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A B S T R A C T

The ability to establish biofilms is a key trait for microorganisms growing in extreme environments. The
extracellular polymeric substances (EPS) present in biofilms provide not only surface attachment, but also
protection against all kinds of environmental stressors, including desiccation, salinity, temperature or heavy
metal pollution. The acquisition of suitable biofilm characteristics might thus be an important process mediat-
ing the adaptation of microorganisms to novel environmental conditions. In this work we have characterized
the EPS of 20 phylogenetically diverse biofilms collected in situ from five contrasting extreme environments,
including two geothermal areas (Copahue, Argentina; Seltun, Iceland), two cold areas (Pastoruri glacier, Peru;
Byers Peninsula, Antarctica) and one extremely acidic river (Río Tinto, Spain). Biofilms were subjected to
biochemical characterization, glycan profiling and immunoprofiling with an antibody microarray. Our results
showed that environmental conditions strongly influence biofilm characteristics, with microorganisms from
the same environment achieving similar EPS compositions regardless of the phylogeny of their main species.
The concentration of some monosaccharides in the EPS could be related to environmental conditions such
as temperature or heavy metal toxicity, suggesting that in some cases stress resistance can be mediated by
specific sugars. Overall, our results highlight the existence of conserved EPS compositional patterns for each
extreme environment, which could in turn be exploited to engineer ecological adaptations in genetically mod-
ified microorganisms.

© 2018.

1. Introduction

Exploration of extreme terrestrial environments has turned up a di-
verse assortment of microorganisms that not only live, but also thrive,
at environmental extremes previously thought to be inhospitable to
terrestrial life. These conditions include extremes of pH, temperature,
pressure, radiation, water availability, salinity or nutrient concentra-
tion (Rothschild and Mancinelli, 2001). However, in spite of the ap-
parent hostility of such habitats, they contain a higher level of biodi-
versity and biomass than expected. Additionally, most of the micro-
bial communities found in extreme environments are distributed and
assembled in extensive biofilms and microbial mats. Although the de-
velopment of these structures in aquatic and terrestrial environments
has been well documented (reviewed by Bolhuis et al., 2014), the dis-
tribution pattern and factors controlling their development in extreme
environments are not yet well understood.

⁎ Corresponding author at: Centro Nacional de Biotecnología, C/Darwin n° 3, Campus
de Cantoblanco, 28049 Madrid, Spain.
Email address: fpuente@cnb.csic.es (F. Puente-Sánchez)
1 Current address: Inmunología y Genética Aplicada, INGENASA, C/Hermanos
García Noblejas, 41, 28037 Madrid, Spain.
2 Independent researcher.

The growth of microbial mats and biofilms is promoted by the ex-
cretion of extracellular polymeric substances (EPS) by the cells, which
serves as an adhesive agent enabling cellular attachment and form the
biofilm matrix embedding the cells (Wolf et al., 2007). EPS are a com-
plex mixture of biomolecules, e.g., proteins, humic-like substances,
polysaccharides, uronic acids, nucleic acids, lipids, and glycoproteins,
surrounding the cells (Sheng et al., 2010). EPS make up the intercel-
lular space of microbial aggregates and form the structure and archi-
tecture of the biofilm matrix. The key functions of EPS comprise the
mediation of the initial attachment of cells to different substrates and
protection against environmental stress and dehydration (Sutherland,
2001). Besides, EPS can afford a stable environment, promoting the
growth of organisms. Thus, it prevents the losses of organisms and re-
tains diversity over a long period of time, allowing the development of
synergistic relationships among species (Ras et al., 2011).

These EPS secretions may constitute up to 60% of the dry bio-
mass (Hill et al., 1997), and their presence is considered tightly re-
lated to the capability of the organisms to successfully cope with en-
vironmental constraints and with the formation of complex microbial
mats on a great variety of substrates. Thus, since the extracellular ma-
trix is a vital and complex component of all biofilms, it has to play an
even more important role in the development of microbial communi

https://doi.org/10.1016/j.scitotenv.2018.08.440
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ties in extreme environments by providing a suitable architectural
structure, mechanical stability and protection against external condi-
tions, which are incompatible with most life forms.

Although literature on biofilm characterization is abundant, a large
part of it is focused on either clinical isolates (Hall-Stoodley et al.,
2008; Gunn et al., 2016; Zhang et al., 2018) or man-made systems
such as water treatment plants or microbial fuel cells (Miqueleto et
al., 2010; Sheng et al., 2010, Read et al., 2010, Cao et al., 2011,
Salama et al., 2016). On the other hand, studies focusing on natural
environments are often performed on environmental isolates rather
than in biofilms collected in situ from their native habitats (Nichols
et al., 2005; Ortega-Morales et al., 2007; Ren et al., 2015). Finally,
studies often focus on a single species and/or on a single environ-
ment (Nichols et al., 2005; Goltsman et al., 2015; Caruso et al., 2018),
which precludes the detection of phylogenetic or environmentally de-
termined patterns in biofilm composition.

