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Microbial mats are horizontally stratified microbial communities, exhibiting a structure defined by
physiochemical gradients, which models microbial diversity, physiological activities, and their dynamics as a
whole system. These ecosystems are commonly associated with aquatic habitats, including hot springs,
hypersaline ponds, and intertidal coastal zones and oligotrophic environments, all of them harbour
phototrophic mats and other environments such as acidic hot springs or acid mine drainage harbour
non-photosynthetic mats. This review analyses the complex structure, diversity, and interactions between the
microorganisms that form the framework of different types of microbial mats located around the globe.
Furthermore, the many tools that allow studying microbial mats in depth and their potential biotechnological
applications are discussed.
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1. Introduction

In nature, microorganisms often form communities adhering to a
solid surface to form complex ecological assemblages in different
habitats around the world [1,2]. Adherence to a surface is a strategy
used for millions of years by microorganisms to survive and evolve
in community and allows microorganisms to cope with the various
abiotic factors that surround them, with some of them being stressful.
These types of biological organizations range from simple monospecific
biofilms to complex microbial mats formed by a wide variety of
microorganisms, wherein a wide variety of ecological interactions are
observed [3].

Microbial mats are benthic, vertically layered, and self-sustaining
communities that develop in the liquid–solid interface of various
environments [4]. Furthermore, they comprise millions of
microorganisms belonging to different species, which interact and
exchange signals, embedded in a matrix of exopolysaccharides, and
nutrients to enable a greater flow of resources and energy for the
survival of the community [5]. The associations observed are
restricted, with some of them being symbiotic, which confers them a
selective advantage [6,7].

Microbial mats have been present on Earth for millions of years, the
oldest ofwhich are found in sedimentary rocks of 3.7 Ga and 3.4 Gawest
of Australia [7,8,9,10,11] and South Africa [12], respectively, from
the Archaean era. However, it was present in a greater abundance in
the Proterozoic (2.5–0.57 Ga) era, with worldwide distribution
[13]. The extensive fossil record suggests that these communities are
highly stable and flexible in adapting to continuous environmental
changes [13]; these ecological assemblages today persist in extreme
environments such as hypersaline ponds, hot springs, and sulfur
springs, where environmental conditions restrict and limit the growth
of some multicellular and eukaryotic organisms [14,15].

The role ofmicrobialmats has been crucial throughout the history of
the Earth for the composition and modification of the atmosphere,
producing O2, H2, and CH4 [16] and also represents the first
ecosystems together with stromatolites. Thus, microbial mats are,
undoubtedly, a natural laboratory where microbial diversity (patterns
and community structure), evolutionary processes, and their
adaptation to extreme environments can be studied [17,18,19]. In this
review, we analyze in detail the complex structures that comprise
a microbial mat, the different types of microbial mats, and their
microbial diversity. Furthermore, we have analyzed the main tools,
including a perspective on its potential application in areas such as
medicine, different industries, and bioremediation of contamination
due to luminaires used for studying microbial mats in the last decade.

2. Structure, functionality and ecological dynamics of
microbial mats

Microbial mats are structures visible to the naked eye, with the
thickness ranging from millimeters to several centimeters, and are
formed by multiple biofilms of microorganisms embedded in a matrix
Fig. 1.General structures ofmicrobialmats. The thickness can range frommillimeters to several
of exopolysaccharides, in a vertical fashion due to the physical gradients.
of exopolysaccharides [20] in a vertical fashion due to the physical
gradients (Fig. 1) [21]. One of the main factors of biological diversity
in microbial mats is attributed to its dynamic physiochemical
gradients, which are largely modified by the biological processes
of the inhabiting microorganisms. These biological processes and
physical gradients provide the required microenvironments and
ecological niches for microorganisms with specific needs [4,7,22].
These communities are essentially formed by organisms of the domain
‘Bacteria’; however, the domains ‘Archaea’ and ‘Eukarya’ are also
involved in forming microbial mats, although less diverse and
abundant in nature [23].

The chemical parameters to be considered for studying microbial
mats are the presence of oxygen, pH, redox potential, saline
concentration, presence of electron donor and acceptor compounds,
and the diversity of chemical species, whereas the important physical
parameters to be considered include light, temperature, and pressure.
The study of biological interactions (symbiotic, neutralism and
amensalism) in the mats is another relevant aspect that we have
considered in this review [24]. Relevant processes such as
photosynthesis, nitrogen fixation, denitrification, metal reduction,
sulfate reduction, and methanogenesis are vital to the performance of
mats [25,26].

Microbial mats consist of various basic biofunctional groups
such as Cyanobacteria, anoxygenic photosynthetic bacteria (generally
represented by non-sulfur green bacteria of the Chloroflexi division),
green sulfur bacteria (Chlorobi) and purple bacteria (Proteobacteria
division), aerobic heterotrophs and anaerobes, sulfate-reducing
bacteria (SRB), sulfur oxidizing bacteria and methanogenic archaea
[22,27].

