origin of ARD’s like Tinto river, dominant organisms such as Acidithiobacillus and Leptospirilllum act as primary producers obtaining energy from aerobic Fe(II) oxidation to Fe(III) complex oxides [10]. However, once anaerobic conditions are established in the sediments (or in deep, unmixed water), those same oxides can be used as electron acceptors for reduced organic matter or other electron sources by Acidiphilium, Acidimicrobium, Ferrimicrobium and Ferroplasma [10], completing the iron cycle.
	Being part of the Pacific Ring of Fire, Costa Rica’s volcanoes have plenty of acidic volcanic lakes and rivers amenable for study [18]. In the country, multiple extreme environments with different physicochemical characteristics can be found, which fortunately do not have anthropogenic influence [4, 14,18]. Our group’s first incursion into these local ARD-like sites was the study of the mineral-laden Sucio river (in Spanish Río Sucio due to abundant yellowish Schwertmannite precipitation). Here we found a striking abundance of Gallionella (44%) and Ferrovaceae (33%) species [14]. Our result compares well to studies in Tinto river where eighty percent of the water column´s bacterial species corresponds to only three bacterial genera: Leptospirillum, Acidithiobacillus and Acidiphilium, all involved in iron-cycling [8,19]. Minor levels of other iron-oxidizing bacteria such as Ferrimicrobium, Acidimicrobium and Ferroplasma have also been detected in Tinto river [8,19].
	In addition to the Sucio river, there are several yet unexplored extreme environments in the central volcanic mountain range of Costa Rica that we hypothesize correspond to natural ARD-like sites. Their study will increase our knowledge of microbial diversity and geochemical processes in these systems. In this particular study, we investigated the geochemical composition as well the microbial community structure (bacteria and archaea) of a Costa Rican pristine VARD riverine environment known as San Cayetano. Based on the analysis of 16S rRNA gene amplicons, our results indicate that geochemistry of San Cayetano creek is both the result of volcanic input and biological activity of iron- and sulfur-oxidizing microorganisms distributed along an oxygen gradient. The similarities and differences of these less explored environments with respect to the typical ARD systems are discussed.
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	Results and Discussion
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