In this work we have characterized the microbial EPS composi-
tion in 20 phylogenetically distinct benthic biofilms from different ex-
treme environments. Since temperature and pH are among the most
restrictive environmental parameters for the presence of microorgan-
isms, five different extreme environments were selected taking into
consideration these parameters, (i) two extreme geothermal areas, the
Copahue Volcano region (Neuquen, Argentina) and the Seltun area
(Reykjanes, Iceland), where water temperature can reach up to 77°C
and pH range from 3 to 7 (Aguilera et al., 2010; Urbieta et al., 2014,
2015), (ii) Pastoruri Glacier area (Huascarán National Park, Perú), an
extreme cold acidic ecosystem (pH 2–5, Tª 4–10°C) (González-Toril
et al., 2015), (iii) Río Tinto (Huelva, Spain), a temperate extremely
acidic river (pH 1.5–3, 20–25°C) showing high levels of heavy metals
(mg/L in most cases) (Aguilera et al., 2007; Aguilera, 2013), (iv) By-
ers Peninsula (Livingston Island, Antarctica), an extreme cold natural
environment (pH 6–7, Tª 4–5°C) (Quesada et al., 2009).

The environmental parameters (pH, temperature, conductivity, and
heavy metal content) were measured at each sampling point, and the
biofilms were collected and further analyzed in the laboratory. The
biofilms were classified based on their phylogeny, using a combina-
tion of microscopic and molecular techniques, and their EPS were
extracted and characterized by a mixture of biochemical techniques,
glycan profiling and immunoprofiling with an antibody microarray.
Our results highlight the existence of conserved EPS compositional
patterns for each extreme environment, which are indepen

dent of the phylogenetic composition of the biofilm. This suggests that
the acquisition of optimal biofilm characteristics is a hallmark of mi-
crobial adaptation to novel environments.

2. Material and methods

2.1. Field sites and sample collection

Twenty microbial mats and biofilms from five different extreme
environments were analyzed (Fig. S1). In situ measurements of water
pH, temperature, redox potential and conductivity, were carried out as
described previously (Santofimia et al., 2013) (Table 1). Water sam-
ples were filtered through 0.45μm Millipore membranes. Total con-
centrations of nine recoverable metals were measured for each wa-
ter sample (Zn, Cu, Fe, Co, Ni, As, Cd, Cr and Pb) using X-ray Flu-
orescence Reflection (TXRF) and Inductively Coupled Plasma-mass
Spectrometry (ICP-MS) (Santofimia et al., 2013). Microbial mats and
biofilms were taken using a sterile plastic spatula and then placed in
50mL Falcon tubes. The samples were immediately frozen in dry ice,
freeze-dried and kept in the laboratory at −20°C until the analyses
were carried out.

2.2. Morphotype and molecular identification

Since eighteen samples were mainly formed by photosynthetic
species (algae and cyanobacteria), microscopic identification and
quantification of species were carried out. Thus, subsamples of ca.
2cm2 from each mat or biofilm were taken, resuspended in 5mL of
BG11 media (Rippka et al., 1979) at the different environmental pH
and preserved at 4% formaldehyde. Species identification was carried
out by direct microscopic observation down to the lowest possible tax-
onomic level using different phenotypic features based on previous
studies of these communities (Aguilera et al., 2007; Souza-Egipsy et
al., 2008; Aguilera et al., 2010; González-Toril et al., 2015; Urbieta et
al., 2014; Urbieta et al., 2015). Cell counts were performed in tripli-
cate in a Sedwerick-Rafter chamber. A Zeiss Axioscope 2 microscope
equipped with phase-contrast was used in this work.

Biofilms IC14 and RT21 were predominantly composed by bacte-
ria. In these cases, DNA extraction, PCR amplification, cloning and
sequencing of the 16S RNA gene were carried out in order to iden-
tify the prokaryotic microbial diversity, following previously reported

Table 1
Means and standard errors of water physicochemical parameters at each sampling site. Temperature (°C), redox (mV), conductivity (mS cm−1).

Location Sampling site GPS coordinates Sample pH Temperature Redox Conductivity Toxicity index

Argentina Copahue Area 37°52′11″S, 71°05′12″W AR2 5.8± 0.3 30.1± 0.4 110.4± 12.1 0.32± 0.04 1.4
37°14′27″S, 70°21′12″W AR3 6.1± 0.1 32.2± 0.3 98.3± 13.1 0.31± 0.03 1.2
37°18′11″S, 70°21′16″W AR4 5.7± 0.5 33.1± 0.8 88.6± 11.4 0.22± 0.05 1.1

Antarctica Byers Peninsula 62°38′03″S, 61°5′01″ W ANT5 6.8± 0.2 4.0± 0.3 112.3± 9.1 0.05± 0.01 0.3
62°38′22″S, 61°5′19″ W ANT6 7.0± 0.3 5.1± 0.5 131.6± 10.1 0.03± 0.01 0.3
62°38′34″S, 61°5′08″ W ANT7 6.9± 0.2 3.2± 0.3 144.2± 8.4 0.04± 0.01 0.3
62°37′12″S, 61°4′02″ W ANT8 7.0± 0.3 6.5± 0.2 98.9± 3.1 0.03± 0.01 0.3
62°37′04″S, 61°5′06″ W ANT9 7.0± 0.2 5.3± 0.1 154.5± 11.6 0.04± 0.01 0.3

Iceland Seltun Area 63°53′42″N, 22°3′21″W IC11 2.4± 0.2 32.3± 0.2 354.1± 16.1 1.85± 0.01 1.5
63°53′05″N, 22°3′17″W IC12 5.2± 0.1 33.2± 0.2 98.1± 2.1 0.33± 0.12 0.2
63°52′12″N, 22°3′01″W IC13 6.7± 0.2 35.6± 0.3 136.5± 10.2 0.15± 0.05 0.2
63°52′08″N, 22°3′11″W IC14 6.2± 0.3 35.3± 0.3 292.3± 12.2 0.09± 0.02 0.2
63°53′09″N, 22°3′07″W IC15 6.8± 0.2 38.6± 0.4 86.2± 5.3 0.44± 0.03 0.1