Themain source of energy and nutrition ofmicrobialmats is through
photosynthesis [7], although non-photosynthetic mats exist. In a typical
mat, the first step for survival of this trophic network is photosynthesis,
a process in which light energy is utilized to fix inorganic carbon (CO2)
to organic carbon ((CH2O)n), thereby releasing oxygen (Fig. 2),
performed by the primary producers Cyanobacteria [28,29]. Microbial
mats function as a consortium where biogeochemical cycles and
biochemical processes are coupled [30], and this close interaction
allows the products of the metabolism of one group to be available
and used by other microorganisms.

Nitrogen fixation is primarily performed by unicellular and
filamentous Cyanobacteria; however, SRB have been found to play a
key role in this biological process [31]. SRB are an important group of
bacteria capable of reducing sulfates to sulfur, oxidizing organic
matter, and obtaining energy in the process. In addition, SRB are
essential for calcium precipitation and lithification of mats, and
therefore, are responsible for mat preservation in fossil record [28].

The formation of these complex communities is performed by a
process of ecological succession, wherein the Cyanobacteria are the
colonizing organisms and microenvironment modifiers for the later
colonization of more specialized bacteria and with higher and specific
environmental requirements [32]. In addition, a microbial mat is a
dynamic community in which microorganisms are capable of motility
centimeters, and are formed bymultiple biofilms ofmicroorganisms embedded in amatrix

Image of Fig. 1


Fig. 2. Structure and metabolism overview of photosynthetic mats. See for details: Section 2. Structure, Functionality and Ecological dynamics of microbial mats.
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and, thus, modifying their position in the mat in search of favorable
environmental conditions such as luminous intensity and redox
potential [33].

3. Types of microbial mats around the globe

Microbial mats prosper under extreme environments; however,
they are widely distributed in the biosphere (Table 1). The microbial
diversity associated with different types of mats is described in
the sections below. A vast majority are phototrophic mats, with a
significant photosynthetic component, so they are highly dependent
on the presence of light.

3.1. Hypersaline mats

Hypersaline mats, generally associated with saline lakes, are among
the best studied along with thermophiles and coastal mats. Moreover,
these mats thrive on extreme conditions such as a high degree of
water salinity, high temperatures and/or high levels of radiation,
without these factors obstructing the formation of complex microbial
communities [5,34].

Microbial mats in Guerrero Negro, a town located in the state Baja
California Sur in the north of Mexico, project as saline mats. The
geochemical complexity of these saline water sources is only matched
by the complexity of its microbial communities, and despite high
salt concentrations, mats are formed in its water sources [35]. It
is one of the most diverse microbial ecosystems. Microbial culture,
amplification, cloning and sequencing of 16S rRNA as well as
metagenomics have provided sufficient information for the description
of this community. This community is primarily dominated by bacteria
in a proportion of 90%:9%:1% of bacteria, archaea, and eukaryotes,
respectively [7]. The vertical distribution of the major bacterial
divisions is intimately associated with the presence of light, oxygen
and H2S, and the formation of spatiotemporal chemical gradients has
a strong effect on the structure of the microbial community [36].
Cyanobacteria have been considered as the primary producers of
all phototrophic mats; classical microbiological analysis has shown
abundant predominant filamentous forms such as Oscillatoriales
(Microcoleus, Oscillatoria, Phormidium, and Lyngbya), Nostocales
(Calothrix), and Chroococcales (Gloeocapsa) in the upper layer. Recent
studies have shown that Cyanobacteria are primarily distributed in the
aerobic zone of the mat (2–3 mm) [7].

In Guerrero Negro, 42 phyla and 752 species [7], which were
recovered from the 16S rRNA libraries, were found, in which
Chloroflexi were the most abundant division with the presence
of Bacteroidetes, Proteobacteria, Planctomycetes, Cyanobacteria,
Spirochaetes, and Verrucomicrobia [7,35]. In addition, it also harbored
archaea and eukaryotes to a lesser extent, with archaea constituting
9% of the total recovered sequences, with Crenarchaeota (6%) and
Euryarchaeota (3%) as the present divisions [37]. Also, nematodes,
arthropods, stramenipiles, alveolates, fungi, and chlorophytes were
also found in the mats, constituting the 1% of the total biological
community [38].

The Atacama Desert of Chile is one of the driest places on earth. The
Llamará Salt Flat is located in this desert, forming a saltine crust comes
to be flooded by rainfall some months of the year, and microbial mats
are formed in this extreme environmental conditions with high
concentrations of salt. The study of the flat laminated communities
has shown a predominance of both unicellular cyanobacteria such
as Synechococcus and Cyanothece, as well as filament forms such as
Microccoleus, Oscillatoria and also Gloeocapsa and Gloeobacter. In
addition, important members such as anoxygenic photosynthetic
bacteria and the sulfate reducing bacteria were detected, as well as
unidentified cocci and bacilli [39].