Río Tinto Nerva Area 37°42′33″N, 6°33′17″W RT21 3.1± 0.1 21.3± 0.6 413.5± 14.3 5.3± 0 0.5 3.3
37°43′22″N, 6°33′12″W RT22 3.2± 0.2 22.1± 0.2 446.1± 10.1 11.3± 2.5 6.2
37°43′28″N, 6°33′36″W RT23 3.2± 0.3 20.2± 0.5 430.2± 15.8 10.4± 1.3 6.2
37°43′14″N, 6°33′09″W RT24 3.2± 0.2 23.4± 0.3 450.3± 19.2 11.8± 4.1 6.2
37°43′19″N, 6°33′03″W RT25 3.2± 0.3 22.0± 0.2 439.1± 17.5 12.4± 3.1 6.2

Peru Pastoruri Glacier 9°20′18″S, 77°24′04″W PE2 5.1± 0.2 6.1± 0.2 403.2± 19.5 0.27± 0.05 2.9
9°21′03″S, 77°23′11″W PE4 5.4± 0.3 10.1± 0.3 99.6± 9.2 0.07± 0.02 1.1
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methodology (Souza-Egipsy et al., 2008; González-Toril et al., 2015;
Urbieta et al., 2014; Urbieta et al., 2015). Briefly, Fast DNA Spin kit
for soil (Q-Bio Gene Inc., CA, USA) was used for DNA extraction ac-
cording to the manufacturer's instructions. DNA obtained was purified
by passage through a GeneClean Turbo column (Q-Bio Gene Inc., CA,
USA). The 16S rRNA genes were amplified according to previously
described methodologies (Souza-Egipsy et al., 2008; García-Moyano
et al., 2012) using the universal Bacteria-specific primers 27f and
1492r (Achenbach and Woese, 1995; Lane, 1991). Archaea-specific
primers 21f and 1492r (DeLong, 1992) were also assayed. PCR ampli-
fied genes were purified by GeneClean Turbo Column (Q-Bio Gene
Inc., CA, USA) and cloned using the Topo TA Cloning Kit (Invitro-
gen, CA, USA). Primers used for sequencing were primers M13f and
M13r recommended by TOPO TA kit. PCR products were directly se-
quenced using a Big-Dye sequencing kit (Applied Biosystem) accord-
ing to manufacturer's instructions.

Partial sequences were assembled with DNAbaser (DNA Sequence
Assembler v4, Heracle BioSoft) and the taxonomic assignation was
carried out by BLAST at the NCBI database (http://ncbi.nlim.nih.gov/
BLAST) (Altschul et al., 1990).

2.3. Isolation and purification of EPS

The protocol used for EPS extraction was modified from previ-
ously described methods (Aguilera et al., 2008a, 2008b). Two frac-
tions of exopolymers, colloidal and capsular, were extracted from
each biofilm (Staats et al., 1999). The colloidal fraction includes com-
pounds that are loosely bound to microorganisms, while capsular frac-
tion contains tightly carbohydrates and proteins that require a lengthier
extraction protocol (Hirst and Jordan, 2003). Briefly, 30mL of deion-
ized water were added to 10g of each biofilm and continuously ag-
itated for 30min at room temperature at 10 rpm. Samples were then
centrifuged (15 min, 5000×g) and the supernatant was lyophilized,
weighted and used for analysis of the colloidal fraction. In parallel,
30mL of 0.2M EDTA were added to each pellet to carry out the
capsular fraction extraction. Mixtures were maintained continuously
agitated for 2h as the same conditions above and then centrifuged
at 8000×g for 10min. The resulting lyophilized and weighted super-
natants were used further as capsular fractions.

2.4. Biochemical composition of EPS

The protein and carbohydrate content of colloidal and capsular
fractions were quantified by Bradford (1976) and Dubois et al. (1956)
using BSA and glucose as standards, respectively. The total DNA
content in both EPS fractions was measured by using Qubit® ds-
DNA HS Assay kit and Qubit® 2.0 fluorometer from Invitrogen (Ore-
gon, USA) according to the manufacturer's instructions. The total
concentrations of nine recoverable metals were also measured (Zn,
Cu, Fe, Co, Ni, As, Cd, Cr and Pb) using X-ray Fluorescence Re-
flection (TXRF) and Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) (Santofimia et al., 2013).

For the identification of monosaccharides and related compounds,
the following protocol was used: (i) freeze-dried colloidal and cap-
sular fractions were dialyzed thoroughly against ddH2O, newly
lyophilized and the weights corresponding to 100μg of total car-
bohydrate were hydrolyzed with 6M HCl at 75°C overnight and
freeze dried to remove water and HCl as described in Blanco et al.
(2010); (ii) the hydrolyzed samples in 75μL of Power Syl-Prep [TM-
SIM (N-Trimethylsilylimidazole): BSA: TMCS (Trimethylchlorosi-
lane) (3:3:2), from Alltech (Grace, Deerfield, IL, USA)] were heated
at 70°C for 15min to obtain the corresponding TMS derivatives; (iii)

The derivatized samples were extracted with 400μL of water and
100μL of hexane; (iv) The organic layers were collected and ana-
lyzed by GC–MS with the following GC oven program: 100°C (ini-
tial temperature) with a hold of 1min, heated to 200°C at 30°C min−1

with a hold time of 15min heated to 270°C at 15°C min−1 with a
hold time of 20. 2μL of each sample were injected. The tempera-
ture of the injector was 300°C, and the injections were made in split-
less mode. The detector temperature was 300°C, and the flow rate
was 1.1mL min−1. The GC–MS analyses were done in the full-scan
mode and were carried out on a 6850 network GC system coupled to
a 5975 VL MSD with a triple-axis detector operating in electronic im-
pact mode at 70eV (Agilent Technologies), with an HP-5MS column
(30 m × 0.25mm i.d. × 0.25mm film thickness) and He as carrier gas.
As a rule, the identification of the GC–MS peaks attributed to mono-
saccharides and related compounds was verified by comparison with
the retention times and mass spectra of external standards, purchased
from Sigma-Aldrich.