In the hypersaline mats of Shark Bay, located in Australia,
58 bacterial phyla have been detected. Cyanobacteria (38%) are
predominant in the superficial part (2 mm) of the mat, the genera
Microcoleus, Halomicronema, and Leptolyngbya dominate the photic
zone, the class Anaerolineae of the Chloroflexi division dominates
the rest of the mat and finally at the bottom of the mat are Firmicutes

Image of Fig. 2


Table 1
Published relevant works portraying the microbial diversity of different types of mat ecosystems around the globe. The cultivable, microscopic or molecular tools employed are also
described (analyzed in this review).

Microbial mat name/location Mat structure type/
Physicochemical traits

Dominant microbial diversity Technique employed Reference

La Salada de Chiprana/
(Northeastern Spain)

Benthic microbial mat
community,
phototrophic/Hypersaline

Cyanobacteria-dominated, anoxygenic phototrophic,
aerobic heterotrophic, colorless sulfur-, and
sulfate-reducing bacteria

DGGE, Microscopic analysis and
serial dilution

[40]

Guerrero Negro/Baja California
Sur, México

Phototrophic microbial
mat/Hypersaline

Chloroflexi, Proteobacteria, Bacteroidetes, Planctomycetes,
Spirochaetas, Verrucomicrobia, Cyanobacteria

SSU rRNA libraries and
sequenced/Metagenomics
(Sanger and Pyrosequencing 454)

[7,35]

Shark Bay/Nimelah, Hamelin
Pool, Australia

Photosynthetic microbial mat
(smooth SM/pustular PM),
Hypersaline

SM: Proteobacteria, Chloroflexi, Planctomycetes,
Cyanobacteria, Bacteroidetes, Spirochaetes, Caldithrix,
Firmicutes, GN04, OP8
PM: Proteobacteria, Bacteroidetes, Planctomycetes,
Chloroflexi, Cyanobacteria, Acidobacteria, Spirochaetes,
GN04, Verrucomicrobia, Gemmatimonadetes, Actinobacteria

Metagenomics, Illumina Miseq [34]

Schiermonnikoog Island/North
Sea beach of the Dutch
Barrier/Netherlands

Photosynthetic microbial
mat/Coastal

ST1 (freshwater zone): Proteobacterias (α, γ, β, δ),
Bacteroidetes, Cyanobacteria, Actinobacterias, Firmicutes,
Chloroflexi
ST2 (Intermediate zone): Proteobacterias (α, β, δ),
Bacteroidetes, Cyanobacteria, Actinobacterias,
Verrucomicrobia
ST3 (Intertidal zone): Proteobacteria (α, γ, δ),
Bacteroidetes, Actinobacterias, Verrucomicrobia,
Planctomycetes

Massive sequencing of 16S rRNA
(V6 region)

[20]

Great Sippewissett salt
marsh/Buzzards
Bay/Massachussets/USA

Photosynthetic intertidal
mat/Coastal

Cyanobacteria, Proteobacteria (particularly Chromatiales),
Chloroflexi, Spirochaetes, Acidobacteria, Verrucomicrobia,
Caldithrix, Actinobacteria

SSU-rRNA amplicon libraries-454
sequencing and metagenomic
direct sequencing

[21]

Cuatro Cienegas/Chihuahuan
desert, Coahuila, México

Photosynthetic stable microbial
mat SM, Disturbed mat
DM/Oligotrophic environment

SM: Cyanobacteria, Proteobacteria (γ, ε, δ), Bacteroidetes,
Chloroflexi, Cholrobi, Acidobacteria, Firmicutes
(Clostridia), Planctomycetes, Nitrospira
DM: Proteobacteria (γ, β, α, ε), Fimircutes (Bacilli),
Actinobacteria

16S rRNA gene clone libraries,
Metagenomic protein gene
analyses

[3]

Ward Hunt Lake/Northern
Ellesmere Island
region/Canadian High Arctic

Benthic phototrophic microbial
mat/Psychrophilic

Cyanobacteria Chlorophytes, Heterotrophic bacteria. CLSM, SEM, EDS and LTSEM [48,49]

Continental
Antarctica and the Antarctic
Peninsula

Aquatic microbial
mat/Psychrophilic

Actinobacteria, Bacteroidetes, Proteobacteria, Firmicutes,
Deinococcus-Thermus

Microbial culture, Rep-PCR,
16rRNA gene sequencing

[47]

Ady Entre and Roʂiori/Romania Phototrophic microbial
mat/thermophilic

Cyanobacteria, Chloroflexi, Proteobacteria SEM, 16S rDNA clone library
construction, sequencing and
phylogenetic analysis