2.5. Profiling of protein and glycan variations in EPS by using
antibody microarrays

2.5.1. Production, purification and fluorescent labelling of
antibodies. EMChip80 construction

The 80 antibodies used in this work were produced against extracts
from cell cultures, some purified proteins and natural samples (Table
S1). They can detect specific bioanalytes from bacteria (Table S1, an-
tibodies 9–22, 24–64 and 73), archaea (antibodies 66–73) and eukary-
ota (antibody 23), and specific proteins related with iron storage (an-
tibodies 75 and 78–80), transporters (antibody 74) or metal reductases
(antibodies 76–77). Their purification with protein-A, their fluores-
cent labeling with Alexa-647 (Molecular Probes) and EMChip80 (En-
vironmental Monitoring Chip) design and construction have been re-
ported previously in Parro et al. (2011) and Blanco et al. (2012).

Briefly, for EMChip80 construction 0.5mg/mL of protein A-puri-
fied antibodies and some of their corresponding pre-immune sera di-
luted in Protein Printing Buffer 1× (Whatman, Schleicher & Schuell,
Sanford, ME) supplemented with 0.02% Tween 20 (v/v) were printed
in duplicate on epoxy-activated glass slides (Arrayit Corp., Sunny-
vale, CA) using a MicroGrid II TAS arrayer (Biorobotics, Genomic
Solutions, UK). Every slide contained 9 microarrays each of them fit-
ting with one of the nine flow cells in a multi array analysis module
(MAAM) device (Parro, 2010; Blanco et al., 2016).

2.5.2. Preparation of antigens from capsular fraction for Fluorescent
Sandwich Microarray Immunoassay (FSMI)

25mg of each lyophilized capsular fraction was resuspended in
1mL of 10mM Tris-HCl pH 8 and centrifuged at 2000×g at 4 °C for
15min to remove debris. Supernatants were diluted with TBSTRR
(0.4 M Tris-HCl pH 8, 0.3M NaCl, 0.1% Tween 20) to obtain a to-
tal protein concentration of 4μgmL−1 to 12μgmL−1 to be immunoas-
sayed in 50μL assay volume.

2.5.3. FSMI procedure and clustering
FSMI were carried out as reported previously in Blanco et al.

(2016). Each chip was blocked in 5% (w/v) BSA in 0.5M Tris-HCl
pH 9 and 2% (w/v) BSA in 0.5M Tris-HCl pH 8 for 5min and 30min,
respectively. Then, the chip was set up into a MAAM device and
50μL of the environmental extracts prepared at different concen-
trations (between 200 and 600ng of total protein) were inoculated
into one of the nine flow cells to flood the EMChip80. After 1h
of incubation and washing with TBSTRR, the immunoassay was re
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vealed by 1h incubation with a cocktail of the 80 different fluores-
cent antibodies and then scanned for fluorescence at 635nm using a
GenePix 4100A scanner. The images were analyzed and quantified by
Genepix Pro Software (Genomic solutions) as described in Rivas et al.
(2011) with some modifications. Two parallel FSMI using only buffer
as antigen and the tracer antibody cocktail at 20–30ngmL−1 for each
antibody were made as a blank control in all cases. At least three ex-
perimental replicates were carried out for each environmental extract
concentration. The replicate averages were filtered (see Experimental
Procedures in Rivas et al., 2011) and transformed into a binary matrix
(1 for values higher than background and 0 for those lower than back-
ground) and, then, visualized as a heat map based on unsupervised hi-
erarchical clustering using Cluster 2.11 and Tree View 1.60 programs
(Eisen et al., 1998).

2.6. Statistical analysis

Differences in bulk composition (colloidal/capsular fraction
weight and DNA, sugar, protein and metal content) between biofilms
from different environments was assessed by ANOVA followed by
post hoc pairwise t-tests corrected for multiple testing using the Ben-
jamini-Hochberg method (Benjamini and Hochberg, 1995).

In turn, the relationships between environmental parameters (pH,
temperature, conductivity, and toxicity index) and biofilm composi-
tion were analyzed as follows. Firstly, Principal Component Analysis
(PCA) was used to cluster the biofilms according to the environmental
parameters at their sampling locations. Toxicity index (TI) was used
as a measure of relative heavy metal presence in each sampling station
following the equation:

where Mei is the concentration of each metal in sample i, Memin its
minimal concentration in all samples, and K stands for the total num-
ber of samples. Eight total recoverable metals were used for the cal-
culation (Zn, Cu, Fe, Co, Ni, As, Cd and Cr) (González-Toril et al.,
2015). Redundancy Analysis (RDA) was used to summarize the vari-
ation in biofilm properties (content in proteins, carbohydrates, DNA
and metals, as well as total weight of the colloidal and capsular frac-
tions of the exopolymers) in response to the environmental parame-
ters at their sampling locations. For both the PCA and the RDA the
data were log-normalized and standardized following Kenkel (2006).
Further, Canonical Correspondence Analysis (CCA) was used to as-
sess the relationships between the monosaccharide composition of the
capsular fractions of the biofilms and the environmental parameters.
Individual linear models were fitted in order to detect significant cor-
relations between the proportion of individual sugars in the capsu-
lar fraction of the biofilms, and the different environmental parame-
ters. The colloidal fraction was not used for these analyses as it was
nearly non-existent in several of the biofilms. Finally, Correspondence
Analysis was used to cluster the biofilms according to their antigen
profile, and CCA to assess the relationship between the antigen profile
of the biofilms and the environment. In both RDA and CCA the signif-
icance of the models was assessed by ANOVA-like permutation tests.
Convex hulls enclosing the samples from each environment were cal-
culated using the ordihull function. All statistical analyses were per-
formed with R and the vegan package (Oksanen et al., 2007).