[59]

Central and Central-Eastern
Tibet

Phototrophic microbial
mat/thermophilic

Firmicutes, Proteobacteria, Cyanobacteria, Chloroflexi,
Bacteroidetes, Acidobacteria, Nitrospirae, Planctomycetes,
Thermodesulfobacteria, Aquificae

Powder X-ray diffraction, 16S
rDNA Clone library construction

[58]

Porcelana, Cahuelmó/Northern
Patagonia, Chile

Phototrophic microbial
mat/thermophilic

Cyanobacteria, Bacteroidetes, Deinococcus-Thermus,
Proteobacteria (β, γ, ε), Acidobacteria

DGGE [57]

Boekleung (Western Thailand) Phototrophic microbial
mat/thermophilic

Cyanobacteria, Chloroflexi, Bacteroidetes, OP10,
Actinobacteria, Planctomycetes

DGGE [56]

Wonder Lake/Luzon Island,
Philippines

Phototrophic microbial
mat/thermophilic

Cyanobacteria, Bacteriodetes, Chlorobi, Chloroflexi,
Firmicutes, Proteobacteria (γ)

Microscopy, Pigment
determination, DGGE

[60]

Araró/Michoacán, México Phototrophic microbial
mat/thermophilic

Firmicutes, Proteobacteria, Actinobacteria Microbial culture [64]

Acid Mine Drainage/Iron
Mountain, California, USA

Acidic non-Phototrophic
microbial mat

Nitrospirae (Leptospirillum), Euryarchaeota
(Thermoplasmales), Actinobacteria
(Acidimicrobium, Ferrimicrobium),

Microscopy, RFLP, 16S rRNA clone
library

[66]

One Hundred Spring Plain,
Beowulf/Norris Geyser Basin,
Yellowstone National Park,
USA

Acidic thermophilic
Non-Phototrophic microbial
mat

Aquificae (Hydrogenobaculum), Crenarchaeota
(Metallosphaera yellowstonensis), Geoarchaeota

Iron Accretion Rates, SEM, FISH,
16S rRNA Gene sequencing

[67]

Atacama Desert, Chile/Llamará
Salt Flat

Hypersaline mat Synechococcus, Cyanothece, Microccoleus, Oscillatoria,
Gloeocapsa, Gloeobacter. Anoxygenic photosynthetic
bacteria and unidentified cocci and bacilli

Macro and Microscopy
description

[39]

Abbreviations: DGGE (Denaturing Gradient Gel Electrophoresis); FISH (Fluorescence in situ Hybridization); RFLP (Terminal-Restriction Fragment Length Polymorphism); Rep-PCR
(Repetitive element sequence-based PCR); SSU-rRNA (Small subunit ribosomal RNA); CLSM (Confocal Laser Scanning Microscopy), SEM (Scanning Electron Microscopy); EDS (X-ray
Energy, Dispersive, Spectroscopy); LTSEM (Low Temperature Scanning Electron Microscopy).
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and Planctomycetes (Brocadiae). Bacteroidetes and Proteobacteria
are also found in the mat. Furthermore, α-proteobacteria
(Dichotomicrobium thermohalophilum), γ-proteobacteria (Class
Anaerolineae), δ-proteobacteria (Desulfobacterales and
Desulfovibrionales) are also found in abundance in the mat [34].

Another example of hypersaline mats is La Salada de Chiprana
found in Spain, which also has high levels of magnesium (seven times
more than seawater) and sulfates. Of interest, microbial mats have
developed even in such conditions. Several techniques are used
for studying this community such as microbial culture, microscopy
and denaturing gradient gel electrophoresis (DGGE). Cyanobacteria
(Halothece-like, Microcoleus-like, Pseudoanabaena-like and
Gloeocapsa-like) and Chloroflexi (Chloroflexus-like) are the major
component of this mat. In addition, purple sulfur bacteria, aerobic
heterotrophic bacteria, colorless sulfur bacteria and SRB were detected
by DGGE. This community has a high availability of organic substrates,
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during day and night, and dissolved organic carbon in the form of fatty
acids may be the reason for an unusual top layer of Chloroflexus, a
photoheterotrophic bacterium [40].

3.2. Coastal mats

Coastal and hypersaline mats are the most biologically diverse
and have extensive coastal distribution [4]. The intertidal coastal
zones present irregular floods, high saline concentration fluctuations
and intense temperature changes and are primarily inhabited
by Cyanobacteria [41], although recent studies have discovered
the importance of other bacterial groups, viz. Proteobacteria and
Bacteroidetes [20].