3. Results

3.1. Sampling locations and water physicochemical analyses

Data concerning pH, temperature and toxicity index of the water
column at each location are shown in Table 1. The three sampling
sites from Argentina showed a pH between 5.7 and 6.1, with a tem-
perature between 30 and 33°C and a toxicity index between 1.1 and
1.4. Sample sites from Antarctica were the coldest with a tempera-
ture between 3 and 6°C and they were neutral (pH ca. 7). Toxicity in-
dex was 0.3 in every case. Samples from Iceland presented pH and
toxicity index similar to those from Argentina. Temperature was be-
tween 32 and 38°C, pH between 5.2 and 6.8 and toxicity index be-
tween 0.1 and 0.2. Sample IC11 from Iceland was the exception with
a pH of 2.4 and a toxicity index above the rest (1.5). All sampling sites
from Río Tinto showed an acidic pH (3.2). Temperature of water was
between 20 and 23°C. Toxicity index was the highest (6.2 in every
sample site and 3.3 in sample RT21). Finally, the two samples from
Peru, presented a pH of 5.1 and 5.4, a temperature of 6 and 10°C and
a toxicity index of 2.9 and 1.1.

3.2. Microbial diversity analysis

Most of the biofilms analyzed were dominated by one or two
phototrophic species, easily differentiated by their color and micro-
scopic characteristics (Fig. S1). In these cases, species identification
and quantification was carried out by direct microscopic observa-
tions and cell counts. Only biofilms IC14 and RT21 were composed
by non-photosynthetic prokaryotes, and their species characterization
was carried out by cloning and sequencing the 16S RNA gene. In
order to evaluate possible changes in the extracellular matrix com-
position among different biofilms, the samples were selected taking
into account their dominant species as well as the physicochemical
water characteristics at their sampling sites (Fig. S2). Samples from
hot geothermal areas in Argentina were mainly formed by cyanobac-
teria, being Mastigocladus, Leptolyngbya and Chloroflexus the main
genera present in these microbial mats (AR2, AR3 and AR4 respec-
tively), representing more than the 80% of the biomass. Cyanobacteria
belonging to the Phormidium and Chloroflexus genera were also the
leading constituents in samples from a cold neutrophilic environment
in Antarctica (mats ANT8 and ANT9, respectively), while filamen-
tous chlorophytes from the Klebsormidium and Zygnemopsis genera
were found in the ANT6 and ANT7 mats, reaching amounts higher
than 80% of the total biomass. Diatoms from the genera Nitzschia
were the most abundant species in sample ANT5. Chloroflexus and
Phormidium were also found in mats from Iceland (IC13), although
in this case microalgae were also present in three of the biofilms
analyzed: Cyanidium (IC11), Chlorella (IC12) and Klebsormidium
(IC15). Besides, proteobacteria related to Geobacillus was the main
component in IC14 sample.

Biofilms from the acidic Río Tinto and Pastoruri areas were mainly
formed by eukaryotic protists such as Euglena mutabilis (RT23),
acidic microalgae Cyanidium and Pinnularia diatoms (RT24) and fil-
amentous algae from the Klebsormidium and Zygnemopsis genus
(RT22, RT25 and PE4) as well as members of the Spirogyra and
Zygogonium genus (PE2). Finally, biofilm RT21 was also prokary-
otic. Bacterial 16S rRNA gene clone libraries showed the presence of
species related to Leptospirillum and Acidiphilium, usually found in
extreme acidic environments.

(1)
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3.3. EPS quantification and chemical characterization

The EPS composition of the different biofilms is shown in Fig. 1
and Table S2. The biofilms studied in this work had variable amounts
of total EPS, ranging from a minimum of 49.9 (ANT6) to a maximum
of 553.9 (RT25) mg g−1 of biofilm dry weight. Samples from Río Tinto
showed the highest values of extracted capsular EPS, followed by the
biofilms collected in Peru and most of the microbial mats analyzed
from Iceland (IC12, IC14 and IC15). Most of the remaining samples
from Argentina, Antarctica and Iceland showed total EPS concentra-
tions lower than 200mg g−1 of biofilm dry weight. The colloidal frac-
tions represented less than the 10% of the total weight for most of the
biofilms, with the exception of the Río Tinto samples (ca. 48%).

Biofilms from different locations had significant (p< 0.05) differ-
ences in their bulk composition for all parameters except for the cap-
sular EPS weight (Fig. 1). These differences were not related to the
phylogeny of the main species in the biofilm (Fig. S2). For example,
biofilms formed by filamentous algae (Zygnemopsis and Klebsormid-
ium) showed higher amounts of total EPS when collected from Río
Tinto (ca. 450 and 550mg g−1 in RT22 and RT25 biofilms, respec-
tively) than when collected from Peru (ca. 270mg g−1 in PE4), Iceland
(ca. 300mg g−1 in IC15) or Antarctica (ca. 50 and 350mg g−1 in ANT6
and ANT7) (Welch's t-test, p= 0.051). Similar results were obtained in
the biofilms mainly formed by Chloroflexus (ca. 100mg g−1 in AR4,
ca. 140mg g−1 in ANT9 and ca. 85mg g−1 in IC13) and Cyanidium (ca.
120mg g−1 in IC11 and ca. 450mg g−1 in RT24).