The Schiermonnikoog Island of the Netherlands contains a ‘green
beach’, a huge strip with microbial mats measuring 300 m wide to
5 km long. Substantial analysis of the 16S rRNA genes has shown that
Proteobacteria (Subdivision α-proteobacteria of the Rhodobacteriales
and Sphingomonadales orders, γ-proteobacteria order Chromatiales
and δ-proteobacteria of the Desulfobacteriales and Desulfovibrionales
orders), Bacteroidetes (Flavobacteriales and Sphingobacteriales),
Cyanobacteria, and Actinobacterias are the dominant bacterial
divisions. Although, Euryarchaeota (particularly Methanogens) and
Crenarchaeota are present to a lesser extent, they are important
Archean elements [20].

Armitage and collaborators [21] found that Proteobacteria,
Cyanobacteria and Chloroflexi are the most abundant divisions in
the Great Swamp of Sippewisset (Massachussets, USA), with the
presence of Spirochaetes, Acidobacteria, Verrucomicrobia, Caldithrix,
and Actinobacteria in a smaller proportion. Most of the microbial mats
presented with structural and organizational similarities; however,
coastal mats have a large number of eukaryotic representatives,
primarily diatoms (Navicula sp., Diploneis sp., Amphora sp. and
Cylindrotheca) and algae (Chlorophyta and Enteromorpha sp.) [42,43].

3.3. Microbial mats in oligotrophic environments

The oligotrophicmats of Cuatro Ciénegas in the desert of Coahuila, to
the north of Mexico, are best studied. These mats are rare, but the
importance of their study lies in the search for life outside the planet
with similar atmosphere. Cuatro Ciénegas is distinguished by its
extremely low phosphorus content, which is an important limiting
factor for the existence of life because phosphorus in the form of
phosphates is a vital constituent of DNA, proteins and energymolecules.

However, it has been observed that the geographic isolation has
affected the speciation at the microbial level, with some exclusive
microorganisms, Bacillus coahuilensis [44], a Firmicute found in this
portion has shown specific adaptations such as the high presence of
sphingolipids in their membrane to survive in a low phosphorus
environment [45].

Bonilla-Rosso et al. [3] analyzed two mats under an independent
cultivation approach, one mat in stable conditions and the other with
constant disturbances, and revealed the following interpretations:
first, these constant disturbances have a strong effect on the
communities, thereby preventing an increase in diversity, and second,
even at low concentrations of phosphorus the stable community can
develop a high biological diversity.

Mats that are not exposed to constant disturbances show a
diverse community with no dominant groups, with Proteobacteria,
Cyanobacteria and Bacteroidetes as the most diverse groups, as well as
16 other divisions and 28 bacterial orders.

3.4. Psychrophile microbial mats

The largest proportion of the planet has low temperatures (below
5°C), with a vast array of cold environments from the oceans, alpine
areas, caves and polar regions [46]. Antarctica and the Arctic shelter
microbial mats (polar region mats), represent hot spots of biological
diversity and primary production [47].

The photosynthetic mats of the poles are dominated by filamentous
Cyanobacteria (orders: Dichothrix, Nostocales-Tolypothrix, and
Oscillatoriales-Tychonema), which produce a polysaccharide matrix
that provides protection to organisms with lower tolerance; diatoms,
algae, flagellates, ciliates, nematodes, rotifers and microinvertebrates
are part of this community [48,49].

Extreme polar conditions impose strong selective pressure,
low temperatures, high solar radiation, prolonged winter darkness,
drought, nutrient deficiency, and freezing and thawing cycles [50,51].
In Antarctica, it has been observed that heterotrophic bacteria play a
major role in nutrient cycling, where Actinobacteria, Proteobacteria,
Bacteroidetes, Firmicutes and Deinococcus–Thermus are the major
divisions [47]. The Cyanobacteria constitute the dominant group of
photosynthetic bacteria, with the filamentous forms of the Nostocales
and Oscillatoriales order being the most common [52]. Other
photosynthetic groups (Chloroflexi and Chlorobi) are present in a
smaller proportion [50].

3.5. Hot springs microbial mats

High temperature environments such as hot springs, geysers
and currents from them represent an extreme environment for life.
pH, sulfur concentration and temperature are the main limiting
characteristics for the development of life, with temperature being
essential in the modeling of these peculiar communities [53]. These
mats are the least diverse within phototrophs; however, they are key
to understanding the oldest communities on Earth [4].

Thermophilic communities may be associated with sediments,
streams, water columns and microbial mats [17]. In microbial mats,
photosynthetic organisms play an important role in the metabolic
dynamics of the community. Photosynthesis in thermal waters
presents two major obstacles, high temperatures that decrease
dissolved gases such as O2 and CO2 and denaturation of proteins
and other biomolecules due to high temperature; therefore, the
temperature limit for the growth of photosynthetic bacteria is 75°C,
the temperature at which chlorophyll degrades [54].