The EPS composition of the biofilms studied in this work (carbo-
hydrates, proteins, DNA and metals) is reported in Fig. 1 and Table
S2. Carbohydrates accounted for, at least, 60% of all samples an-
alyzed. Carbohydrate concentrations (colloidal + capsular fraction)
varies from ca. 7μgmg−1 of EPS dry weight in Iceland hot spring IC14
sample, to ca. 840μgmg−1 of EPS dry weight in Antarctica ANT8
biofilm. Besides, Antarctica samples showed the highest amounts of
carbohydrates followed by Río Tinto and Peru samples, representing
>80% of the total EPS composition in these biofilms. Proteins ac-
counted for ca. 20% of the total EPS composition in all samples except
for those from Río Tinto, in which they reached <5%. Values varied
from ca. 5μgmg−1 of EPS dry weight in Río Tinto to

ca. 70μgmg−1 of EPS dry weight in the neutral cold samples from
Antarctica.

Heavy metals, together with proteins, were the second main con-
stituents of the EPS in the acidic biofilms from Río Tinto, being
significantly higher in that environment (Fig. 1). To a lesser extent,
metal content was also high in samples IC15, ANT8, ANT5 and
PE2 from Iceland, Antarctica and the Pastoruri glacier (Peru), respec-
tively. Finally, DNA showed the lowest values in the EPS composi-
tion. DNA concentrations were significantly higher in the Antarctica
than in other environments, albeit their overall concentration was al-
ways low (lesser than 1μgmg−1 of EPS dry weight) (Fig. 1).

To further characterize the carbohydrate composition of the EPS
samples, abundances of monosaccharide components in the capsular
fraction were analyzed and presented as percentages of total monosac-
charides (Table S3). Glucose and mannose represented the most abun-
dant neutral sugar in the EPS representing each one ca. 21% of the
identified monosaccharides. Glucose was especially abundant in IC13
accounting for the 53% while mannose showed the highest percentage
in PE2, reaching up to 49% of the total monosaccharide composition.

3.4. Profiling protein and glycan variations in EPS by using antibody
microarrays

In a Fluorescent Sandwich Microarray Immunoassay (FSMI), se-
lected antibodies recognize and bind to biomolecules with high speci-
ficity, in a similar manner to how the immune system recognizes
foreign antigens. Taking into account that proteins and polysaccha-
rides (the primary compounds of the EPS) are good immunogens and
DNA and lipids non- and poorly immunogenic (Cruse and Lewis,
2004), protein and glycosidic immunoprofiles in the capsular frac-
tions extracted from the diverse biofilms were estimated by FSMI.
While this assay can only detect predefined antigens and thus does
not provide a precise taxonomic characterization, it still serves as a
quick fingerprinting technique for comparing the microbial composi-
tion of different samples. The fluorescent intensity values from those
experiments that rendered the maximum number of positive antibody
spot signals in a non-saturating fluorescence signal conditions (val-
ues < 60,000units) were transformed into a binary matrix and visual-
ized as a heatmap (Fig. 2).

Fig. 1. Biofilm compositions at five different extreme environments. Boxplots representing the distribution of total colloidal and capsular EPS weights, and DNA, protein, sugar and
metal contents of biofilms from the five different extreme environments (AR: Argentina, ANT: Antarctica, IC: Iceland, RT: Río Tinto and PE: Peru). Letters represent statistical
differences among biofilms from the five different environments, that is, environments sharing the same letter are not significantly different based on pairwise t-tests (fdr > 0.05).
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The antigens or targets for the 80 antibodies used in this work
are described in Table S1. EMChip80 revealed the presence of bio-
molecules recognized by antibodies produced against Alpha-, Beta-,
Gamma- and Deltaproteobacteria, Acidobacteria, Actinobacteria, Fir-
micutes, Nitrospirae, bacteria from the phylum Deinococcus-Ther-
mus, Bacteroidetes, Aquificales, Planctomycetes, Thermotogales and
Verrucomicrobiales, as well as against halophilic, methanogenic and
thermophilic archaea and the only eukaryotic microorganism included
in the chip (Rhodotorula sp.). Also, positive signals were detected
in antibodies to proteins related to iron storage, metal reductases and
transporters and against crude environmental extracts from the Río
Tinto area, which might contain biomarkers from iron and sulfur oxi-
dizers (e.g. Leptospirillum ferrooxidans, Acidithiobacillus sp. and oth-
ers (Amils et al., 2002)) (Fig. 2). Signals against cyanobacteria were
not detected in EPS from biofilms from locations with an ultra-acidic
pH (pH < 3.5) (such as IC11 and those from Río Tinto). Astonish-
ingly, no positive signals were revealed in spots from psychrophiles
when EPS from biofilms collected from the coldest zones of Antarc-
tica (ANT5, ANT6 and ANT7) were immunoassayed.