Among the most prolific members of this category of mats are
Cyanobacteria. Cyanobacteria play two key roles in the community,
carbon and nitrogen fixation. Unicellular Cyanobacteria, particularly
Synechococcus, are predominant in springs wherein the temperature
of the thermal water exceeds 55°C [19,55]. Thermophilic microbial
mats are located in different parts of the world, viz. Thailand [56],
Patagonia [57], Tibet [58], Romania [59] and the Philippines [60], and
their geographical distribution is directly linked to geothermal zones.
However, to date, the most studied are those of the Yellowstone
National Park (YNP) in the USA [61,62].

Cyanobacteria constitute the bacterial group that is common to all
phototrophic mats, and together with Proteobacteria, Chloroflexi,
Bacteroidetes and Deinococcus–Thermus they represent the most
abundant groups in these mats; other divisions that are present but in
minute abundance are Planctomycetes, Firmicutes, Acidobacteria,
Verrucomicrobia, Nitrospirae, Actinobacteria, Synergistetes, and
Armatimonadetes [56,57,58,59]. In addition, when the temperature is
around 40–55°C, the presence of filamentous Cyanobacteria and a
marked lack of unicellular forms are observed [57,60].

The ecological analysis of these communities has shown a slight
effect of season changes on populations of Synechococcus and
Chloroflexi in the mats obtained from Octopus at the YNP [63];
however, Lacap et al. [60] found a significant change in the
community when analyzed during the rainy season and drought,
suggesting the importance of precipitation in the structure of the
mats. These communities are stable against abrupt environmental
changes, and biological diversity may be one of the responses to
external shocks.
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The geothermal zone of Araró is located within the Trans-Mexican
Volcanic belt, north of Michoacán in Mexico. This locality harbors
many thermal springs with high levels of arsenic and salts, but
only some of these springs enable the growth of thermophilic
microbial mats. We were handed with the task of cultivating
aerobic heterotrophs, given their important ecological role in cycling
carbon and regulating oxygen levels in these communities. The
isolated bacteria mostly belonged to members of the Firmicutes
Division (Bacillus, Paenibacillus and Exiguobacterium), followed by
Proteobacteria (Pseudomonas and Aeromonas) and Actinobacterias
(Microbacterium) [64].

3.6. Acid microbial mats

A wide variety of microbial mats develops primarily at alkaline pH,
and some can form in acidic environments. Mats that do not present
photosynthetic microbial groups are shown, and these communities
present oxidation of iron and sulfur as the predominant metabolism
(Fig. 3). Acid mine drainage with sulfur minerals (e.g. Pyrite, FeS2;
arsenopyrite, FeAsS and Chalcopyrite, CuFeS2) has acidic pH values
between 0.77 and 1.21 and a high amount of toxic metals [65,66].
These conditions limit the propagation of the microbial diversity to
very low values. The inhabitants are usually bacteria and archaea
because their metabolisms are directly linked to the reduction and
oxidation of iron and sulfate reduction. The phyla that are present
in the mats are Actinobacteria, Firmicutes, δ-Proteobacteria, Nitrospira,
Leptospirillum, Acidomicrobium, Ferromicrobium acidophilum, and
Thermoplasmales [65,66].

Moreover, acidic springs have a pH range of approximately 3–3.5,
and among the most studied mats are those obtained from the YNP. In
acid mines, the metabolism of iron and sulfate are essential for the
dynamics of the community. The springs One Hundred Spring Plain
and Beowulf presented with Hydrogenobaculum spp., Metallosphaera
yellowstonensis, heterotrophic archaea (unidentified) and even
members of a new Geoarchaeota archaea division [67,68,69].

4. Tools for the study of microbial mats

Microbiology and microbial culture were the first tools to assess
the unknown microscopic world [70]. Since then, microbial mats have
been studied with different approaches, and the information that
has been collected has allowed knowing and understanding of some
of these intriguing communities. In the study of microbial mats,
scanning electron microscopy (SEM) has been fundamental to study
microstructure and the morphology of the bacteria that comprise
the mats [19,59,68,71,72]. SRB are distributed in different sheets
Fig. 3. Scheme of general acid microbial, where are usually developed in the absence of
light. Oxidation–reduction of iron and sulfur are the predominant metabolisms.
Environmental conditions are low pH and low oxygen concentration. The figure shows
the main compounds that are cyclized in non-photosynthetic mats. See for details:
Section 3.6. Acid microbial mats.
throughout the mat, contrary to the idea that they inhabit just the
anaerobic zone [73].