Biofilms were separated into three major clusters according to their
immunoprofiles (Fig. 2), which concur with EPS from two biofilms
from Argentina (AR2 and AR3) (cluster I); from Iceland, together
with AR4 and the samples with higher temperatures within Antarc-
tica (ANT8 and ANT9) (cluster II); and from Río Tinto, Peru and the
samples with lower temperatures within Antarctica (ANT5, ANT6 and
ANT7) (cluster III). The unsupervised hierarchical clustering grouped
the EPS based on the place where they were collected, although
two pairs of biofilms with the same phylogenetic composition
(AR4-ANT9 and IC13-ANT8) (within the cluster II) (Fig. S2) were
clustered out of the rest of biofilms collected in the same environment.
However, other biofilms sharing the phylogenetic composition, such
as AR4 and ANT9 (mainly composed of Chloroflexus spp.), or IC11
and RT24 (Phormidium spp. biofilms), or IC15, ANT6, RT 22 and
PE4 (Klebsormidium spp. biofilms), were grouped together with other
biofilms from the same environments.

3.5. Relating biofilm properties to environmental factors through
multivariate analysis

Constrained and unconstrained ordinations were used to group
biofilms according to their EPS properties, and relate those proper-
ties to environmental factors. Biofilms obtained from the same en-
vironment clustered together according to the environmental para-
meters present at their sampling point (Fig. 3a). The toxicity index
was negatively correlated with the pH, depicting the increased sol-
ubility of heavy metals under acidic conditions. The environmen-
tal parameters also determined the bulk composition of the biofilms
(Fig. 3b, RDA, p= 0.004). In particular, biofilms from low tempera-
ture sampling points had significantly larger amounts of carbohydrates
(R2 = 0.26, p= 0.012) and DNA (R2 = 0.36, p= 0.003). On the other
hand, biofilms from sampling points with a high toxicity index had a
significantly larger amount of colloidal exopolysaccharides (R2 = 0.84,
p< 0.001) and heavy metals (R2 = 0.71, p< 0.001).

The environmental parameters also drove the proportions of mono-
saccharides in the biofilms (Fig. 4a, CCA, p= 0.009). The relative
abundance of individual monosaccharides was significantly correlated
with different environmental parameters (Fig. 4b). In particular, a
higher toxicity index resulted in higher inositol and 3-O-methylglu-
cose abundances and lower abundances of an unidentified aldohexose.
On the other hand, the relative abundance of galactose in the EPS was
negatively correlated with temperature.

Finally, the antigen profile of the different biofilms showed a less
marked clustering by the source environment than the bulk biofilm
and exopolysaccharide compositions (Fig. 5a), albeit it was still found
to be significantly dependent on the environmental conditions (Fig.
5b, CCA, p= 0.004).

4. Discussion

4.1. EPS composition in microbial mats from extreme environments

Extracellular polymeric substances (EPS) are critical in establish-
ing the physical and functional properties of a biofilm, and are in

Fig. 3. Environmental effect on bulk EPS composition. (a) Principal component analysis of biofilms according to the environmental parameters at their respective sampling points, (b)
redundancy analysis showing the relationship between the bulk environmental parameters and biofilm composition. For each environment, the convex hull enclosing all its samples is
shown as a colored area. Species scores are scaled by eigenvalues. Symbol: most abundant phylum in the biofilm. Symbol color: Isolation source. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Environmental effect on EPS sugar composition (a) Constrained correspondence analysis showing the relationship between environmental parameters and the sugar compo-
sition of the capsular fraction of different environmental biofilms. Only sugars with a significant (p< 0.05) correlation with at least one environmental parameter are shown in the
figure. Site and species scores are scaled symmetrically by the square root of eigenvalues. Symbol: most abundant phylum in the biofilm. Symbol color: Isolation source, (b) linear
correlation between the percentage of different sugars in biofilms and the toxicity index (first three plots) or the temperature (bottom-right plot). pH and conductivity were omitted as
they were highly correlated with the toxicity index. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

volved in the ecological adaptation of microbial communities to their
host environments. This is particularly relevant for extremophilic or-
ganisms, which face several challenges such as desiccation, osmotic
stress, temperature and pH extremes, and low nutrient availability.
While several studies on extremophilic EPS composition have been
performed to date (Ewert and Deming, 2013; Zhao et al., 2014;
Chrismas et al., 2016), to the best of our knowledge we are the first
to compare the EPS of several biofilms taken in situ from different
extreme environments and using the same methodology. In addition,
since most of these previous studies have been focused exclusively on
prokaryotes (Nicolaus et al., 2010; Casillo et al., 2018), references re-
lated to EPS production and composition of eukaryotic extremophiles
are even more scarce.

Permutation tests ran on constrained ordinations confirmed that the
properties of the biofilm (bulk composition, sugar composition, anti-
gen profile) depended on the environmental conditions (see Section
3.5), mainly the combination of low pH and presence of heavy met-
als, but to a lesser extent also temperature (Figs. 3–5). EPS com-
position of different biofilms taken from the same environment had
similar properties, regardless of the dominant species, suggesting

that EPS composition plays a critical role in the adaptation to extreme
conditions, and is thus subjected to strong selection in natural com-
munities. This idea is also supported by the fact that biofilms iso-
lated from different environments sharing similar species composi-
tion showed very different EPS characteristics. Thus, Klebsormidium
and Zygnemopsis biofilms from Río Tinto (RT22 and RT25) showed
between c.a. 1.5 and 10 times higher amounts of total EPS than the
same mats from cold environments (ANT6, ANT7, PE4) and geot-
hermal areas (IC15) (Welch's t-test, p= 0.051). In the same manner,
Chloroflexus mats from cold environments (ANT9) showed c.a. seven
times higher amounts of carbohydrates than the same mats from geot-
hermal areas (AR4) (Tables S2, S3).