Furthermore, microbial culture has proved to be a technique
par excellence in the discovery, description and exploration of the
microbial diversity and has allowed studying the basic aspects of
the biology of microorganisms. Since 1969, Castenholz (Professor
Emeritus) and associates have been cultivating microorganisms of
microbial mats from the thermal pools of the YNP, allowing a detailed
description, likewise in Guerrero Negro, Mexico analyzed the
microbial diversity in Hypersaline carpets [74], primarily of the
thermophilic Cyanobacteria present. Brock et al. [88] noted that the
physiology of bacteria changed drastically when grown in vitro.
Therefore, they observed the behavior of photosynthetic bacteria in
their natural habitat by cultivating the bacteria in an in situ culture
system, a simple and effective method [70]. In addition, some
bacteria are favored by culture, whereas others cannot be detected
[75]. In another approach, some researchers have cultivated mats
(mesocosmos) and have tested the entire community's response to
different environmental conditions of temperature and UV radiation
and have observed a drastic change in the community structure [76].

Currently, microbial cultures present serious problems to reflect
microbial diversity. Estimates of diversity range from 1% to 10%
cultivable microorganisms, with 90–99% of the diversity having low
chances of being discovered with this procedure. Therefore, with
limitations in microscopy techniques and the advent of molecular
techniques and the refinement of PCR, new technologies such as
DGGE [77], temperature gradient gel electrophoresis (TGGE) [78],
rRNA intergenic spacer analysis (RISA) [79] and terminal-restriction
fragment length polymorphism (T-RFLP) [80] were developed. DNA
fingerprinting is another technique that has been vital for analyzing
microbial mats; however, DGGE, wherein each band represents a
different species, population or operational taxonomic unit (OTU) in
the banding pattern, is the most routinely employed technique. The
distribution of bacterial population in the different layers of the mat,
the effect of different seasons, adaptation to different temperatures
[57,63], present diversity and adaptive radiation have also been
studied [81].

With the onset and momentum of metagenomic approaches,
analysis of the 16S rRNA through cloning, transformation and
sequencing has been gaining popularity, and large 16S rRNA libraries
are sequenced and classified to study biodiversity. One of the most
impressive study of microbial mats was performed in Guerrero Negro;
the hypersaline mats in this region were one of the most diverse
microbial ecosystems, with more than 750 species detected [7]. Of
today, second and third generation mass sequencing technologies
have resulted in the generation of large numbers of metagenomes
from very diverse environments [82,83] and microbial mats [17] are
no exception to these analyses.

Researchers from Guerrero Negro and Cuatro Ciénegas have studied
the taxonomic and functional diversity of these mats by sequencing
and analyzing metagenomes [3,35]. In the YNP, a very ambitious
and complete project was undertaken where the metagenomes of
20 geothermal sites with distinctive chemical characteristics were
sequenced, including two with phototrophic mats, and the results
revealed the diversity and distribution of the main microbial groups in
each geothermal environment [17].

Analyzing the diversity of these environments is a challenge
but assessing the functionality is even more complicated. Klatt et al.
[84] have used metatranscriptomics to identify and study the
genes expressed by the communities observed at the site. Studies
of the mats in springs Octopus and Mushroom in the YNP using
metagenomics revealed that Cyanobacteria and Chloroflexi were the
dominant group, and further analyses of the metagenome enabled to
establish the networks of interaction between the microbial groups
and helped in revealing proof for horizontal gene transfer [84].
Moreover, genes involved in nitrogen fixation and diel cycle [85] and

Image of Fig. 3
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the expression of genes involved in photosynthesis, such as the
production of bacteriochlorophyll, were also studied.

In a recent study by Drewniak et al. [86], they used a combination of
molecular and biochemical tools as well as metagenomics and electron
microscopy to study the diversity, structure and ecological role of two
microbial mats located in two mines, one gold and one uranium, in
Poland. Of relevance, the authors observed that the microbial mats
were capable of decontaminating and purifying the water containing
high levels of heavy metals that runs through drainage systems.
Metagenomic analysis revealed that the community harbored the
families Methylococcaceae and Methylophilaceae in abundance, along
with the filamentous bacteria Leptothrix, Thiothrix, and Beggiatoa,
which were a central part of the community. It is interesting to
note that the authors suggest that microbial mats form a natural
barrier to purify water as a result of its biofilm formation capability
and because they employ heavy metals in the respiration processes
(oxide reduction).

Multiple data entries are submitted to the databases routinely;
however, the study, analysis, and interpretation of the data are an
arduous task that requires a lot of work. Much is still unknown of
these communities, and the close relationship that bacteria form with
their environment and with other microbial groups is attributable to
their genetic coding, which is a challenging study.

5. Biotechnological applications of microbial mats

Microbial mats can be formed, as discussed above, under conditions
that may be considered extreme. In other words, high temperatures
outside the mesophilic range (N40°C) or temperatures that slightly
exceed the water freezing point are important limiting factors for
cell growth and reproduction [87]. A classic example of enzyme
that has been found in thermophilic organisms is Taq polymerase, a
DNA polymerase isolated from Thermophilus aquaticus or Thermus
aquaticus, a bacterium isolated from the Lower Geyser Basin in the
YNP by the microbiologist Thomas Brock in 1969 [88]. Taq polymerase
has many applications in molecular biology, particularly in PCR.