Biofilms from the extremely acidic Río Tinto environment had
a significantly higher overall EPS weight and metal content, while
also having a significantly lower protein content than biofilms from
other environments (Fig. 1). This is consistent with previous observa-
tions of high metal and low protein contents in both eukaryotic and
prokaryotic biofilms from acid mine drainages (AMD), in which EPS
serve not only to protect against heavy metal toxicity, but also to cap
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Fig. 5. Environmental effect on EPS immunogenic profile using an antibody microarray. (a) Correspondence analysis showing the clustering of biofilms according to their antigenic
profile, (b) Canonical correspondence analysis showing the relationship between the antigenic profile of the biofilms and the environmental parameters present at their respective
sampling points. For each environment, the convex hull enclosing all its samples is shown as a colored area. Species scores are scaled by eigenvalues. Symbol: most abundant phylum
in the biofilm. Symbol color: Isolation source. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ture and enrich trace elements (Aguilera et al., 2008a, 2008b; Jiao et
al., 2010).

The contributions of inositol and 3-O-methylglucose to the total
carbohydrate fraction of the EPS were significantly correlated with
the toxicity index (p< 0.001; Fig. 4b). This suggests that the protec-
tive effect of biofilms in extremely acidic environments is, at least
in part, mediated by specific sugars. In particular, inositol polyphos-
phates have been shown to inhibit the formation of hydroxyl radicals
by ferric iron (Hawkins et al., 1993), which would decrease its tox-
icity. On the other hand, methylglucose-containing polysaccharides
from marine bacteria have been exploited toward the removal of heavy
metals from solutions (Shah et al., 2000; Bramhachari and Nagaraju,
2017). Our results suggest that they might also be involved in the
adaptation to extremely acidic environments, although further work is
needed in order to elucidate their specific mechanism of action.

Biofilms from the Antarctica, on the other hand, had significantly
higher DNA and sugar contents (Figs. 1; 3b). A recent report by Liao
et al. (2016) has highlighted the quantitative and qualitative impor-
tance of extracellular DNA in biofilm formation in antarctic archaea.
Sugars, on the other hand, have been shown to act as cryoprotec-
tants in psychrophilic biofilms (Nichols et al., 2005; Caruso et al.,
2018). This agrees well with our results, and reinforces our hypoth-
esis that biofilm composition is dictated by the environment rather
than by phylogeny. We found a significant (p< 0.006) negative cor-
relation between temperature and galactose content in the biofilms
analyzed in this work (Fig. 4b). Several cold-active β-galactosidases
have been retrieved from psychrophilic bacteria, pointing to a role
of galactose-containing carbohydrates in biofilms from cold environ-
ments (Schmidt and Stougaard, 2010). However, a study character-
izing ten Antarctic marine bacterial strains revealed variable galac-
tose concentrations in their EPS (Nichols et al., 2005). Further work,
preferably characterizing biofilms collected in situ as opposed to cul-
tured strains, would require to determine whether the cryoprotectant
effect of EPS from psychrophilic organisms can be traced back to the
presence of particular sugars.

The antigen profile of the biofilms was also significantly depen-
dent on the environmental parameters (Figs. 2, 5), although the clus

tering by environments was less marked than for the bulk and sugar
compositions (Figs. 3, 4). This is not surprising, as the antibody mi-
croarray used in this work included not only antibodies against EPS
components, but also against other cellular components such as mem-
brane transporters or energy transduction proteins. Those additional
components might be dependent on the phylogeny or on the main me-
tabolism of the species in the biofilm thus resulting in lower correla-
tions of the antigen profile with the environmental parameters.

4.2. Optimization of biofilm properties as a hallmark for
environmental adaptation

In this study we have focused on acidic, cold, and thermal habi-
tats, but similar patterns might be inferred for other environments from
the available literature. For example, uronic acids are abundant in the
EPS from different halophilic organisms, such as Halomonas (Mata
et al., 2006), Alteromonas (Zhang et al., 2017) or the photosynthetic
Cyanospira (Cesàro et al., 1990). On the other hand, EPS from hyper-
thermophilic organisms appear to be structurally complex and of high
molecular weight (Nicolaus et al., 2002; Kambourova et al., 2009;
Zhao et al., 2014; Panosyan et al., 2018), which could increase biofilm
stability at very high temperatures (Kambourova et al., 2009). Overall,
our and others' results indicate that biofilm composition in extreme en-
vironments is strongly influenced by environmental parameters. Thus,
the acquisition of optimal biofilm properties might be necessary for
the colonization of novel environments.

4.3. Horizontal gene transfer of EPS biosynthesis genes might enable
rapid adaptation to novel environments

The fact that similar EPS properties are achieved by phylogeneti-
cally-distinct organisms living in the same environment suggests the
action of either convergent evolution over long time scales or hori-
zontal gene transfer (HGT). Several studies have indeed reported the
occurrence of HGT in EPS biosynthesis gene clusters, not only be-
tween closely related bacteria (Forde and Fitzgerald, 2003; Cefalo
et al., 2011), but also between different bacterial groups (Patil and
Sonti, 2004; Hidalgo-Cantabrana et al., 2014), and even from bacteria
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to eukaryotes (Whitaker et al., 2009). The lateral acquisition of envi-
ronment-specific sets of EPS production genes might thus be a critical
step in microbial adaptation to novel environments. We propose that
the heterologous expression of EPS biosynthesis clusters might be a
promising strategy for engineering environmental adaptations in mi-
croorganisms.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scitotenv.2018.08.440.
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