Apart from Taq polymerase, enzymes exhibiting activities such as
degrading cellulose, lignin or chitin as well as various polysaccharides,
lipids or proteins have also been discovered. Many of these enzymes
are used in industries such as paper, detergent, leather processing
and shoe production [89]. Therefore, microbial mats are excellent
candidates for searching and studying such enzymes and their functions.

Other metabolites, compounds and by-products of metabolism
have been isolated from microorganisms that are part of the microbial
mats in thermophilic environments. For example, antimicrobial
compounds and inhibitors of quorum sensing have been described in
Cyanobacteria mats located near thermal springs. Some compounds
showed excellent antibacterial activity against Bacillus sp., Micrococcus
luteus, Shigella sonnei, Salmonella enterica, and Klebsiella pneumoniae.
Some of the quorum inhibitor compounds exhibited activity against
many model strains such as Chromobacterium violaceum CV017 and
Agrobacterium tumefaciens NTL4 [90].

In another study, Putri et al. [91] reported the isolation and
characterization of a new antibiotic, the tetramic compound
ophiosetin, which showed a wide range of activity against bacteria
(Staphylococcus aureus and Enterococcus faecalis), tumor cell lines type
P388 and viruses (HIV). In this sense, thermal springs and microbial
mats formed in thermal springs have been described as important
sources for discovering new antibiotic compounds with various
applications in medicine [92].

However, biotechnological applications, relative to compounds or
enzymes derived from microbial mats, are not limited to thermophilic
organisms because psychrophiles can form microbial mats in polar
regions, where the temperatures are commonly below zero. In fact,
various strains of the Pseudomonas genus have multiple metabolic
capacities, including the degradation of various contaminants and
ability to grow in environments with high concentrations of heavy
metals. Therefore, some psychrophilic strains of the Pseudomonas
species are being evaluated for their bioremediation capabilities in
places such as Antarctica [93]. Psychrophiles are also desirable in the
detergent and food processing industries because in some cases
enzymes with high stability at alkaline pH and low temperatures are
required. One example is proteases, including subtilisin, which was
initially isolated from multiple strains of Bacillus and used in the
detergent and food processing industry [94].

Microbial mats can be found in diverse regions and environments
around the world, with equal diversity in environmental conditions
that are considered extreme and challenging for many organisms. For
example, bacteria growing in high saline concentration (halophiles),
radiation (radiophiles), low pH (acidophiles) and high pressure
(barophiles) [87]. However, microorganisms have developed and
evolved with strategies that allow them to colonize such environments
(e.g. biofilm formation), allowing them to proliferate since millions
of years. Therefore, these extreme capabilities of microorganisms
in microbial mats can be further exploited for biotechnological
application [95,96]. Likewise, it is desirable to find certain activities
that allow bioremediation of contaminated soils, wherein some
microbial mats develop under high concentrations of heavy metals. The
bacterium Lampropedia cohaerens strain CT6 was recently isolated and
sequenced from a microbial mat in thermal pools of the Himalayas
that contained high concentrations of arsenic [97]. Other works have
also shown the potential of bioremediation of oil-contaminated sites
through the use of marine microbial mats [98].

Microbial mats are natural ecosystems that produce gases such
as methane, CO2 or hydrogen, thereby promoting the potent use
of these gases, primarily produced by Cyanobacteria, as biofuels
[99]. Therefore, microbial genome isolated from microbial mats
presents enormous biotechnological potential that is eco-friendly and
sustainable with no harm to human health.

6. Conclusions

Knowledge about the functioning of microbial communities mostly
comes from eukaryotic macroscopic communities; therefore, an
endless number of relationships, interactions and functioning of
bacterial and archaea communities are unknown [21]. Microbial mats
as a study model is an easily accessible viable laboratory, and these
communities present with varying degrees of complexity from simple
non-phototrophic mats, YNP mats with a low diversity of phototrophs,
to the complex hypersaline and mats obtained from Guerrero Negro,
México and Llamará, Chile. The various molecular tools such as
metagenomics and prediction of functions based on 16S rRNA profiles
have opened up endless possibilities for studying the microbial
communities and interrelations of mats without the need to cultivate
the individual microorganisms that comprise the mats [100].
However, microbial culture should not be ignored as it helps in
detailing the metabolic functions of individual microorganisms.
Countless examples exist wherein the efforts to cultivate
microorganisms requiring ultra-specific culture media have been
successful [101]. Moreover, this information needs to be studied
further to determine the functions of novel and unknown enzymes
that have an application in resolving the persisting environmental and
health problems.
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